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PREFACE  

Thi s  document describes experimental verification and testing of  key open
cycle ocean thermal energy convers ion (OC-OTEC ) components  us ing seawater as 
the operat ing fluid . Tests  were performed under the U . S .  Department of 
Energy ' s  Ocean Energy Technology Program in FY 1988 and FY 1989 . The research 
i s  part of an overall effort to assess  and solve the technical problems lead
ing to the development of land-based or near-shore OC-OTEC systems ranging in 
s ize from 2 to 15 MWe . 

The work described in thi s document was completed primarily under a task 
ent itled "Open-Cycle OTEC Experiment s" ;  additional tasks supported component 
des i gn ,  installatio ,  and operation of the test facility .  The effort involved 
cooperation among three institutions : the Solar Energy Research Ins titute 
( SERI ) ,  Argonne National Laboratory (ANL), and the Pacific International 
Center for High Technology Research (PICHTR ) . Operational support was 
provided by the Natural Energy Laboratory of Hawaii  (NELH) .  The Seacoast Test  
Faci lity ( STF ) ,  where the equipment was installed and the tests  were con
ducted ,  i s  located on the grounds of NELH , at Keahole Point , Kailua-Kona , 
Hawai i .  · · . .  

The result s  described here complement extensive experimental and analyt ical 
results  obtained using fresh water .  They provide the required technical bas i s  
for competent engineering des ign o f  a facility--the net power-producing exper
imental apparatus (NPPE )--in which net power wi ll  be produced for. the f irst 
t ime using OC-OTEC technology. 

Contributions from dedicated individual s have ensured success of the research 
effort . Special thanks are due to Leonard J .  Rogers ,  Director of the U . S .  DOE 
Wind/Ocean Technologies Divis ion , for program direction and financial support ; 
Andrew Trenka , SERI Oceans Program Leader during the period of testing ,  for 
hi s drive and leadershi p ;  Doug Powell and Chester Wells  of SERI for support in 
fabricat ion and instal lation of test art icles and for instrument cal ibration ;  
Karin Dukehart and Agatha Ramos of SERI for administrat ive support ; Lyle 
Genens and Clarence Clark of ANL for design and installation of equipment ; 
Thomas Daniel and Jan War of NELH for direct ing. and coordinat ing NELH support 
during construction and testing ; Ernest  Galt , Aarne Haas , and Kent Merrill  of 
NELH for their · as s i s tance with construction and operat ions ; and Travi s 
Tarumoto of PICHTR for his  assistance in operations . 

With respect to the carbon-dioxide experiment , thanks are due to Peter R .  
Guenther of Scripps Institution of  Oceanography for coordination of Scripps 1 
participation ;  Timothy Lueker of Scripps for performing the laboratory
analysi s ;  and Miles Anderson of NELH for ass i sting with the seawater sampl ing . 

Grati tude i s  al so expres sed to Linda· Bevard of SERI for editing and patiently 
coordinat ing the material from the various authors . 
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SUMMARY 

OVERVIEW 

Thi s report presents comprehens ive documentation of the experimental research 
conducted on open-cycle ocean thermal energy conversion (OC-OTEC ) component s  
operating with seawater a s  a working fluid .  The resul ts  o f  thi s research are 
presented in the context of previous analys i s  and fresh-water testing ;  they
provide a bas i s  for understanding and predict ing wi th confidence the perfor
mance of all component s of . an OC-OTEC system except the turbine . Seawater 
test s  have confi rmed the results  that were obtained in fresh-water tests  and 
predicted by the analyt ical model s  of the component s .  A sound technical bas i s  
has been establi shed for the des ign of larger systems . in which net power wi ll  
be  produced for the first  time from OC-OTEC technology . Design and operat ion 
of a complete OC-OTEC system that produces power wi ll provide sufficient con
fidence to warrant complete transfer of OC-OTEC technology to the private 
sector . 

OBJECTIVE 

The primary object ive of  the research i s  to develop high-performance compo
nents and analyti cal model s  of components in the parameter range suitable for 
OC-OTEC applicati ons . The goals of the research described herein are to 
establi sh a data base for and veri fy the performance of key OC-OTEC component s  
operating i n  seawater , t o  validate exi st ing analyt ical model s o f  these compo
nent s ,  and to document experimental and analytical work for use in des igning a 
net power-producing OC-OTEC system. 

DISCUSS IOR 

Thi s  document reports results  of Phase I and Phase  II tes t s  conducted at the 
Seacoast Test  · Fac i l i ty ( STF ) in the Heat- and Mas s-Transfer Scoping Test  
Apparatus (HMTSTA) between February 1988 and May 1989 .  Thi s  apparatus is  
large and has a thermal capacity greater than 1 MW. It consists  of all  major 
components of an OC-OTEC system except the turbine , and it uses warm and cold 
seawater as the proces s fluids . Some tes t s  were conducted wi th fresh water 
and repeated with seawater to obtain direct comparative data. The equi pment 
has been instrumented carefully and has provided very rel iable data for all 
the main component s  of an OC-OTEC system.  

The HMTSTA system for the Phase I test s  was configured wi th the flash evapo
rator , mi st  el iminator , warm-seawater predeaerator , and surface condenser ; and 
detailed tests  were conducted wi th each of these components .  For Phase II 
tes ts , the surface condenser was replaced by a direct-contact condenser (DCC ) 
and the system was operated to conduct detailed tests  on the DCC and to char
acterize the compos i t ion of gas flowing through the system and the le.vel of 
carbon dioxide release . Each component 1 s performance is described in a 
separate chapter written by the principal invest igator responsible for tech
nical aspects  of the specific tests . The system configuration ,  description of 
the equipment , instrumentation ,  and operational' aspects are described in 
Chapter 2 and they are not repeated in the chapters describing component
performance . 

v  
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Test s  of flash evaporation were conducted with spouts of varying height s and 
diameters , using both s ingle- and multiple-spout configurations . Resul t s  
showed that spout evaporators are the technology o f  choice for OC-OTEC sys
tems . Steam can be produced near the theoretical l imit for use of warm water 
( thermal effect ivenes s  of 0 . 9 or above ) and a seawater superheat above 2 ° C .  
Spout s  up t o  0 . 25 m i n  diameter , at spout height s as low a s  0 . 5  m ,  and with 
large volume flow through the evaporator chamber ,  can attain thi s high perfor
mance whi le maintaining low-loss  hydraulics . No flow instabi lities were 
observed for the multiple spout s tes ted . 

The mis t  eliminator removes the small  droplets of seawater that are carried 
with the steam as it flow s  out of the evaporator .  The commercial ly avai lable 
chevron-type mist  eliminator performed as expected . A s imilar mi st el iminator 
located 2-3 m above the evaporator spouts wi l provide adequate water-droplet 
removal with minimal gas pres sure losses . No further research needs are 
anticipated . 

In scoping predeaeration experiment s ,  concentrat ions of di s solved oxygen in 
seawater were measured and used to est imate noncondensable gas desorpt ion 
level s .  At typical OC-OTEC evaporator pres sures , 75% to 95% of dissolved 
oxygen contained in the warm seawater was desorbed in the flash-evaporat ion 
proces s .  This gas must  be removed from the system. Results  suggest tha"t up 
to 60% of dis solved oxygen in warm seawater can be desorbed in the prede
aerator for pres sures around 9 kPa . Prel iminary calculations show that by
using a s imple warm-water predearation scheme , the pumping power to remove 
noncondensable gases from an OC-OTEC plant could be decreased by 25%. Thi s  
results  in a potential increase in a plant ' s  gro s s  output o f  about 3% . 

In the surface-condenser experiment s ,  data for OTEC conditions were obtained 
us ing existing test unit s  for the main and vent condensers , and uncertainty in 
performance prediction methods was determined . Test  data for the unenhanced 
parallel-plate condenser wi th cross-flow. configuration were used to val idate 
the computer model for the main condenser . The vent condenser performed 
poorly because of difficulty in controll ing the R-12 refrigeration system ,  
whi ch served a s  a heat s ink for thi s component . Experimental difficult ies 
with the vent condenser operation and instrumentation prevented verification 
of the gas-side mas s  balance , leading to potentially large uncertainties  in 
gas concentrations calculated . Small gas-s ide pres sure losses were obtained . 

Tes t s  of the DCC establ i shed its  feasibil ity for operation with seawater and 
validated detailed analytical model s .  Tests  showed that two DCC stages us ing 
structured packing fill  are the technology of choice for OC-OTEC systems pro
ducing electricity. An area ratio of 3 : 1  between the cocurrent and the coun
tercurrent stage i s  sufficient to provide excellent performance . The DCC con
denses more than 98% of the incoming steam and can achieve thermal effect ive
nes s  approaching 0 . 9 ,  indicating that the system requires only 10% more than 
the theoretical minimum for use of seawater and venting requirements .  Packings 
les s than 1 m  high will  achieve thi s performance wi th incomin  s team about 6 ° C  
warmer than incoming seawater , and steam loading o f  0 .4 kg/m s for the first  
stage , resulting in low hydraulic los ses . Result s  obtained with seawater and 
fresh water are virtually the same within measurement error . Predictions made 
with computer model s  developed at SERI to describe heat- and mas s-transfer 
processes in the DCC stages compare well  with experimental data,  and the 
model s  provide a suitable engineering design tool for larger systems . 

Vl. 
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Because excessive in the atmosphere contributes to the environmental ly 
damaging greenhouse the i s sue of its  release (both immediate and long 
term) i s  important to OC-OTEC research. Measurement of immediate emi s s ions 
from the flash evapor tor and DCC indicates that re ease o  co4 is slightly .greater than the quant1ty of d1 s solved molecular co2 1n the 1ncom1ng seawater . 
Thus , estimated maximum emi ssion from an OC-OTEC plant i s  38 . 5  g/kWh, which i s  
15-25 t imes lower than the emi s s ion from a fos s i l  fuel-fired electric power
plant . 

Careful attention was given to the qual ity and repeatabil ity of the data col
lected . Appendix A documents  the predicted measurement uncertainty of the 
various measurement s and calculated performance parameters ; repeatabil i ty of 
the data collected is di scussed under each chapter and compared to the pre
dicted uncertainty. The extensive set of data col lected and the resul ting 
calculated parameters are presented in Appendix B .  

COIICLUSIOHS 

Extensive data were collected for key OC-OTEC components of large size oper
ating wi th seawater . The data were used to val idate detai led analytical .
model s  describing· the heat- and iriass-trans fer proces ses occurring in the heat 
exchangers . Resul ts  have confirmed the very high performance of spout evapo
rators and direct-contact condensers that was observed during earlier fresh
water experiments and was predicted by the analytical model s .  These experi
mental results  can be accepted wi th confidence and can be extrapolated wi th 
acceptable engineering risk to a more prototypical system scale • The exten- . . 

s ive data ;base on OC-OTEC components provides the technical confidence that 
the expected performance wi ll  be achieved in a net power-generat ing system in 
whi ch perfo.rmance of the overall  OC-OTEC system can be verified .  

Vl.l. 
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Thi s report presents the result s  of  open-cycle ocean thermal energy conversion 
(OC-OTEC ) experiments conducted in the Heat- and Mas s-Trans fer Scoping Test  
Apparatus ( HMTSTA) . The HMTSTA i s  the l.argest  facility of  its  kind s ince the 
pioneering work in open-cycle done by Georges Claude between 1926 and 1933 . 
The experiment s  have provided seawater performance data for vertical spout 
flash evaporators , mis t  el iminators , predeaerators , and both surface and 
direct-contact condensers . Desal inated water was produced from seawater dur
ing condenser .experiment s .  The data from these experiments are being used to. 
des ign a larger system experiment , the net power-producing experiment (NPPE ) , 
des igned to produce net power for the first time us ing OC-OTEC technology . 

1 . 1  PRINCIPLES OF OPERATION IN AH OPEII-CYCLE SYSTEM 

Figure 1-1 shows a block diagram of a complete OC-OTEC system, including an 
evaporator, turbine/generat-or , condenser subsystem ,  and noncondensable gas
removal subsystem.  In the open-cycle system, warm surface seawater at about 
25 ° C  ( 77 ° F )  enters a vacuum chamber maintained at pressures around 2 .  7 kPa 
( 0 . 4  psi ) absolute . Because thi s pres sure i s  below the vapor pressure of 

' Water 	 at 25 ° C ,  part of the water boil s  in a flash-evaporat ive proces s .  The 
remainder of  the seawater , having · been cooled by thi s evaporation ,  1 s  
discharged back t o  the ocean . 

The steam i s  routed through a low-pressure turbine and then to a condenser , 
whi ch establi shes  the low pressure at about 1 . 2  kPa ( 0 . 2  ps ) absolute . The 
turbine i s  coupled to a generator that produces electricity at a rate of about 
70 kW per kg/ s of s team flow.  A turbine exhaus t  diffuser can be used to 
recov r some of the steam' s kinetic ene gy and to increase system performance .  
A mi st-removal device. may be installed between the evaporator and the turbine 
to remove the water droplets carried by the wet steam. This device helps to 
protect the turbine from corros ion and erosion and , if surface condensers are 
used , it wil l  prevent contamination of the fresh-water by-product by the sea
wat er carryover _ (Bharathan and Penney 1983 ) .  

The condenser uses cold seawater at about 5 ° C  ( 41 ° F )  pumped from depths of up 
to 1000 m · to condense  the turbine exhaust  steam and to maintain the low tur
bine outlet pres sure . Thi s  condenser can be a direct-contact type , in which 
the seawater i s  mixed with the steam; or it . can be a surface type , in which 
seawa.ter i s  separated from the steam by a metal surface . Surface condensers 
cost more than direct-contact condensers for the same efficiency. However , by
preventing . the cold · seawater from contaminat ing the steam condensate,  they
provide desal inated water as a valuable by-product to the plant ' s  output of · 
electric power . Use of direct-contact condensers for desalinated water pro
d.uct ion requires operation in a closed-loop mode , s described in Chapter 7 .  

Mos t  thermal power conversion systems requ'ire vent systems to remove small 
quant ties of noncondensable (mainly oxygen and nitrogen) gas from the working 
fluid .  In OC-OTEC , the s team contains a significantly higher percentage of 
thi s g s . One source for it  is leakage from the atmosphere into the heat
exchanger vacuum chambers . In addition ,  seawater - contains smal l ,  but s igni f
icant , quanti t ies of gas in solution .  When the seawater enters the low
pres sure heat exchangers ,  a portion of the gas comes out of  solut ion and 
enters the vacuum system. The desorbed gas , along with air leaking into the 
vacuum, accumulates in the condenser , blanketing the condens ing surfaces and 
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Figure 1-1 . Schematic of oc-oTEc system 

decreas ing the heat-transfer performance . To maintain suitable operat ing 
pressures in the condenser of OC-OTEC systems , a s izable vent-compres sor train 
i s  required to remove this gas . 

In addition to thesa power system components ,  an oc oTEC plant requires a sea
water. subsystem consist ing of warm.- and cold-water supply pipes , mixed-water 
di scharge p{pe ; and seawater pumps . It al so requires  a vacuum containment · 

structure to house the heat exchangers and , in some designs , the turbine . 

Optional components of the system include two predeaerators , one in each of  
the cold- and warm-seawater inlet s treams , located ups.tream of  the heat 
exchangers and shown with dashed l ines in Figure 1-1 . Predeaerators remove a 
portion of dis solved , noncondensable gas from the water s tream at a pres sure 
higher than that in the vacuum chamber . Because the water-s ide pres sure l o s s  
through pas sive predeaerators can be negl igible , the pas sive predeaerators can 
reduce vent compressor power at no s igni ficant increase  in parasitic  pump. 
power • . 

Part of the gross  power produced by the generator i s  used to run the seawater 
pumps and the vent compressor . The remainder is the net power output of the 
plant . For large mult imegawatt-sized plant s ,  net power can be projected to be 
about }0% of the gros s  turbine output . 

1 .  2 OCEAN ENERGY TECBHOLOGY PROGRAM 

The HMTSTA experiments were funded · by the Ocean Energy Technology Program of 
the u . s .  Department of Energy (DOE ) . The long-range mis sion of this program 
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is to develop ocean energy technology to a point at which the commercial sec
tor can competently as sess  whether applications of the technology are viable 
energy-conversi on alternatives , or supplements ,  to systems currently in us . 
Based on careful evaluation of past  activi ties , the program ' s strategy i s  to 
focus on near-shore plants ,  both bot tom: mounted and land based , in the 
2-15 MW range . A plant thi s s ize i s  practical for i sland applicat ions . 

.e . . . .Furthermore , the s ize and the near-shore conf1gurat1on reduce techn1cal uncer
tainty. The technology developed for the 2-15 MW range i s  modularly appl iecable to larger plants ( U . S .  DOE 1985 ) .  

The projected long-range goal for capital costs  of the total OTEC system i s  
$3200/kW • Thi s  translates into an estimated cos t  of service comparable to 
other po er-generating opt ions avai lable. to the Uni ted States mainland Gul f 
and Atlanti c  coast regi ons , 14¢/kWh . For the near term, research act ivi ties 
are focused on providing technical data sufficient for industry to des ign and 
install an OTEC sy·stem for about $7200 /kW . Thi s  approximates the estimated ecost of service for oil-fired power generation in the perceived early-entry
( i sland ) market , 26¢/kWh ( U. S .  DOE 1985 ) .  

A key technical objective of the program i s  to experimentally veri fy the 
validity of OC-OTEC heat- and mas s-trans fer predictions and power-generating 
techniques . . To thi s end , the DOE has developed the Seacoast Tes t  Facility 
( STF ) located at the Natural Energy Laboratory of Hawaii  (NELH) , at Keahole 
Point , Kai lua-Kana, Hawaii .  The STF currently includes supply systems for 
both warm and cold seawater ·and the HMTSTA. 

1 .3 PROGRESS OF OC-oTEC 

In 1978 , DOE supported an investigation into the feasibil ity of OC-OTEC with a 
study by Westinghouse  Corporation of  a lOO MW floating plant (Westinghouse e1979-) . Westinghouse ' s  s tudy indicated that the open-cycle system offers s ig
nificant advantages over closed-cycle OTEC plants because  it  reduces or el im
inates problems such as biofoul ing and corrosion of heat exchangers .  They
identi fied the principal uncertainties associated with the cycle and proposed 
additional research. 

· 

Since then , the two main laboratories currently involved in DOE ' s  Ocean Energy
Technology Program, the Solar Energy Research Institute ( SERI ) and Argonne
Nat ional Laboratory (ANL), and their subcontractors have cont inued research on 
OC-OTEC . The research has had two main thrust s .  Firs t ,  computer-based models 
were developed to ass i st  in analys i s  of system and component performance .  Some 
characterize in detail such OC-OTEC components as spout evaporators , direct
contact condensers , surface condensers , and seawater predeaerators (Ghiaasiaan 
and Was sel 1983 ; Bharathan , Parsons , and Althof 1988 ; Panchal and Bel l 1984 ; 
Ghiaasiaan , Was sel , and Pesaran 1987 ) .  Others (Parsons , Bharathan , and Al thof 
1985  ; Block and Valenzuela 1985 ; Link and Shelpuk 1987) integrate less  
detailed component model s to predict system performance . 

Second , concurrently with the model ing effort ; an experimental facility was 
constructed and operated at SERI to obtain operat ing data on OC-OTEC compo
nents .  Thi s facility,  the Low-Temperature Heat- and Mas s-Transfer Laboratory , 
uses fresh water for experimental test ing of evaporators , condensers , and mi st  
eliminators . Result s  have indicated that early predictions of component per
_formance could be achieved or even surpas sed by relatively s imple and 
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inexpensive components  ( Bharathan . and Penney 1984 ; Krei th 1987 ; Bharathan , 
Parsons , and Altho£ 1988 ) .  In preliminary t"ests  conducte4 with smal l-diameter 
spouts using seawater , i t  was found that evaporator performance i s  approxi
mately equal to performance achieved wi th fresh water ( Larsen-Bas se et al . 
1985 ) .  On the other hand , when French researchers tested spout s wi th 
s imulated seawater , they found that evaporator performance degraded s l ight ly 
( Fournier 1985 ) .  Othel' tes t s  indicated that predeaeration performance i s  
s ignificantly better with warm seawater than with fresh water ( Krock and Zapka 
1985 ) .  Final ly, some tes t s  of  direct-contact condensers us ing seawater indi
cated that a high water-s ide effectivenes s  i s  re·adi ly achievable (Ridgway 
1985 ) .  

1 .4 HMTSTA EXPERIMENTS 

Construction o.f the HMTSTA great ly enhanced the abi l ity of  the Ocean Energy
Technology Program to study the performance of OC-OTEC component s us ing 
seawater . Although the apparatus i s  not large enough to resolve all of the 
associated heat- and mas s-transfer i s sues , it  has greatly increased the under
standing of basic  OC-OTEC heat- and mass-transfer processes . These tes t s  were 
conducted jointly by researchers from SERI , ANL , the Pacific  International 
Center for High Technology Research ( PICHTR) , and the Uni,versity of Hawaii  
(UOH)  . 

.Thi s report describes the first  and second phases of  tes t s  conducted in the 
HMTSTA. For Phase I the HMTSTA combined a flash evaporator ves sel with a two
s tage surface condenser . Surface condensers were selected because exi s t ing 
heat exchangers were available in the program ' s equipment inventory . It  was 
judged that these heat exchangers could be modified and assembled into an 
operational apparatus in a short time and at relat ively low cost compared to 
other options for a test apparatus . During Phase I experiments ,  prototypical
scale evaporator spouts were tested with seawater for the f irst time-. Surface 
condensers were investigated under the critical conditions of subatmospheric  
pressure and high noncondensable gas content . The d·e·sal inated water produced
in the surface condenser i s  believed to be the first produced us ing ocean 
thermal gradients .  Predeaeration and mist-el imination configurations were 
studied in arrangements currently bel ieved to be cost effective ' for large
scale OC-QTEC plants .  

Phase II addres sed seeping experimental i s sues as sociated with a direct
contact condenser (DCC ) and confirmed the high performance seen in previous 
fresh-water tests . Thi s  second phase of tests  required design and construc
tion of a second vacuum ves sel , seawater sump pit , and support tower . In 
addition to relocating and reconfiguring exist ing instrumentat ion , researchers 
installed new instrument s  and t ied them into the data-acqui s i tion system 
(DAS ) .  Along with direct-contact-condenser tests , the gas content of the 
steam in the apparatus was characterized and the co2 content was measured in 
the supply and discharge streams of both evaporator and . direc t-contact 
condenser . 

The HMTSTA was a logical step in the progres s ion from small-scale laboratory 
tests to large-scale system experiment s .  The result s  from the HMTSTA test s  
will  be used t o  improve confidence in des igning a larger-scale system exper
iment called the net power-producing experiment (NPPE ) .  Current plans for the 
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NPPE call for  a gross  power product ion level of at  least 165  kW uS 1ng e421  kg/ s  ( 6500 gal /min) of cold seawater and 620 kg/ s  ( 9600 gal /min)  of warm 
seawater . The goal for net power production i s  at least .40 kWe . 

1 . 5  ORCAHIZATIOB OF THE REPORT 

Thi s  report i s  a compilation of work by eight authors .  Federica Zangrando of 
SERI served as editor of the report , and the principal investigators provided 
chapters for their respective experiments .  

A descripti on of the HMTSTA system i s  given in Chapter 2 by Harold Link of 
SERI , who served as the field test engineer during Phase I and Phase II  test s .  
Detail s  of the apparatus ,  instrumentation , methods of operation,  and les sons 
learned are included . These are not repeated in the chapters detail ing compo
nent performance . The various organizations responsible for the HMTSTA 
design, construction ,  and operation are also noted . 

Results  of tests  of  flash evaporators and mist  el iminators were written by
Des ikan Bharathan of SERI and are found in Chapters 3 and 4 ,  respectively. 
Ahmad Pesaran o f  SERI provided the predeaerator test resul ts  in Chapter 5 .  
Surface-condenser test result s  are described by C .  B .  Panchal of ANL in 
Chapter 6 .  Federica Zangrando served as the principal investigator for the 
direct-contact condenser experiments documented in Chapter 7 .  Measurements of 
co2 release from the HMTSTA are detailed in Chapter 8 by Herbert J .  Green of 
SERI . 

Appendices to the report include information on measurement uncertainty 
analysi s ,  physical propert ies of seawater , and the impact of component perfor
mance on OTEC system performance . Tables of experimental data have been added 
as appendi<;es i f  their length was too great for them to be included in the 
text . 

Considerable effort was made to maintain consi stency among chapters . However , 
because of the number of authors , some differences remain in the nomenclature 
used by different authors to denote the same physical quantJ.t J.es . Addi
tionally,  Brit i sh units  were used to calculate property functions for the 
surface condenser data (Appendix C )  and the parameters were then converted to 
metric units . A nomenclature i s  provided at . the beginning of each chapter in 
which multiple parameters are presented ; and these parameters are used 
consi stently in the respect ive chapters , the associated data appendices , and 
in the calculat ions of measurement uncertainties related to the specific  
component under di scussion (Appendix A) . 
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Thi s chapter documents the equipment used . . for all the component tests . It  also 
des cribes the controls and instrumentation used in the system.  Test-speci f ic 
equipment and instrumentat ion that wo.uld not normally be used for operation of 
the system are described in more detail  in the respective chapters on compo
nents .  To conduct each series of test s ,  a minimum of components  ( seawater 
supply and discharge , evaporator , condenser , vacuum pump ) mus t  be operat ional 
to produce and condense the steam and to maintain the operating pres sure . 
Therefore , system operat ing cond itions were adjusted for each test_ to obtain 
the required conditions in the component under investigat ion . 

2 . 1  GERERAL LAYOUT AND EQUIPMEHT 

The Phase I Heat- and Mas s-Transfer Scoping Test Apparatus (HMTSTA) was con
figured primari ly to permit testing of the open-cycle ocean thermal energy
conversion (OC-QTEC ) spout evaporator ( Blake 1986 ) .  I t  uses warm and cold 
seawater and electrical power suppl ies at the Seacoast  Test  Facil ity ( STF ) . 

The major features of the Phase I apparatus included the fol lowing : 

• 	 An evaporator ves sel suitable for conducting tests of  evaporator spout s ,  
warm-water predeaeration , and mi st  removal 

• 	 An evaporator supply/di scharge tank located directly under the evaporator 
ves sel 

· 

• 	 A two-stage surface condenser system,  the second s tage of which uses a 
refrigerant to augment condensation capaci ty 

• 	 A vacuum compressor system · to produce and maintain mechanically the sub
atmospheric  pressures required for seawater evaporation · 

• 	 Instruments and controls  to moni tor and adjust test condit ions . 

A more detailed description of t.he Phase I apparatus i s  provided in 
Section 2 . 1  of thi s chapter . 

In Phase II , the HMTSTA was modi fied to test OC-OTEC direct-contact con
den sers . The direct-contact condenser used part s of Phase I hardware to gen
erate steam and remove exhaus t  gases . Major features of the apparatus add-on 
include 

• 	 A vacuum ves sel  suitable for conduct ing side by side and coaxial experiments 
with two-stage direct-contact condensers 

• 	 A direct-contact condenser water supply/di scharge tank located directly 
under the vacuum ves sel 

• 	 Piping and a water-to-water heat exchanger to allow closed-loop operation 
• 	 An acces s  and support tower for the direct-contact condenser ves sel 
• 	 Modifications of steam flow paths from the evaporator and to the vacuum com

pres sor system,  and 
• 	 Instrument s  and control s  to moni tor and adjust test conditions . 
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2 . 1 . 1  Phase I 

Figures 2-la and 2 1b show the s ide and top views of the Phase I apparatus .  
The evaporator ves sel , evaporator supply/di scharge tank below the evaporator , 
and main ( first-stage ) surface condenser are shown in Figure 2-la with related 
p1p1ng . Bes ides the supply/discharge tank for the evaporator , Figure 2-lb 
shows a second supply/di scharge tank that was used during Phase II  in conjunc
tion with direct-contact condenser experiment s .  The figure also shows the 
vent ( second-stage ) surface condenser and the vac um system. 

Table 2-1 provides the general specifications of the .apparatus . The following 
subsections provide a more detailed description of each major component of the 

.apparatus • Test-speci fic  apparatus and instrumentation are described in more 
detail in the following chapters . 

2 . 1 . 1 . 1  Seawater Supply System 

The seawater supply system used for HMTSTA tests was modified extens ively 
during the test period . At first , all cold and warm seawater was suppl ied 
through the 1 112-inch system, " whi ch consists  of one 30-cm ( 12-in . ) cold-water 
pipe and two 30-cm ( 12-in.  ) warm-water pipes . About four months into the 
Phase I tests , two new cold-water pipes were tied into the system. A 1-m 
(40-in . )  pipe was constructed to supply cold seawater . to the Hawai ian Ocean 
Science and Technology (HOST) Park and to future , larger-scale experiment s at 
the Seacoast Test  Facility.  A 45-cm ( 18-in.  ) pipe was also installed as a 
backup cold-water supply system. 

· 

The warm-water supply system was also upgraded with a pipe 70 em (28 in . )  in 
diameter whose primary purpose was to provide water to larger-scale experi
ments at the Seacoast Test  Facility.  Figure :2-2 shows schematically how these 
piping systems are interconnected . All seawater suppl ied to  the HMTSTA flowed 
through the NELH header tanks . Additional, informat ion on these systems i s  
provided elsewhere (Daniel 1989 ) .  Of primary concern in the operation of the 
HMTSTA was that water flows to all NELH customers be properly balanced ; there- · 
fore , any major changes in HMTSTA water flows were coordinated through NELH . 

Table 2-2 provides information on the capabil i t i es of the NELH water-supply 
system as  presently configured . 

2 . 1 . 1 .2 Evaporator Vessel and Sump Tanks 

The evaporator ves sel ( Figure 2-3 ) i s  1 . 07  m ( 3 . 5  ft ) in diameter by 6 . 9 m 
( 2 2 . 5  f t )  high . Thi s  aluminum ves sel was modified for use in the HMTSTA to 
provide large· openings for steam out let , drainage of used seawater , and 
viewp rts .  Both ves sel diameter and warm-water flow rate res trict studies in ·  
thi s apparatus to three nominally configured spouts  . 

The height of the ves sel i s  sufficient to permit s imultaneous testing of 
predeaeration,  evaporation,  and mi s t  removal . The mist  el iminator was mounted 
1 m ( 3 . 3  ft ) below the steam outlet pipe and 2 m ( 6 . 6  ft ) above the spout 
mounting plate,  permit ting test ing of spout s as tall as 1 . 5  m ( 4 . 9  ft ) .  The 
2 . 7-m ( 9-ft ) distance between the s pout plate and the water inlet port in the 
bottom of the ves sel facilitated a variety of predeaerator configurations . 
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A parti tioned supply/discharge sump (Figure 2-lb)  was provided under the 
evaporator to control flow rates , establ i sh barometric legs , and fac i l i tate 
predeaeration studies . Because seawater predeaeration has been found to be 
sens i t ive to the proces s  flow path (Krock and Zapka 1985 ) ,  the HMTSTA was 
designed to minimize abrupt changes in direction and velocity of seawater in 
the upcomer ( the pipe connecting the supply sump to the evaporator spout s ) .  
Water level in the supply sump was 10 m ( 3 3  ft ) below the evaporator chamber .  
This distance allowed a full barometric leg to be free o f  flow-control valves 
or other devices that might affect predeaeration tes t s . Because  the nomirial 
evaporator pres sure was only 2 . 3  kPa (22  torr ) , this 10-m ( 33-ft ) leg balances 
the dif ference between atmo spheric  pres sure at the surface of  the supply poo l  
and the low evaporator pres sure a t  the outlet of the spout ( see Figure 2-la ) . 

Because the di scharge sump i s  below grade , an axial-flow sump pump was used to 
discharge the water 1nto the NELH water-di sposal system. Thi s  di sposal system 
discharged water . 2 . 4 m ( 8  ft ) above sea level at a distance of  about 90 m 
( 300 ft) from the HMTSTA • . 

14 
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Table 2-1 . General Specifications for the HMTSTA  

Parameter Value or Description 

Warm-water flow 103 kg/ s  ( 1600 gal /min ) 
Warm-water temperature 24-2 7 ° C  ( 75-8 1 ° F )  
Cold-water flow 65  kg/ s  ( 1000 gal Imin) 
Cold-water t,emperature 6-7 ° C  (43:-45 ° F )  
Steam flow range 0 . 02-0 . 5  kg/ s  ( 0 . 04-1 . 1  lb/ s  ) 
Minimum steam pres sure 2 . 34 kPa ( 0 . 34 psia ) 
Maximum vacuum pump capacity 0 . 39 m3/ s  ( 830 acfm)  
Nominal leak rate 1 . 0  mg/ s  ( 2 . 2  x 10-6 lb/ s )  

- Insulation 	 Evaporator , first-stage condenser , and connect ing 
steam pipe insuiated with 8-14 em of foam 
insulation . 
Direct-contact condenser ves sel and connecting 
steam pipes insulated with 2-5 em of foam 
insulation .  

Access  	 The support structure for the evaporator incorpo
rates  stairs , observat ion platforms , and an over
head crane . 
The evaporator ves sel can be entered by opening 
full-diameter flanges at the top and bottom or via 
a 60-cm port just above the spout plate . 
The support structure for the direct-cont ct con
denser incorporates straight stairs , observation 
platforms and an overhead crane . The f irst level 
direct-contact condenser p1anform i s  joined to the 
exis ting f irst-level evaporator tower planform. 
Access  to the inside of the direct-contact con
denser ves sel i s  obtained by lifting the full
diameter top head flange or by opening a - 78-cm
diameter s ide-mounted acces s port . 
Eight 20-cm-diameter viewports give vi sual access 
at two different level s .  

Not e :  The seawater supply and discharge systems , the evaporator ves sel , the 
evaporator supply/discharge tanks , the vacuum compres sor system,  and data 
acquisit ion system are the same for Phase I I  test as for Phase I tests . _ 
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Warm-water  
pumps  

( 1 .9 m3/min each) 

Warm-water 
supply 

HMTSTA 
Warm-water 
header tanks 
(3.8 m3 each) --1><1-- Line valve 

--N- Check valve 
Cold-water 	  Pump 

pumps 
(2.3 m3/min each) 

Cold-water 
header tank 
(3.8 m3) Other  

Cold-water  laboratories 
supply 

HMTST A 

To Hawai ian Figure 2-2 . Simplified schematic of 
abalone farm NELH seawater supply system 

2 . 1. 1 .3 Surface Condensers 

The Phase I HMTSTA i s  fitted with two surface condenser stages , a first-stage 
main condenser and a second-stage vent condenser. Both ves sel s were used in 
previous closed-cycle OTEC experiments by · ANL. Major modifications to the 
main condenser included addition of a steam di stribution manifold and par
tit ions in the lower part of the ves sel that permitted measurement of con
densation rates in each of three horizontally adjacent sect ions . Thi s  cross
flow,  stainless-steel , main condenser (Figure 2-4 ) , constructed of dimpled 
parallel plates welded into a plate-and-shell assembly,  was rated at 1 . 1  MW 
thermal for HMTSTA conditions . 

The second-stage vent condenser , which received the gas ex1t 1ng the f irst 
stage , was a brazed-aluminum plate-fin configuration ( Figure 2-5 ) that was 
cooled by an R-12 charged refrigerat ion system. Use of zero-degree refrig
erant instead of seawater in the vent condenser resulted in less  steam being
exhausted to the vacuum compres sor system. Thus , conditions in the main con
denser could be controlled over a " wide range with a smaller compres sor system 
than would otherwi se be required . 

16 



92 

17  

TP-3561   

of Table 2 2.. Characteristics 

Parameter 
12-Inch Cold-Water System 

Offshore pipe diameter 
Inlet depth 
Offshore pipe length 
Pump location 
Number 'of pumps 
Pump capaci ty 
Total flow capacity 

18-Inch Cold-Water System
Offshore pipe diameter 
Inlet depth 

. Offshore pipe length 
Pump l ocation 
Number of pumps 
Pump ·capacity 
Total flow capacity 

40-Inch HOST/STF Cold Water System
Offshore pipe diameter 
Inlet depth 
Offshore pipe length 
Pump location 
Number of STF pumps 
STF pump capacity 

·Number of HOST park pumps
HOST park pl.imp capacity 
Total flow capacity 

12-Inch Warm-Water System ( two offshore . 
Offshore pipe diameter 
Inlet depth (both pipes ) 
Offshore pipe length ( Pipe A) 
Offshore pipe length (Pipe B )  
Pump location 
Number of pumps ê
Pump capacity ê
Total flow capacity ê

28-Inch Warm-Water System 
Offshore pipe diameter 
Inlet depth 
Offshore pipe length 
Pump location 
Number of STF pumps 
STF pump capacity 
Total f low capaci ty 
Number of 12-in . pumps 
12-in . pump capacity 

the NELH Seawater Supply System 
·Value or Description 

30  em ( 12 in. ) 
583 m ( 1 , 913  ft ) 

1766 m ( 4 , 650 f t )
Offshore 

3 
2 . 3  m3 /min ( 600 gpm) 
4 . 2  m3/min ( 1 ' 100 gpm) 

45 em ( 18 in. ) 
6 19 m ( 2 , 030 f t )  

1884 m ( 6 , 180 ft ) 
Offshore 

2 . 3 
5 

m3/min ( 600 gpm) 
9 . 8  m3/min ( 2 , 600 gpm) 

102 em (40 in.  ) 
675 m ( 2 , 215  ft ) 

1916 m ( 6 , 285 f t )  
Onshore 

3 
12 . 3  m3 /min ( 3 , 25 0  gpm) 

5 
6 . 5  3/min ( 1 ,  725 gpm)

50 . 7  m3 /min ( 13 ,400 gpm) 
pipes ) 

30 em ( 12 in. ) 
15 m ( 50  ft ) 

4 
1 . 9  m3/min
6 . 1  m3/min 

7 1  em 
21 m 

163 m 
Onshore

4 
1 2 . 3  m3 /min
36 . 9  m3 /min 

2 . 9 
1 

m3/min 

5 m  ( 15 ft ) 
m ( 300 ft ) 

Onshore 

( 500  gpm) 
( 1600 gpm) 

(28  in . )  
(69  f t )  

( 535 ft ) 

( 3 , 250 gpm) 
( 9 , 750 gpm) 

( 780 gpm) 

Note :  Two of the STF pumps have been replaced wi th modified , 
submers ible pumps originally speci fied for use in the 12-in . 
and 18-in . cold-water system. 
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(a) External configuration of the tes  unit 

Steam channels 

(b) Elemental section of plate-fin heat exchanger 
having straight, perforated refrigerant channels 

and extruded steam channels 

Figu e 2-5 . Second-stage surface condenser (brazed-aluminum  
plate-fin, Trane) configuration used as vent condenser  
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Each condenser was equipped wi th a receiver tank into which condensate 
drained . Both tanks· (which are under a partial vacuum) required automat ical ly 
controlled pumps to discharge the condensate . Although condensate from the 
two condensers was normal ly discharged with the used seawater , fresh water . 
from the first-stage condensate tank could also be directed through fil ters to 
an outlet to fill  sample bottles . 

· 

2 . 1 . 1 .4 Auxiliaries 

At the outlet of the second-stage condenser , uncondensed steam and noncon
densable gases were piped to a three-stage vacuum compres sor which compres sed 
and vented them to the atmosphere . During init ial tests  of the apparatus ,. the 
blower-ty e first stage of the compres sor system was slowed down and derated 
to 0 . 39  m / s  ( 830 acfm) at 2238 rpm, at inlet pressures of 1 . 3  kPa ( 10 torr ) .  
These· lower rates o f  flow better matched the capacity of the liquid-ring 
second and third compressor stages when noncondensable gas flow rates were 
high. 

The refrigeration system · supplied R-12-type refrigerant to the second-s tage 
condenser and to a small heat exchanger in the vacuum pump loop ( referred to 
as PSG-1 ) · used to absorb heat of compres s ion from the sealant water of the 
l iquid-ring vacuum pump . Bes ides these two . heat exchangers ,  the system fea
tured a mult icylinder reciprocating compres sor, a plate-type refrigerant 
condenser , liquid and · o il  traps , and a receiver/reservoir.  Tlie plate-type 
refrigerant condenser exchanged heat from the refrigeration loop ( cool ing the 
vent condenser )  to cold seawater . Controls, included "thermal" valves to con
trol levels -of liquid refrigerant in the heat exchangers ,  backpres sure regu
lat ing valves to control pressure (and temperature ) in the heat exchangers , 
shutoff valves , temperature and pres sure indicators , and safety devices to 
automatically shut down the compres sor in case of abnormal temperatures or 
pressures . 

2. 1 .2 Phase II 

For Phase II tes t s , the first-stage surface condenser · was disconnected from 
seawater and steam pipes and sealed off .  A direct-contact condenser ves sel 
was mounted on a s teel tower adjacent to the evaporator tower ( see Fig
ure 2-lb)  . · steam and seawater connections to it  were made as described below. 
Steam exiting from the direct-contact condenser was normally piped directly to 
the vacuum compressor . Provisions wer  made , but never used , to route steam 
through the second-stage surface condenser to provide a greater range of  test  
conditions for the direct-contact .condenser . 

Figure 2-6 shows the s ide view of the direct-contact condenser sect ion of the 
HMTSTA. 

2 . 1 .2 . 1  Direct-Contact Condenser (DCC) Vessel 

The 1 . 8-m-diameter , s teel , direct-contact condenser ves sel provided sufficient 
volume to test two DCC configurations . Because the ves sel res i sted atmo
spheric loads , internal DCC stages could be · constructed from l ightweight 
transparent PVC shel l s .  
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Figure 2-7 . Side-by-side 
direct-contact condenser 
configuration 

In the first  DCC configuration the two cyl indrical stages were arranged s ide · 
by s ide ( Figure 2-7 ) • The arrangement only minimally disturbed the incoming 
steam flow, in an effort to duplicate, to the greates t extent pos s ible ,  test 
conditions . in SERI ' s fresh-water laboratory. In the f irst stage , in which · 
wat er and steam move downward cocurrently through structured packing , between 
60% and 95% of the steam was condensed . Uncondensed s-team then traveled 
upward through the second stage against the fal ling water . 

·

The first stage featured a hydraul ically powered ,  adjustable-speed nozzle that 
could maintain even water distribut ion over the wide range of water flow rates 

-that needed to be tested . This approach to water distribution is not recom
mended for systems in which flow rates do not ;  vary s ignificant ly.  A s imple 
perforated plate provided excellent water distribution over the second s tage . 
In this stage , four steam vents and a gap between the edge of the plate and 
the outs ide of the column allowed uncondensed steam and noncondensable gases 
to pas s upward to the vacuum compres sor pas sageway . Used water fell to a pool
in the bottom of the ves sel and was drained to an external sump in an arrange
ment s imilar to that of the evaporator sump . 

In the second direct contact condenser configuration ,  the stages were arranged
coaxiall y  ( Figure 2-8 ) .  Thi s arrangement provided condenser performance data 
of s team and water di stribution for more prototypical OTEC plant layouts .  The 
first  stage was a 1 . 33-m-diameter hollow cyl inder surrounding · a 0 . 68-m
diameter second stage . Al though thi s configuration more efficiently used the 
avai lable volume of the DCC ves sel , incoming steam was subjected to sudden 
expansion and change in direction that might have resulted in maldi s tribution.  
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Two arrangements for water distribution were tested in the first stage. of the 
coaxial configuration .  In the first , 12 low-pres sure nozzles di stributed 
water over. the annular flow area from water distributor A ,  in Figure 2-8 , from 
a ring manifold located above the packing . In the second , the ring manifold 
was moved below the packing , and 12 pipes ( previous ly used to supply the low
pressure nozzles ) were directed upward through the packing (water di s trib
utor B in Figure 2-8 ) . The tops of the these pipes were left plain ( i . e , 
without nozzles ) .  The second stage of the coaxial configuration used a water 
di stribution plate s imilar to that used in the side-by-side configurat ion .  

A partitioned supply/discharge sump s imilar t o  the exi st ing evaporator sump 
was provided under the direct-contact condenser ves sel , to establ i sh baro
metric legs for cold-water supply and drain . Because both DCC stages received 
water from a s ingle supply sump , control valves in the upcomers provided the 
desired flow ratios . Thes e  valves were located as low as was practical in the 
upcomers and were left open as much as pos s ible to minimize agitation and 
deaeration of  the inlet cold water . 

The discharge sump level (and , via the barometric leg , the dischaz;ge pool 
level in the DCC)  was controlled by a different ial-pres sure level sensor that 
controlled a sump pump with variable-frequency drive . The pump discharged 
flow into the STF water-di sposal system. 

For specific  test s ,  a batch of  fluid could be circulated through the DCC 
stages in a closed loop . Latent heat of condensation absorbed by water in the 
loop was rejected to flow-through cold seawater in a surface-type , water-to
water , plate heat exchanger ( Figure 2-9 ) . Thi s  arrangement permi tted test ing 
of the s ide-by-side DCC stages with fresh water and deaerated seawater . 

Steam in  
Water distributor 

Cold water 
in  

Perforated 
tray 
Second 
stage. 

First stage 

Water 
distributor B 
(low-losses) 
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2 . 2  COIITROLS 
''·' 

Primary controls 1n Phase I of  the HMTSTA were 

• Warm-water supply flow rate 
• Warm-water di scharge sump level 
• Evaporator pressure 
• Cold-water flow rate to the first-stage steam condenser (Rosenblad ) 
e Cold-water flow rate ·to the refrigerant condenser (auxiliary) 
• Inlet pres sure to  the vacuum compres sor . 

In Phase II the same basic  arrangement was maintained . However , the valves 
that had previously controlled flow to the firs t-stage surface condenser were 
relocated to control flow into either the DCC supply sump or the closed-loop 
heat exchanger . The cold-water · flow to the· refrigerant condenser could be 
provided after ( in series ) or parallel with the direct-contact condenser . Two 
controls  were added for Phase II: 

• Cold water discharge sump level 
• Cold-water flow to the second-stage condenser . 

Thes e  control s were provided , in part , by valves operated remotely from the 
control room. Remotely operated valves typically · were used to fine tune 
conditions . Coarse adjustment s were achieved by manually adjust ing valves 
locally. In the case of the cold-water discharge sump level , control was 
achieved by varying the speed of the di scharge pump wi th a variable frequency 
drive (VFD ) . Thi s VFD permit ted pump speed to vary from 0 to 1800 rpm so that 
discharge flow rates could be matched to supply flows without energy-wast ing 
throttling valves . 
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All control valves were butterfly type , ranging i n  s ize from 7 6  mm ( 3  in . )  for 
flow to the second-stage condenser to 0 . 6 1  m ( 24 in . )  for evaporator pressure . 
Two 38 mm ( 1 . 5  in . )  globe-type throttl ing valves originally installed to con
trol warm-water supply and discharge flows proved to  be too small and were 
disconnected. The 0 . 6 1  m valve had an electric motor actuator , and the other 
valves were pneumatically controlled . 

Feedback loops were provided for automatic control of three function : 

• Warm-water discharge sump level 
• Evaporator pres sure 
• Cold-water discharge sump level . 

Other control s included "thermal" valves , which . controlled the flow rate of  
refrigerant to the second-stage surface condenser and to PSG-1 ( to cool the 
l iquid-ring compres sor sealant ) .  These valves  closed down when the sensor 
indicated that ·the temperature of the refrigerant at the heat-exchanger outlet 
had cooled below a set point . Thi s  control matched the flow of refrigerant to 
the heat duty of  the heat exchanger and prevented. l i quid refrigerant from 
leaving the heat exchanger . 

Backpressure regulators controlled the pres sure in the two heat exchangers o 

By lowering the pres sure in either, the operator .could lower the refrigerant 
temperature . Usually the refrigerant was maintained at 0 . 5 ° C  in the second.stage surface condenser and about ·-l0 ° C  in PSG-1 . These temperatures per=
mitted maximum performance without frost  bui ldup in the second-stage surface 
condenser . · 

2 .3 IHSTRUMERTATIOH 

Figure 2-10 shows instrument locat ions for the various flow stream.s in the 
apparatus . All the instruments  are l i s ted in Table 2-3 together with their 
ranges and estimated accuracies . Sensor s ignal s were conducted through
shielded cables to appropriate signal-condit ioning equipment and then to a DEC 
PDP 11/23+ minicomputer configured with 64 mult iplexed analog-to-digital (A/D ) 
channels .  An external instrument box containing sensors that measured dis
solved oxygen and conduct ivity was located at ground level . A second external 
instrument cabinet was used in Phase I to house the differential-temperature 
signal-conditioning cards . These cards were · moved inside the instrument 
trailer during conversion to the Phase II configuration .  The rest of the 
signal-cbnditioning instrumentation remained in the control trai ler . 

2 . 3 . 1  Sensors 

The HMTSTA used platinum res i stance temperature devices (RTDs ) for all primary 
temperature measurements .  Bimetal , dial-type thermometers were used in some 
cases , e . g . , to measure the temperature of sealant water at the inlet to the 
l iquid-ring compres sor.  Differential-temp_erature RTDs were connected in 
matched pairs to a s ingle s ignal con4itioning card that provided a 10-Volt DC 
(VDC ) output with a gain o f  1 . 5 ° C/V. Absolute-temperature RTDs were connected 
to signal-conditioning cards that provided 0-5 VDC output with a gain of  
20 °C/V .  Al l signal-condi tioning cards were located in the instrument trailer 
and were connected to their  RTDs us ing a four-wire configuration . 
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Table 2-3 . Instrumentation for the HMTSTA  

Installed 
Ref . No . Funct ion Sensor Type Loca t i on Range Accuracy§ 

N 
\0 

E-1-P 
E-2-L 
E-3-LC 
E-4-FM 
E-5 . 1 -T 
E-5 . 2-T 
E-8 . l ..;T 
E-8 . 2-T 
E-9-L 
E-l O.:.LI 
E-1 1-L 
E-1 2-L 
E-1 3-DP 
E-14-T 
E-15-TW 

*E- 1 6-P 
E- 1 7-P 
E-18-T 
E-1 9-TW 
E-20-T 
E-2 1-P 
E-2 2-00 
E-2 3-DO 
E-24-DO 
E-25-DP 
E-26-DP 
E-2 7-P 
E-28-P 
E-2 9 .  1-DT 

Pre s s ure 
Wat er l evel 
Water l evel 
F low rate 
Temperature 
Tempera ture 
Temperature 
Temperature 
Wat er l evel 
Water l evel 
Wat er l evel 
Water l evel 
Del ta-P 
Temp , dry bulb 
Temp , wet bulb 
Pre s s ure 
Pre s sure 
Temp , dry bul b 
Temp , wet bul b 
Tempera ture 
Pre ssur e ,  abs 
D i s solved o2
D i s  so lved o2
D i s  solved 02
Del ta P 
Del ta P 
Pre s sure , abs 
Pre ss ure , abs 
Del ta T 

S t ra in gauge 
Capaci tance 
Ul t rason i c  
Vortex 
RTD 
RTD 
RTD 
RTD 
Capaci tanc e 
Ul trason i c  
Capaci tance 
S i ght glas s 
Stra in gauge 
RTD 
RTD 
Capaci tance 
Capaci tance 
RTD 
RTD 
RTD 
Stra in-gauge 
Polarographi c 
Po larographic 
Po larographi c 
Capaci tance · 

Capaci tance 
Capaci tance 
Capaci tance 
RTD 

Warm wa.ter supply 
Inlet t ank 
Inlet t ank 
Warm water in 
Warm wa ter in 
Warm water in 
Warm water ou t 
Warm water out 
Out let tank 
Out let tank 
Evaporator 
Evapo rator 
Evaporator spout 
Steam ,  evaporator 
S team , evaporator 
S team , evaporator 
S team ,  mi s t  e l i m .  
S team ,  mi st e l i m .  
S team ,  mi st e l  im. 
Ambient 
Ambi ent 
Pred . wat er in 
Evap.  wat er in 
Wat er out 
Acros s pred . 'ba'ff l e  
Acros s mi s t  e l i m .  
Predeaerator 
Evapo rator 
Wat er in - water out 

0-207 kPa 
0-2 . 4  m 

' No lange  i n s t a l l ed+ 
1 9- 184 kg / s  
( -1 00 )-260 ° C  
( - 1 00 )-260° C 
( -1 00 )-260° C 
( -1 00 )-260 ° C  
0-2 . 4  m 
No longer installed+ 
0-2 . 4  m 
0-1 . 2  m 
0-34 . 5  kPa 
No l onger installed+ 
Never installed+ 
0-6 . 2  kPa . . . No longer 1nstalled + 
( 10 0 ) -2 60 ° C  
Never installed+ 
Never installed+ 
0-101 kPa 
0-20 ppm 
0-20 ppm 
0-20 ppm 
0-2 kPa 
0-600 Pa 
0-45 kPa 
0-1 10 kPa 
o-.3 0 ° C  

(Abs olute Va lue ) 
±o . 9 kPa 
±6 . 4  IIIII 

± 1  . 7  kg / s  
±0 . 26 ° C  
±0 . 26 ° C  
±0 . 26 ° C  
±0 . 26 ° C  
±6 . 4  mm 

+6 . 4  mm 
±5 mm 
±0 . 3  kPa 

± 1 1 7  Pa 

±0 . 26 ° C  

±0 . 9  kPa 
±0 . 28 ppm 
± 0 .  28 ppm 
±0 . 28 ppm 
±9 . 1  Pa 
± 19 . 1  Pa 
±0 . 22 kPa 
±0 . 56 kPa 
±0 . 06 ° C  

E-2 9 .  2-DT 
E.:.30-DT 
E-3 1-DT 

Del ta T 
Del ta T .  
Del ta T 

RTD 
RTD 
RTD 

Wat er i n  - wa ter out 
Wat er in - wb evap 
Wat er in - wb s tm mst el 

0-30° C 
No longer i ns ta l l ed+ 
0 -30° C 

± o ; o 6 ° C  

±0 . 06 o C  
E-32-S 
E-33-S 
E-35-L 

Sal inity 
Sali n i t y  
Water l evel 

Conduc t i vi ty 
Conduc t  ivity 
S i ght glas s 

Water in 
Prct d i f f  : wi-wo 
Predeaera tor 

30-37 ppt 
340 ppm 
0-1 m 

±0 . 0 1 ppt 
±18 ppm 
±2 mm 
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Table 2-3 . Instrumentation for the HMTSTA (Continued )  

Ins ta l l ed 
Ref . No . Funct ion Sensor Type Locat ion Range Accuracy§ 

F i r s t-Stage Surface Conden ser System 
(Abs olute Value) 

w0 

c-1-P 
C-2-FM 
c-3 . 1 -T 
C-3 . 2-T 
C-4 . 1 -T 
c-4 . 2 -T 
c-5 . i -P 

*C-5 . 2-P 
C-6 . 1 -T 
C-6 . 2-T 

*C-7 . 1 -DP 
-::c-7 . 2-P 

c-8 . 1 -T 
C-8 . 2-T 
C-9-T 
C-10-FM 
C-1 1-L 
C-12-TW 
C-1 3 .  1-DT 

Pres sure 
F low rat e  
Temperature 
Temperature 
Temperature 
Temperature 
Pre s sure 
Pre.s sure 
Temperature 
Temperature 
Del ta pre ssure 
Pres sure 
Temperature 
Temperature 
Temperature 
Flow rate 
Water l evel 
Temp , wet bul b 
Del ta T 

Strain gauge 
Vortex 
RTD 
RTD 
RTD 
RTD 
Capaci tance 
Capaci tanc e 
RTD 
RTD 
Capaci tance 
Capaci tance 
RTD 
RTD 
RTD 
Paddle-wheel 
Sight glas s 
Chi l  led mi rror 
RTD 

Cold water i n  
Cold wat er i n  
Cold wat er i n  
Cold wat er i n  
Co ld wat er out 
Cold wat er out 
Steam inlet 
Steam inlet 
S t eam inlet 
Steam inlet 
St eam in - out 
Steam out l et 
Steam out l e t  
Steam out let 
Condensate 
.Conden sate 
Conden sate 
Steam out l e t  
Wa ter in - wat er out 

0-200 kPa 
19- 1 84 kg/ s  

( - 10 0 ) -260 ° C  
( - 100 ) -2 60 ° C  
( - 100 ) -2 60 ° C  
( - 1 0 0 ) -260 ° C  

0-6 . 2  kPa 
0-6 . 2  kPa 

( - 1 0 0 ) -260 ° C  
( - 1 0 0 ) -2 60 ° C  

0-2 kPa 
0-6 . 2  kPa 

( - 1 0 0 ) -260°C 
( - 100 ) -2 60 ° C  
(-10 0 ) -260°C 

4 1-400 g / s  
0- 1 . 4  m 

- 1 5-80 ° C  
0-3 0 ° C  

±0 . 9  kPa 
± 1. 7  kg / s  
±0.  26 ° C  
±0 . 26 ° C  
±0 . 26 ° C  
±0 . 26 ° C 
± 1 1 7  Pa 
± 1 1 7  Pa 
±0 . 26 ° C  
±0.  26 ° C  
±9 . 1  Pa 
± 1 1 7  Pa 
±0 . 26 ° C  
±0 . 26 ° C  
±0 . 26 ° C  
5 g / s  
± 2 5  mm 
±0 . 22 ° C  
±0 . 06 ° C  

C-1 3 .  2-DT Del ta T RTD Wa ter in - wat er out 0-3 0 ° C  ±0 . 06 ° C 

Second-Stage Surface Condenser Sys tem 

s c- 1-T 
-::sc- 2-P 

s c-3-T 
-::sc-4-DP 

s c-s-T 
s c-6-T 
SC;.. 7-P 
SC-8-FM 

*SC-9-P 
SC- 10-T 

Temp , dry bulb 
Pre s sQre 
Tempera ture 
Pre s sure 
Tempera ture 
Tempe rature 
Pre ssure 
Flow ra te 
Pre s sure 
Temperature 

RTD 
Capaci tance 
RTD 

. Capa c i tance 
RTD 
RTD 
Stra in gauge 

Capaci tance 
RTD 

Steam inlet 
Steam inlet 
S t eam out l et 
Steam out l e t  
Condensate 
Fl owmeter 
FloWme ter 
Exhaus t gas 
Exhaus t gas 
Exhaus t gas 

( - 1 0 0 ) -2 60 ° C  
0 -6 . 2  kPa 

{ - 10 0 ) -260 ° C  
0 - 2  kPa 

{ - 1 0 0 ) -260 ° C  
Never installed+ 
Never installed 
,Never instal led 

0-6 . 2  kPa 
{ - 1 0 0 ) -260 ° C  

±0 . 26 ° C  
± 1 1 7  Pa 
.±0 . 26 ° C  
± 9 .  1 Pa 
± 0 .  26 ° C  

± 1 1 7  Pa 
±0 . 26 ° C  
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Table 2-3 . Instrumentation for the HMTSTA (Continued ) 

Installed 
Ref . No . Funct ion Sensor Type Locat ion Range Accuracy§ 

(Abs olut e Va lue ) 
sc- 1 1 -L Level S i ght gias s Separator 0-25 em ± 2 5  mm 
SC- 12-FM Flow rate Turbine Conden sate Never installed 
SC- 13-TW Temp , wet bul b Chi l led mi rror Steam out l et - 1 5-80 ° C  ±0 . 22 ° C  
SC- 14-T Temperature Dial gauge Li q .  r ing cool ant Not c onnected ±0 . 2 ° C  
SC- 1 5 -TW Temp , wet bulb RTD Exhaus t ga s Never installed 

Re frigeran t Sys t em 

F-1-T Temperature RTD Bo i l ing vapor ( - 1 0 0 ) -2 60 ° C  ±0 . 26 ° C  
F-2-P Pre s sure Stra in gauge Bo i l ing vapor 0-1380 kPa ± 1 2  kPa 
F-3-T Temperature RTD Compre ssed vapor ( - 1 0 0 ) -2 60 ° C  ±0 . 26 ° C  
F-4-P Pressure Strain gauge Compre s s ed vapor 0-2 070 kPa ± 18 kPa 
F-5 ,.;.T Tempera ture RTD Conden sed l i qu id (..:. 100 ) -2 60 ° C  ±0 . 26 ° C  
F-6-P Pre ssure Stra in gauge Receiver t ank 0-2070 kPa ± 18 kPa 
F-7 -L Refri g .  l evel S i ght glas s Rece iver t ank 0-30 em ±2 mm 
F-8-T Tempera ture RTD Liquid i n  ( - 1 0 0 ) -260 ° C  ±0 . 26 ° C  

w 
...... F-9-T Temperature RTD Vapor/ l i qu i d  ( - l0 0 ) -260°C ±0 . 26 ° C  

F-10-P Pre s s ure Stra in gauge Vapor/ l i quid 0-1380 kPa ± 12 kPa 
F-1 1-FM Flow ra te Vortex Vapor 0-2 . 9  1 / s 0 . 02 1 / s  
F-1 2-T Temperature RTD Cold water in (- 100 ) -2 60 ° C  ±0 . 26 ° C  
F-1 3-T Tempera ture RTD Cold wat er out ( - 10 0 ) ..,.2 60 ° C  ±0 . 26 ° C  
F-14-FM Flow rate Vortex Cold water i n  1 . 9-18 . 4  kg / s  

F i r s t- Stage Di rect-Contact Condenser 

DC- 1-T Temperature RTD Wa ter inlet ( - 10 0 ) -260 ° C  ±0 . 26 ° C  
DC-2-DT Del ta T RTD Wa ter in - wat er out 0-30° C ±0 . 06 ° C  
DC-3-DT Delta T RTD Steam in - wat er in 0-30 ° C  ±0 . 06 ° C  
DC-4-T Tempera ture RTD Steam inlet ( - 1 0 0 ) -2 60 ° C  ±0 . 26 ° C  
DC 5-DT Del ta T RTD Steam in - s telim - out 0-3 0 ° C  ±0 . 06 ° C  
DC-6-P Pres sure Capac i tance Steam inlet 0-6 . 2  kPa ± 1 1 7  Pa 
DC-7-DP Del ta P Capaci tance Steam in - s team out 0-250 Pa ±9 . 1  Pa 
DC-8-FM F low rate Magnet i c  Wa ter 0 . 3-9 m / s  ± 0 . 0 1  m / s  
DC-9-DO D i s so lved Polarographi c Wa ter in 0-20 ppm ±0 . 2 8  ppm o2
DC- 10-DO D i s so lved Po larographic Wa ter out 0-20 ppm ±0 . 28 ppm 
DC- 1 1 -S Sal in i t y  

o2 
Conduc t i v i t y  Water in 30- 3 7  ppt ±0 . 0 1  ppt 1-'3'tlDC- 1 2-S Sal inity Conduc t i vi ty Prct d i f f :  wi -wo 340 ppm ± 18 ppm I 

w 
1.11 
0\ 
...... 



mea surement s 

Table 2-3 .. Instrumentation for the HMTSTA (Concluded ) 

w 
N 

Ref . No . Funct ion Sensor Type 

Second-Stage Di rec t-Contact Condenser 

DC- 13-T Temperature RTD 
DC-14-DT Del t a  T RTD 
DC- 1 5 -T Temperatur e  RTD 
DC- 16-DT De lta T RTD 
DC- 1 7 -DT De l t a  T RTD 
DC- 18-P Pres sure Capaci tance 
·Dc;.. l9-DP De l t a  P Capaci tance 
DC-20-FM Flow rate Magnet ic 
DC- 2 1 -DO Di ssolved o2 Polarographi c 
DC-22-S Sal ini ty Conduc t ivi ty 

General Direct-Contact Condenser 

Loc at ion 

Wa ter inlet 
Wa ter in - water out 
S t eam out l et 
Steam out - wa ter in 
Steam in - s team out 
Steam inlet 
Steam in - s team out 
Wa ter 
Wa ter out 
Prct d i f f  : wi -wo 

Range 

( - l 0 0 ) -2 60 ° C  
0-30° C · 

( - 100 ) -2 60 ° C  
0-30° C 
0-30° C 

0-6 . 2  kPa 
0-250 Pa 

0 . 3 -9 m/ s 
0-20 ppm 
340 ppm 

I ns ta l l ed 
Accuracy§ 

( Absolute Val e ) 

±0 . 26 ° C  
. ±0 . 06 ° C  

±,o .  2 6  ° C  
± 0 . 0 6 ° C  
±0 . 06 ° C  
± 1 1 7  Pa 
±9 . 1  Pa 
±0 . 01 m / s  
±0 . 28 ppm 
± 18 ppm 

DC-23-L Wa ter level Capaci tanc e Inlet tank 0-8 m 
DC-24-L Wa ter level S i ght glas s Condenser 0-2 m 
DC-25-L Wa ter level Capaci tance Ou t l et t; ank. 0-8 m 
DC-26-':\' Temperature RTD Cl osed l oop $- . wtr i n  ( - 10 0 ) -2 60 ° C  
DC-27-T Temperatur e  RTD Closed l oop seawtr out ( - 100 ) -260 ° C  

±6 . 4  mm 
±5 mm 
±6 . 4  mm 
±0 . 26 ° C 
±0 . 26 ° C  

*The se pre ssure transduc er s were ins tall ed part way through the Phase I tes t s  . The ini t i al t e s t s  were performed 
us ing S ensotec stra in gauge t ransducers with a 0-3 . 4  kPa rang e .  

+Ins trumen t s  tha t  are "no longer i ns tal l ed" have ei ther been replaced b y  other instrument s o r  were not func t i onal and 
redundant were avai labl e .  Ins trument s  "never i ns t a l l ed" are redundant and the a l t ernate 
ins trumenta t i on i s  more accurat e .  

§Insta l l ed accuracy 
have been updated . 

e s t  imates are t aken from the t e s t  plan ( Parson s  e t  al . 1 98 9 )  . Values for the pre s s ure sensors 
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TP-3561   

Condensation dew-point hygrometers were used to measure wet-bulb' temperature 
of s team in the surface condenser • .  In the evaporator and direct-contact con
denser, steam saturation temperature was measured wi th RTDs covered wi th a 
wick that was partially i ersed in a fresh water reservoir.  

2 . 3 .2 Pres sure Sensors 

Primary pressure measurements  were provided by diaphragm-type capacitance sen
sors that provided a 4-20 mA signal proporti onal to either absolute or differ
ent i al pres sures . Thi s current signal was converted to a nominal 1-5 VDC 
s ignal using 250-0hm preci s ion resi stors located in the ins.trument trailer . 

Some pre.ssure measU:rements were made using diaphragm-type strain-gauge pres
sure sensors from a different manufacturer ( Sensotec ) .  Most  of the pres sure 
sensors originally installed in the apparatus were of thi s type . However , 
rel iabil ity problems led to their replacement with the capaci tance-type 
sen sors (Rosemount ) .  The remaining strain-gauge-type sensors were connected 
to s ignal-conditioning cards in the instrument trailer us ing a four-wire 
configuration .  

Atmospheric pres sure was monitored with a strain-gauge pressure sensor 
( Co le-Parmer) with digital readout . 

2 . 3 . 3  Flowmeters 

Two types of flowmeters were used to measure seawater flows . Vortex-shedding 
met ers  measured warm-water flow, total cold...;water flow, cold-water flow to the 
refrigerant condenser , and refrige ant flow to the second-stage surface con
denser. These meters provided a 4-20 mA signal to res i stors located in the 
ins trument .trailer which provided a nominal 1-5 VDC output . In Phase I ,  these 
flowmeters were connected to signal-conditioning cards that provided a 0-5 VDC 
output . 

The second type of  seawater flowmeter, a magnetic-type , nonintrusive meter , 
was used to  measure cold-water flows in the vertical upcomers supplying the 
two direct-contact condenser stages . These devices also provided a 4-20 mA 
signal that was converted to a 1-5 VDC signal with res i stors . 

A paddle-wheel flowmeter measured condensate flow from the · f irst-stage con
dens er into the condensate collection tank. It  used a s ignal-conditioning 
uni t  located in the instrument trailer that converted pul ses from the paddle 
whee l  to a 0-5 VDC signal . 

Flow rate of steam and noncondensable gas out of the condenser was measured 
using the vacuum compres sor as described in Section 2 . 3 . 6 .  

Other flows were measured us ing rotometers o f  various s izes . They measured 
flow rate of sample water through the dissolved oxygen sensors and noncon
dens able gas flow rate  out of the liquid-ring compres sor. 

Two Annubar pres sure flow sensors were installed in the warm and cold seawater 
l ines  and were used to check readings of the main seawater flowmeters . 
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2 . 3 .4 Level Indi cators 

Level indicators were used to moni tor l iquid level s in the supply and d i s
charge sumps of .the evaporator and the direct-contact condenser , as well  as in 
the evaporator, the predeaerator chamber , the condensate collection tanks , and 
the refrigerant reservoir .  The level sensors · in the supply and discharge 
sumps used an "air-bubble" type arrangement in which compres sed air was \>led 
through a tube into the lower of each sump . Flow rate of air in the 
tube was maintained at 3 . 9  x m3 / s  ( 0 . 5  scfh ) , whi ch was low enough to 
prevent significant pressure loss  through the tube but high enough · to ensure 
that a steady stream of bubbles was emitted from the .end of the tube . The 
pres sure sensor ( located at ground level ) sensed the pressure in the tube , 
whi ch was directly proportional to water level above the tube outlet .  Bubbles 
were contained in a 76-mm ( 3-in. ) pipe to minimize the change in dis solved gas 
concentration of the proces s water . This bubble-type level sensor proved to 
be s i gnificantly more reliable than the immersion-type pres sure sensors 
originally installed in the evaporator supply and discharge sumps . Problems 
occurred with the immers ion-type sensors because of poor protection of the 
electrical signal and overpres surizat ion when water levels above the sensors 
exceeded allowable l imit s  (4 m) . 

Water levels in the evaporator and condensate tanks were measured by differ
ential pressure sensors , which used gas pres sure above the liquid surface as 
reference . As long as care was taken to prevent water from entering the dry 
( steam) legs of the sensors , they provided reliable indications of water 
level . 

Water _ level in the predeaerat ion chamber was to be measured wi th a 
capacitance-type l iquid level indicator . Thi s  sensor never provided rel iable 
readings _ and was not used for test s .  Instead a sight glas s was used . 

Ultrasonic sensors _were installed in the evaporator supply and di scharge sumps 
and later in the second-stage condensate col lect ion tank. Exces s ive internal 
reflections apparently prevented these sensors from pr viding reliable level 
indications . 

· 

Sight gauges were used for all of the levels  l i sted above except the supply 
and d i scharge sumps . These gauges provided rel iable readings in the evapo
rator ves sel but could not be connected to the computer data-acquis i t ion 
system .  Sight gauges on the condensate collection tanks and he refrigerant 
reservoir did not provide accurate readings because ambient heating caused 
bubbles to form in the liquid .  

2 . 3 . 5  Dissolved Sensors 

Three polarographic dissolved-oxygen sensors measured oxygen content in the 
warm and cold seawater flows . Samples were extra-cted from supply and dis
charge pipes  and from collection pans under each of the direct-contact con
denser stages . These  sample streams were plumbed to a sampling pump or pumps 
and then to the dis solved oxygen sensors . Downstream of  the sensors , rota
meters measured sampling flow rate . 

The 0-1 VDC output from the dis solved oxygen sensors was converted to a 
4-20 rnA signal for transmis s ion to tl:te instrument trailer .  Current res i stors 
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then converted it to a 1-5 VDC s ignal . The intermediate conversion to a 
current signal was required because the 0-1 V s ignal was not strong enough to 
drive the A/D converters on the main data-acquis ition computer or other 
recording instruments .  

2 . 3 . 6  Exhaust Gas Flow 

The booster compres sor , a blower-type , constant-di splacement machine , was used 
·to determine the vent rate of the condensers . The compressor ' s  volumetric 

capacity was determined by measuring gas flow into the compres sor us ing a 
rotameter with a throttling valve between the rotameter and the compres sor . .
Although a "constant-di splacement" compressor ' s  vol\unetric throughput i s  
theoretically independent of inlet pres sure o r  compres s ion rat io ,  the actual · 
throughput i s  reduced from a constant value as inlet pres sure decreases below 
a threshold ( or compres s ion ratio  increases ) because of backleakage and other 
effec:ts . In the low-pres sure region , the volumetric flow rate determined 
in-situ can be expres sed as 

V = 0 . 313  + 0 . 1  Pin - 0 . 032 Pin
2 

for P  < 1 . 5 kPa, white V = 0 . 39 m3/ s  for Pin  1 . 5  kPa , or 

where 

= compres sor inlet pressure (kPa) pin  
= compres sor outlet pres sure (kPa ) êpout  

v = compres sor volumetric flow (m3 / s )  ê

The volumetri c flow through the booster compres so·r i s  composed o f  ( 1 )  noncon
. 	densable gases released from the warm and cold seawater , ( 2 )  the ambient air 

leaking into the system, and ( 3 )  the part of the steam that remains uncon
densed and i s  exhausted . The ambient leak contributed less than 2% to the 
total flow ,  and i s  discussed in Section 2 . 3 . 8 .  The quant ity of uncondensed 
steam can be calculated from a measurement of saturat ion temperature and total 
pres sure at the condenser outlet . 

It  was originally intended to measure the composit ion of the gas streams at 
different locations in the system in order to observe the quant i ty of d i s
solved gases released from the seawater streams . Unfortunately, Univers ity of 
Hawai i  personnel could not perform these measurements using their mas s  spec
trometer unti l  all the heat exchanger test s  were completed . Therefore , a 
redundant measurement of gas flow in and out of each component was not 
ava ilable . 

The overall  amount of  noncondensable gas released in all the heat exchangers 
was calculated by subtracting the system '  s ambient leak and the uncondensed 
steam flow from the overall volumetric flow rate . Specific  calculations are 
described in the respect ive chapters . 

Lack of a redundant measurement of noncondensable gas flow at various stations 
introduced higher-than-desired uncertainties in calculation of gas mas s  
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fractions in and out ·of the heat exchangers .  However , the impact of the 
uncertainty did not s ignificantly affect the overal l performance of the heat 
exchangers ,  as discussed in the respect ive chapters and in Appendix A.  

2.3.7  Data (DAS) 

The Data Acquis i tion System (DAS ) was used to moni tor and record the 0-5 VDC 
s ignals (or 0-10 VDC signal s from the different ial temperature sensors ) from 
the various sensors described above . A PDP 1 1 /23+ computer was the primary 
tool for tb.ese purposes . Sixty-four channel s  of data were multiplexed to a 
pair of A/D converter cards . Software written for these experiments used the . 
digital signal s to calculate test condit ions in engineering unit s .  The con
versions from raw digital inputs to engineering uni ts used coefficients for 
slope and offset that were based on sensor cal ibrat ions . The computer could 
either di splay all 64 channel s of data or 10 channel s  of data with additional 
calculated parameters such as heat load , thermal effectiveness , and heat
transfer coefficients .  Upon operator command , the computer stored data in 
f i les that included average readings , s'tandard deviations of readings , and 
"trends" ( the slope of a least-squares l inear curve f i t. of the mo st recent 
data ) . The , last parameters provided the principal investigator with measures 
·of s ignal scatter and steadines s  of test conditions . This analys i s  was con
ducted on sets of data taken over approximately 1 . 5 min .  and .continuously .
updated . Each set consi s t s  of  30 data points per sensor , and each data point 
consi st s  of 100 A/D conversions . Selected data were also recorded on a 
15-channel strip chart recorder . 

A desktop PC-compatible computer was used to perform real-t ime analysi s  of  
test conditions . A commercially available spreadsheet program on the PC pro
vided the operator with a versatile format for data analysi s .  He could deter
mine component operat ing conditions and performance levels  based on different 
combinations of sensors and , should significant differences appear , he could 
determine which sensors were l ikely to be malfunctioning . Us ing the program ' s 
graphing capabili ty ,  he could plot test result s  and determine whether perfor  
mance trends were being adequately characterized or whether addit ional data 
points were required . 

2.3.8  Leak Rate 

Leak rate in the HMTSTA system ,  excluding the vacuum pump, was determined by 
measuring the rate . of vacuum decay when water flows were stopped and the 
vacuum system was turned off . Typical system pres sure at the start of the 
leak test was around 4 kPa , wel l  above the saturation pres sure of the warmes t  
seawater ; therefore little  evaporation could occur from the water surfaces in 
the supply pipes  and from the wet wal l s .  The fluid in the supply and 
discharge pipes i solated the HMTSTA equipment from the open sump s , and a check 
valve near the ,inlet to the .. l iquid ring i solated the equipment at the other 
end . An additional i solation valve near the vacuum system was used during the 
early tests but was found to be redundant . 

Initially , the leak rate was determined by observing the decay of system pres
sure overnight . The pres sure vs  time curve was found to be l inear , except
for a brief init ial period of a few minutes . The s lope give s  a measure of the 
mas s  flow rate of ambient air into the system, i f  the volume of the system i s  
knownc Estimates of the volume were made from individual component dimensions 
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and gave a total isolated . volume of 14 m3 for Phase I and 19 m3 for Phase  II  
equipment . This volume increases s lightly overnight because the level of  
water in the vertical pipes drops as the pres sure increases . 

Based on the overnight results , leak checks were performed routinely after a 
test day by observing the decay rate in 30  min . Thi s  t ime frame i s  sufficient 
to · observe the linear dependence while the volume remains essential ly con
stant . A rapid rise in system pres sure indicated when a major leak exi s ted , 
at which t ime tests  would be suspended unt il  the leak was found and fixed . 
Leaks were inspected by visual , audi tory , soap-bubble or tracer-gas methods .  

The nominal leak rate expected for the HMTSTA was 1 mg/ s .  Instead , the actual 
leak rate could not be reduced readily below about 20 mg/s .  Thi s  value 
repres.ent s typically less  than 2% of the noncondensable gases exhaust ing 
through the vacuum system,  even at the lowest  flow rates of seawater tested .  

The leak rate measured during these tests  was compared to a leak rate calcu
lated from a mas s  balance using heat exchanger and vent compressor data when 
the system was in operation .  To within the uncertainty i n  noncondensable-gas 
mas s  flow ,  the measured and calculated leak rates were in fair agreement
during all  ·tests  reported here except for · the surface cdndenser test s .  Com
parisons with gas compos i tion and ·release test s  conducted during the second 
part of 1989 also showed good agreement . 

2.4 OPERATION OF THE TEST APPARATUS 

The mult i-institutional nature of the HMTSTA tests  required the establ ishment 
of facility management procedures and operat ional guidel ines , described in 
Appendix E .  : . A detailed operation and maintenance manual (Link 1989 ) docu
mented step ·· by step the proper s tartup and shutdown procedures to be followed 
by the facil i ty operator.  These procedures are also summarized in Appendix E .  

During operation o f  such a large and complex test facil ity,  valuable les sons 
were learned regarding operational aspects ,  facility layout , and test proce
dures . Thi s information will  greatly aid in improving operation of  the NPPE 
and of other future OTEC facil ities . Les sons learned and recommendations 
based on that information are al so summarized in Appendix E .· 

The following sections describe those operational aspects that directly bear 
on di scuss ions of data collected and performance predictions prE!sented in the 
following chapters . 

2 .4. 1 of Test Conditions 

Tes t  conditions were typically specified by t):le principal invest igator ( PI )  in 
terms of warm- and cold-water flow rates , evaporator' water temperature change , 
and condens er outlet conditions . HMTSTA controls  permitted the operator to 
achieve and maintain these test conditions wi thin the l imitat ions of the 
apparatus (as  described in Section 2 . 4 . 2 ) .  Al l Phase I and Phase  II tests  
specified that steady-state conditions were to be obtained before recording 
data . Thus , water and steam temperatures were allowed to equilibrate for at . 
least  10 minutes before data sets were recorded . In addition , the operator 
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checked a variety of parameters to ensure that key instrument s were operating 
satis factorily. The following checks were typical of those conducted during
test operations . 

2 .4 . 1 . 1  Sensor Consistency 

Redundant flow, temperature , and pres sure sensors provided checks of  the 
proper operation of key sensors  . Measured temperature differences were com
pared to calculated differences  between absolute temperature sensor readings . 
Measured s team pressure differences were s imilarly compared to absolute pres
sure measurement s . Because in most  locations steam was in a saturated con
di tion, the saturation temperature associated with the local steam pres sure 
could be compared to the wet-bulb steam temperature measurement . These values 
were monitored by the operator during the experiments .  

2 . 4 . 1 .2 Heat Bal ce 

The heat load in the evaporator ( the product . of  water mas s  flow, speci fic  
heat , and temperature change ) was compared to the heat load in the con
denser . Typically the two heat loads differed by no more than 5% .  I f  larger 
differences appeared , the operat"c)r investigate&: the pos s ibili ty that at least 
one · flowmeter or tempera"ture sensor was malfunctioning . Redundant absolute 
and differential temperature sensors helped considerably to identi fy 
malfunctioning sensor s . In geperal , flowmeters performed quite cons i stently.  

2 .4 . 2  and Limitations of the 

In general , the facil ity operated with a high level of stabil ity. Water levels 
in the evaporator and direct-contact condenser were the only parameters that 
required active control. loops . Under normal operat ing conditions ( flash-down 
temperature differences greater than 2 ° C )  ' steam generat ion rate could . be 
established by proper positioning of the main steam valve between the evapo  
rator and the condenser. Once this valve was positioned , the apparatus would 
quickly achieve steady-state condition and remain in steady s tate . 

The most  s ignificant exception to this general stabil i ty was the refrigerant
cooled second-stage surfac  condenser . Although a variety of  techniques and 
some equipment modifications were tried , it  was not pos s ible to maintain a 
constant flow of refrigerant to  this device . At best , flows could be held to 
within 25% of nominal condi tions , but fluctuations in the refrigerant com
pressor output prevented better control.  Of greater consequence was the 
inability to achieve and maintain a low refrigerant superheat at the outlet of 
the condenser . At low refrigerant flows , all the refrigerant would boil  and 
the outlet superheat would typically exceed 5 °C .  As refrigerant flow was 
gradually increased , superheat would remain unchanged until  liquid refrigerant 
appeared at the outlet of the condenser . At that point superheat would sud-. 
denly diminish to zero . Thi s  reduced the range of conditions over which the 
first-stage surface condenser could be tested , and it made analys i s  of second
stage condenser performance more difficult ,  as  described in Chapter 6 .  

Another l imi tation of the fac i lity was the s ize of the evaporator ves sel . I t s  
small diameter relat ive t o  the evaporator spout spray pattern resulted in 
smal l spray-wall interactions in most  test s  and high spray-wall interact ions 
in multiple-spout and . high liquid loading tes ts . These interactions l imi ted 
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the ability to compare s ingle vs . mul tiple spout performance ,  as described in 
Chapter 3 .  

2 .4.3 Calibrations 

As described above , calibration coefficients were used to convert voltage mea
surements  at the PDP computer A/D boards to engineering unit s  of temperature , 
pres sure , and so on . These  coefficients were determined · from cal ibrat ion 
curves supplied by the manufacturer for factory-calibrated instrument s 
including the pres sure transducers , flowmeters ,  and the chi lled-mirror wet
bul b  hygrometers . Differential temperature sensors were cal ibrated at the 
SERI Metrology Laboratory.  Absolute temperature sensors and level indicators 
were calibrated on site .  

Abs olute temperature sensors were cal ibrated at  two temperatures : 0 ° C  in  an 
i ce bath and about 2 7 ° C  in a room-temperature copper block. Preci sion quartz 
probes originally used as reference temperature indicators were replaced in 
Phas e  II test s  with thermistor probes . The thermistor probes were suppl ied by 
a s pecial low-amperage controller to minimize self-heating errors . 

Level sensors were calibrated against steel tape measurements .  The volume 
flow through the vacuum system was cal ibrated once , as described in 
Sect ion 2 . 3 . 6 .  

Cal ibrations were performed a s  specified by the Pi s .  Typically ,  at the begin
ning of  each new test series , transducers cri tical for the planned test s  were 
recalibrated . All sensors were calibrated before the beginning of evaporator 

est s  (as part of the acceptance te,st procedures ) .  Absolute temperature sen
sors  were recal ibrated once during evaporator test s . Di s solved oxygen sensors 
were refurbi;shed before deaeration tests  and recalibrated dai ly during those  
tes t s .  Abs olute temperature sensors , condensate tank level sensors , and the 
f i r st-stage condensate flowmeter were recal ibrated before the surface con· 
dens er tes ts .  Al l gas pres sure , absolute temperature , and differential tem
perature sensors were recalibrated before Phase II  tes ts . Flowmeters for the. 
DCC s tages were calibrated at the factory. Absolute temperature sensors were 
recalibrated once during those tests  . 
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3 1 NOMENCLATURE. 

Abbrev. Units 

c . . mas s  concentration of dis solved nonconderisable gases in the 1 1  incoming seawater 
mas s  concentration of the dissolved noncondensable gases in 
the outgoing seawater 

D ves sel diameter m 
d spout diameter m 
F fraction of di s solved gases released in evaporator ves sel r 
G superficial s team loading 
h spout height m 
K hydraul ic los s coefficient 
L supe.rficial l iquid loading 
llp pressure loss  .
q dynamic pres sure 
s interspout spacing 
llT temperature difference 

warm seawater inlet temperature 
warm seawater outlet temperature 

-seawater temperature in equilibrium with steam ê
evaporator thermal effectivenes s   
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3 .  2 BACKGROUND 

· 
direct-contact or "flash" evaporation .  Thi s process occurs when warm seawater 
is intr9duced . into the evaporator at a pressure lower than the vapor pressure 
that corresponds to the liquid inlet temperature , and steam i s  produced by the 
combined actions of boi ling and surface evaporation . Flash evaporation i s  
usually. quite violent as . a result of the explos ive growth of vapor bubbles 
from nucleation s i tes in the liquid. The growth of these bubbles shatters the 
l iquid continuum and yields a wide range of droplet sizes . Because of the 
irregular geometry of  the interface , it i s  practically impos s ible to  def ine or 
measure the surface area from which evaporat ion takes place . Heat transfer in 
flash evaporat ion , therefore , cannot be described in terms of a convent ional 
heat-transfer coefficient . To quantify the process and present experimental 
data , another parameter is introduced : effectivenes s  ( e ) .  The effect ivenes s  
of flash evaporation i s  defined a s  the rat io of the temperature difference 
between the inlet and outlet liquid streams to the temperature difference 

The mechanism . by which steam i s  generated in an OC-OTEC system i s  called 

.
between the inlet l i quid stream and th  vapor temperature corresponding to the 
chamber saturation pressure . Thi s  definition i s  s imilar to that for the 
effectivenes s  of a conventional heat exchange , because it i s  the rat io of the 
temperature difference actually achieved to the maximum temperature difference 
thermodynami.cal ly available.  

Maa ( 1967 )  performed evaporation experiments from laminar jet s of various 
liquids and described the mechani sm of heat transfer as occurring in two 
steps : the transfer from the bulk of the liquid to the interface at an inter
mediate temperature , followed by molecular mas s  transfer from the interface to 
the vapor . The overall transfer rate i s  governed by molecular transport 
wi thin the l iquid and the differential rate of molecular cros s ings  at the 
interface . For seawater at 25 ° C ,  interfacial heat-transfer resi stance i s  

· extremely s ll compared with the res i stance in the liquid .  A freshly exposed 
interface cools  from the bulk temperature to  the vapor temperature in less  
than a mil l i second , an amount of time a hundredfold shorter than the typical 
l iquid res idence time in the flash chamber . . The accompanying growth of a 
thermal boundary layer on the liquid side , where the major temperature gra
dient resides , penetrates a distance of only 5-12 m. Because this thickness  
i s  small compared wi th the typical thicknes s  of the liquid layer , flash evapo
rat i on can be treated as a surface phenomenon , with the first surface los ing 
its  potential for evaporation extremely quickly.  For effective flash evapo
rat i on it i s  therefore imperative that a large interfacial area be available 
and that fresh surfaces continually be created . 

3 . 2  . 1  

For laminar jets , heat transport on the liquid s ide is  governed by molecular .diffusion ,  whereas for turbulent jet s ,  enhanced heat transport may be expected 
because of increased m1x1ng caused by eddies in addition to molecular 
dif fus ion. Reports on experimental investigation of flash evaporation from 
turbulent jets are few ,  and in most  cases the jet s are "shattered" into 
di scontinuous fragmepts  and droplets .  Brown and York ( 1962 ) pr_oposed flash 
evaporation as a method for producing a f ine spray of l iquid . droplet s for 
aerosol appl ications . Balitskiy and Shurchkova ( 1969 ) .observed in experi
mental studies of flash evaporation from 15-cm-lang water jets with diameters 
of 1 ,  3 ,  and 5 mm that for a l iquid superheat of more than 7 ° C ,  the emerging 
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jets  shattered into a spray of droplet s .  Miyatake et  al . ( 198 1) studied flash 
evaporation from cyl indrical water jets 3 . 5 ,  5 . 0 ,  and 8 . 2  mm in diameter and 
1 2 ,  25 , and 25 em in length, respectively, and with exit  Reynolds numbers 
ranging from 66 ,000 to 155 , 000 . Photographs of increased jet shattering with 
increasing superheat were presented . Mi lls  et al . ( 1982 ) presented data for 
evaporation from 4-mm-diameter circular turbulent water jets  95 , 133  , and 
171  mm in length. In their experiments ,  they took precautions to maintain a 
coherent jet and to prevent jet shattering due to cavi tat ion . For a jet
Reynolds number in the range 3 , 000 to 25 , 000 , the average Stanton number for 
these jets was found to be 3 to 11 times larger than those predicted based on 
laminar flow, suggest ing' that turbulent transport played a major role.  

As  w.as described in a previous review paper ( Bharathan et al. 1984 ) ,  three 
different geometries initially contended or the choice of evaporator in open
cycle OTEC plants :  open-channel flow,  fal ling fi lms , and fal l ing jets . The · 
open-channel flow design i s  not highly effective because the exposed inter
facial area is  limited , and boi ling i s  suppres sed by the hydrostat ic pres sure 
of the liquid.  The two main_  shortcomings of the fal l ing-film evaporators are 
that , as a result of the explos ive growth of vapor bubbles , coherent f i lms 
cannot be maintained and the liquid distribution manifold obs tructs  the escape 
of vapor . .Fall ing jets were investigated under OTEC conditions by Green 
et al . ( 1981 ) ,  Kreith et al . ( 1982 ) ,  and Bharathan and Penney (1984 ) for coun
tercurrent vapor flow,  and by Sam and Patel ( 19.82 ) for cro s scurrent vapor
flow. It was observed that the jets  shatter into a spray of droplets when 
they enter the evaporator . Green et al . ( 198 1 )  measured an evaporator effec
t ivenes s  of 0 . 7  to 0 . 8  with deaerated water in countercurrent flow,  whi l  for 
crosscurrent flow an effectiveness  . of nearly 0 . 95 was achieved ( Sam and Patel 
1982 ) .  In both cases , the influences of initial water superheat and water 
flow rate were minimal . The differences between these result s  are ascribed to 
losses incurred while vapor passes  through the water distribut ion manifold in 
the countercurrent experiments and to the · high initial air content of water 1n 
the experiment s of Sam and Patel (1982 ) .  

In early 1983 , experiments were pe formed at the Solar Energy Research 
Institute ( SERI ) on evaporation from a turbulent planar water jet . Bharathan 
and Penney ( 1984 )  found that the evaporation effectivenes s  of  the jet was 
independent of initial jet thicknes s ,  indicating that once the jet shat ters 
into droplets i t s  initial thicknes s  becomes irrelevant . These resul t s  
confirmed the contention that evaporation is  primari ly controlled by the 
available interfacial surface area and the rate at which these surfaces are 
renewed . Following up on this hypothes i s ,  screens were inserted in the jet to 
enhance its breakup . Wi th four screens to help the jet ' s  shattering proces s 
and renew the vapor liquid interfaces ,  an effect ivenes s  approaching 1 . 0 was 
observed . · Although extremely high effectivenes s  could be achieved by us ing 
screens in fall ing jets , the fal l ing-jet geometry requires a complex manifold 
liquid distribution system that results  in additional vapor pressure losses 
and increases the required evaporator s ize . 

On the bas i s  of these attempt s  to  configure an effective OTEC flash evapora
tion geometry ,  it was concluded that high evaporation . effectivenes s  can be 
achieved regardless  of the inlet geometry provided that the l iquid j et i s  
broken up , l. arge interfacial areas are exposed , and the vapor-liquid inter
faces are cont inuous ly renewed . Thus , ·the design of an effective evaporator 
focused on the liquid distribution manifold to achieve low losses in l iquid 
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and vapor pres sure . This led t o  the development o f  an innovative des ign in 
which water is introduced into the evaporator through mul tiple vertical tubes 
that minimize pressure losses . Early work by Ni solle ( 1947 ) on OTEC evapo
rators described a va iety of vertical tubes and slots of differing diameters 
and - spacings to achieve effective seawater evaporation.  Thi s design ,  cal led 
the vertical spout evaporator , offers s imple l i quid distribution system,  easy . 
vapor separation wi th minimal obstructions in the vapor path, low l iquid pres
sure loss ( 0 . 5-0 . 7  m) , and the potential £or a modular evaporator des ign not 
dependent on plant s ize . 

Extensive experiments us ing fresh water were performed with vertical spout 
evaporators at SERI in 1983 and 1984 . The arrangement in the test cell for 
these  experiments  with a single-spout evaporator i s  shown in Figure 3- 1 .  The 
arrangement of the screens i s  shown in Figure 3-2 , along wi th a plot of the 
effectivenes s  with and without screens as a function of water inlet velocity.  
In , all  of these tes t s , the heat flux from the jet  was maintained at  210  kW . 
The spout effectivenes s  measured in these test s  varied between 0 .  90 and 0 .  97  
with a liquid-side pres sure drop of 0 .  7 m ( spout height plus kinetic e ergy
l o s s ) ,  somewhat less  than for planar jets . 

Photographs of  the spout evaporator are shown in Figure 3-3 wi th and without 
flashing . The bright image at the center of each photograph is water exiting 
the top of the vertical spout . Case "a" shows that wi thout evaporation , the 
wat er jet exi sts  smoothly and distributes i t self as an axi symmetric sheet . 
When evaporation start s ,  bubbles begin to emerge from the spout and grow on 
the falling liq id sheet . Bubbles on the order of 10 em in diameter can be 
seen at a heat flux of 100 kW (case "b" ) . As the evaporation rate i s  further 
increased , the jet becomes more violent , vapor escapes from bursting bubbles , 
and explosive growth of the vapor . shatters the jet into fragment s  and 
droplets .  Most  of the l iquid escaping upward fall s back on the incoming
l iquid and ''the coherent liquid sheet i s  totally destroyed , becoming a spray of 
droplets . ( case "c" ) . The only di sadvantage observed so far is that , because 
of its inherently low liquid-side pressure los s ,  the spout configuration is 
prone .to water surges that could result from sea-level fluctuat ions for a 
floating OTEC plant . Hydraul ic studies indicate that this i s  not a problem 
for shore-based installations . 

The experimental work described in this report investigated seawater evapora
t i on from the vertical \ spout geometry for the OC-OTEC evaporator . Chapter 2 
describes the equipment used for these test s .  Figure 2-3 i s  a schematic  of  
the evaporator ves sel . . Both the surface and the direct-contact condensers 
(Figures 2-5 through 2-8 ) were used to condense the steam produced . 

The spectrum and quantity of liquid droplets carried over by the steam that i s  
produced i n  the evaporator wi ll  b e  di scussed i n  Chapter 4 ,  which deal s with 

. the mist eliminator . It  is the funct ion of the mist el iminator to l imit the 
carryover to the level s required for the turbine equipment and the desal inated 
water compos i tion .  These requirements do not affect the geometry or perfor
mance of the evaporator , except for clearance above the spout s .  
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Figure 3-1 .  Arrangement in SERI test cell for 
experiments  with single-spout evaporator 
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Figure 3-2 . Effectivenes s  with and without screens plotted as 
a function of fresh-water inlet velocity 
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Figure. 3-3 . Photographs of  
spout evaporator with and  
without f lashing. See text  
for full explanation.   

3 . 2 . 2  Methods 

Analyt ical model ing of heat transport in coherent unshattered turbulent j e t s  
i s  compl icated by the effect of  turbulent mixing , the d i st ribut ion of the 
effect ive eddy mixing acros s  the jet , and the decay of turbulence downs.tream 
Theofanous ,  House , and Brumfi el d  ( 1976 ) presented the only reported attempt to 
model turbulent transport in jets  to  include all  these effect s ;  they as sumed 
the variat i on of eddy mixing acro s s  the jet  to fol l ow the Levi ch model ( 19 6 2 )  
and the decay of turbulence downstream to follow the decay of homogeneous 
turbulence behind a gri d . However , they a s sumed heat and mas s  transport to 
occur in a fully developed s i t uat ion .  A review of thi s approach by Mi l l s  
e t  al . ( 1982 ) ind i cated that the transport proc e s s  cannot b e  treat ed i n  a 
ful ly developed sense and mus t  be treated as  an entrance region problem .  
Further , they ind icated that ava i l able experimental data for mas s  trans fer 
into turbulent coherent j e t s  support nei ther the Levich theory nor the 
approach of Theofanus , Hou s e ,  and Brumfi el d . 

Model ing of evaporat ion from turbulent j e t s  that are shattered by the escape 
of vapor has been further compl icated by the as sociated expo sure of new 
surfaces and the resul t ing increases in the interfacial area caused by a 
spectrum of droplets . Heert j e s  and deNie ( 1966 ) reported on experimental and 
analyt ical efforts to quant i fy the mechani sm of mas s transfer to drops during 
format ion , release , and coalescence . Mas s  and heat trans fer during the period 
of forma t i on can be substant ial . Once formed , the droplet s undergo int ernal 
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c i rculation and vibra t i ons during free fal l . The rat i o  o f  an effect i ve 
d i ffus ion rate to the mol ecular di ffus ion rate may l i e  in the range of 1 t o  4 
for circul a t i ng drops , but i t  may be 16  or more for o s c i l la t i ng drops 
( Heert jes  and deNie 1 966 ) .  

I t  is c l ear that accurate predict i ons of  flash evaporat i on from turbulent  j e t s  
require adequate data o n  vari a t i ons of  effec t i ve thermal d i f fusivity i n  the 
regions of maj or temperature gradient s wi thin the jet and effective exposed 
interfacial  area with downstream d i s tance . Such a data base is  not ava i l able . 

An attempt to  model evaporation from fal l ing turbulent water sheet s was ,
reported by Bharathan and Penney ( 1984 ) . Us ing s impl i fying a s sumpt ion s  i the 
effect of  turbuLent mixing was captured us ing an effective mul t i pl i er f or the 
thermal dif fus ivity;  the increased surface area for the shattered j e t  was 
taken to be what i t  woul d  be i f  the j et were d i s t r ibuted in uniform dropl e t s  . 
The model ind i cated that evapora t i on was l iquid-s i de control l ed . For shat
t ered jet s '  res i s tance t ime and jet thi cknes s  were not the relevant corre
l a t ing parameters . Surface renewa l s  were shown to be effect ive in enhanc ing 
evaporation . 

Nihous (1989 ) and Ghiaas iaan et al. ( 1989 ) attempted to simp l i fy model ing 
through use of  an effect ive me n droplet diameter for shat tered sprays . Pre
d i ctions us ing a semiempirical  model showed reasonable agreement with experi
mental dat a . However , i t  should be noted that heat and mas s  transfer occur
ring during droplet forma t i on can be subs tant ial  , as  Heer t j es and deNie ( 1 966 ) 
report d . 

3 .2 . 3  

The spec i f i c  object ive of the scoping t e s t s  undertaken was to  es t ab l i sh 
thermal and hydrau l i c  performances of  spout evaporator geometry us ing seawater 
over a l imi ted range of spout diameter , hei ght , superheat ,  and water f low 
rates d i rectly app l i cable to the des ign of the Heat- and Mas s-Trans fer 
Experimental Apparatus /net power-producing experiment ( HMTEA/NPPE ) fac i l i ty .  

The evaporator t e s t s  a t  the HMTSTA were intended t o  inve s t igate the perfor
mance of spout evaporators us ing seawater . Spout evaporators have been i den  
t i fied as one of the promi s ing f lash evaporator configura t i ons . Con s iderable 
fresh-water data exi s t  for spouts 0 . 1 3 m ( S  in . )  1n  d i ameter and 0 . 5  m 
( 20 in . )  high ( Bharathan and Penney 1984 ) .  The seawater t e s t s  were a imed a t  
generat ing seawater data comparable to the exi s t ing fresh-water resul t s ,  a s  
wel l  as to  obtain an ini t i a l  s e t  o f  data us ing seawater . 

3 . 3  EVAPORATOR PERFORMANCE PARAMETERS 

The evaporator performance i s  quant i f ied in terms of i t s  thermal performance 
a s  wel l  as  its  hydraul ic and mas s-trans fer behaviors . For performance mea sure s 
that are compl ex and d i f f i cult to character i z e ,  qual i tat ive obs ervat i ons  are 
made and reported . 

For the evaporator test s ,  the fol l owing performance parameters are charac
terized as  funct i ons of  independent variables d i scus sed lat er : 
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• Thermal effectiveness , e 
• Water pressure loss  
• Fraction of  dis solved gas released , Fr• Water droplet carryover 
• Operational performance stability.  

3 .3 . 1  Thermal Effectiveness 

Thermal effectivenes s  ( e )  for the evaporator is defined as  

nominal evaporator pres sure of 2 . 9  kPa . ) 

where 

€ = 
(Twi 

(Twi -
-

Two > 
T *)w .  ' ( 3-1 ) 

= warm-water inlet temperature ( ° C )  
= warm-water outlet (discharge ) temperature ( ° C )  

seawater temperature i n  equilibrium with the 
evaporator ( ° C )  . ( Saturat ion temperature of 
0 .  3 ° C  higher than the saturation temperature 

steam exi ting from the 
seawater i s  about 
of fresh water at a 

An effect iveness value of unity impl ies that the steam leaving the evaporator 
is in equil ibrium wi th the discharge water . Fresh-water resul t s  with s imple 
spouts exhibited a variation in e in a rang  of 0 . 85 to 0 . 95 ( Bharathan and 
Penney 1984 ) .  With some types of special geometries to enhance evaporation ,  
an effectiveness  as high a s  0 . 98 has been achieved . 

3 . 3 . 2  · water Pressure Loss  

The water pressure los s ,  which reflects the paras itic  power required to 
operate the evaporator , consi s t s  of add.itive components caused by the spout· 
hei ght , ep.trance and exit  los ses , and frictional losses within the spout . 
Thi s  pressure loss was measured direct ly by a differential pressure transducer 
that senses pres sures in the evaporator water supply pool below the predea
erator and the evaporator discharge pool ( See Figure 2-3 ) .  The water pres sure 
los s i s  expres sed in Pascal s and the water head loss  in meters ,  us ing the 
appropriate seawater dens ity and gravitational acceleration . The effective 
los s coefficient for the s.pouts i s  the pressure loss normal ized by the super
ficial water dynamic pressure . 

3 . 3 .3  Fraction of  Dissolved Honcondensable Gas Released· 

Because oxygen and nitrogen make up more than _?.8% of  the total readily 
released noncondensable gas dis solved in seawater , A  the most s traightforward 
method of determining release of noncondensable gas would be to measure the 
concentration of these two gases in both the inlet and outlet water flows . The 

·*A l arge quantity of co2 i s  present in seawater . However ,  most  of  thi s co2 i s  
chemically bonded to radical s i n  seawater and i s  not readily desorbed in the 
OC-OTEC heat exchanger , as di scussed in Chapter 8 .  
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fraction of noncondensable gas release , Fr ' could then be  calculated from the 
equation 

( 3-2 ) 

where 

. . = dis solved noncondensable gas content of  water a t  the evaporator spout 
inlet ( ppm by wt ) 

C ·  = dissolved noncondensable gas content of evaporator di scharge water 1 0  
(ppm by wt ) .  

' Accurate and rugged sensors are available for measuring di ssolved oxygen con.tent on line , but no such sensors exi st for di ssolved nitrogen measurement s .  
Thus , fraction of total noncondensable gas released was estimated ,by measuring 
only the dis solved oxygen content ( see Chapter 5 ) .  Thi s approach was suffi
ciently accurate for onl ine measurements  because 

• 	 The .di ffus ivi t ies of nitrogen and oxygen in water are s imi lar 
10-9 	 10-9x( 3 . 1 1 x m2/ s  and 2 . 1 7  m2 / s ,  respect ively) . 

• 	 Under conditions  of low pres sure and low noncondensable gas content in the 
evaporator , the equilibrium concentrations of dis solved nitrogen and oxygen 
are both virtually zero . 

As a check on these assumptions , amples of inlet and outlet water to the 
evaporator were collected under steady-state operat ion for selected test s .  
These samples were then nalyzed for dis solved oxygen , dissolved nitrogen , and 
total dis solved gas content (as well  as for inorganic mineral ions ) under 
controlled laboratory conditions . On the ' ,bas i s  of measurement s  of di s solved 
gas level s in the sample , total gas released in the evaporator was determin d 
using Eq . 3-2 . To refine analyses , the total gas release  fraction was then 
compared to the oxygen release fraction as measured by onl ine instruments  

3 . 3 .4 Flow 

The potential for a flow instability problem exi sts  because. of the nature of  
two-phase flow in  the spout ( s ) .  Release of noncondensable gas may contribute 
to any instabili ty . No prior observation of or data about thi s behavior . at 
OTEC conditions has been reported in the l iterature . During the limited test s  
with s ingle and multiple spout s ,  no flow instabil i t ies were observed . 

3 . 3 .5 	 Parameters 

Table 3-1 l i sts  the test series and · the independent parameters studied in 
these evaporator scoping tests . In each series the effect of one parameter 
was investigated whi le the others were maintained constant. at (or very near ) 
the nominal value . One additional series of tests  to ascertain the influence 
of enhancing screens placed around the spout was al so  conducted . 
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Table 3-1 . Evaporator Test Range 

Test  Independent Nominal Test  
Series  Parameter Units  Value Range 

E-101  Temperature driving o c  3 . 0 1 . 00;..5 . 00 
potential 

E-102 Seawater velocity m/s 2 . 0  0 . 75-4 . 00 
E-103 Spout height m 0 . 50 0 . 30-0 . 80 
E-104 Spout diameter m 0 . 13 0 . 13-0 . 25 
E-105 Number of spouts 1 1-3 

3 . 4  TEST-SPECIFIC EQUIPMENT AND IBSTRUMERTATIOB 

3 .4 . 1  

The evaporator ves sel (Figure 2-3 ) i s  1. 07  m ( 3 . 5  ft )  in diameter by about 
6 .  9 m (22  . 5  ft ) high . It i s  large enough in diameter to permit test ing of 
s ingle spou. s  without significant interference between the spout water spray 
pat tern and the wal l s  of the ves sel . When three spout s were tes ted in the 
ves sel , a s ignificant amount of  the water spray made contact wi th the ves sel 
wal l s .  

Both ves sel diameter and available warm-water flow rate limi ted studies in 
thi s apparatus to three spouts in the diameter range indicated in . Table 3-1 . 

The ves sel .. i s  tall enough to permit s imultaneous test ing of predeaerat ion ,  
evaporation. -· and mist removal . The mist  el iminator was mounted 1 m below the 
steam outlet pipe to reduce thi s outlet ' s influence on steam velocity di stri

·but ion.  The clearance of 2 m  between the mist  el iminator and the spout mount
ing plate permitted testing of spouts as tall as 1 . 5 m. The 2 .  7-m ( 9-ft ) 
di s tance between the spout plate and the water inlet port in the bottom pf the 
ves sel facilitated a variety of predeaerator configurations , as described in 
Chapter 5 .  

Table 3-2 summarizes the major features of the evaporator ves sel. Additional 
detai l s  about the facility may be found in Chapter 2 .  

For enhancing screens , a set of plas tic  rubber screens was fabricated as shown 
in the accompanying photograph ( Figure 3-4 ) .  Thi s  screen assembly was 
des igned to  slip  over a 0 . 2-m-diameter spout for the single series of tests  on 
enhancement at high l iquid loading . 

Figure 3-5 illustrates the basic  set of instrument s  used in the evaporator .. 
The measurement s  included water and steam temperatures and steam pressures 
within the chamber . Table 3-3 provides a summary of the measured quanti t ies , 
including their uncertainties and redundancies . Various instrument s  other 
than those l i s t d in Table 3-3 were also used throughout the apparatus to mea
sure pressure , temperature , flow rate ,  and level , as described in Chapter 2·. 
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Table 3-2 . Specifications for the BMTSTA Evaporator Vessel 

Parameter Value or Description 

Wat r supply and 
discharge fittings 

30 . 5-cm ( 12-in.  ) pipe flang s 

Steam outlet pipe 76-cm- ( 30-in . )-diameter pipe 

Spout mounting plate 1 .  07  m (42 in . )  diameter , 38  mm ( 1 . 5
in . ) thick, located 3 . 1  m ( 10 ft ) below 
the bottom of the steam out let pipe 

Mi st eliminator mounting 8 each, 5 em x 5 em ( 2  in . x 2 in . ) ,  
with a 1 .  4-cm- (9/  16 in .  )-diameter hole 
located 2 m ( 6 . 6  ft ) above the spout 
mounting plate 

Lighting and view ports 1 each , 30-cm ( 12-in . )-diameter port , 
at the top of the evaporator v s sel 

Not all of the instruments functioned as anticipated during the series of 
tes t s .  . Specific problems were encountered with the temperature probes and 
absolute pressure transducers in the evaporator ves sel . Investigat ions · 
revealed that the problems were traceable to salt spray affect ing the elec
trical connectors of the temperature probes and causing corros ion in pressure 
transducer diaphragms . By monitoring the instrument s and maintaining and 
using backup instrumentation,  researchers were able to proceed wi th the test 
and quantitatively interpret the experimental data . 

3 .4.2 Measurement 

To ascertain consistency in the measurement s ,  cros splots of redundant measure
ments  were made . 

Figure 3-6 illustrates the heat balance for the entire HMTSTA system in the 
Phase I configuration . The heat per uni t  t ime absorbed by the two condenser 
stages was plotted vs . the heat per unit  time released from the evaporator 
through steam product ion .  The apparatus is capable of a thermal transfer rate 
of up to 1. 25 MW. In general , the heat absorbed by the condenser followed that 
released by the evaporator ;  however , it was nominally 3% to 5% higher . 
Ambient heat loads may explain this di screpancy. The uncertainty of the cal
culated heat los s and gain was estimated to be between 3% and 7% , as described 
in Appendix A. Thus , within experimentai uncertainty, the agreement was 
excellent . 

Figure 3-7 shows the water temperature difference derived from absolute tem. 
perature measurement s  crossplotted vs . different ial temperature measurements . 
Uncertainties in these measurement s  are also indicated in thi s figure and 
Table 3-3 . As can be seen in Figure 3-7 , the agreement betw en the redundant .measurement s was much better than the est imated error bands . 
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Figure 3-4 .  Photograph o f  plastic  rubber screen assembly 
used for enhancement at the HMTSTA 
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APmist ( 1 ) 

p evap (2) ATww.me (2) 

Measu rements 
6 - Temperatu re 
3 - Differential temperature ( 1 )2 - Absolute pressures 
1 - Differential pressure 

Note: numbers in parentheses represent numbers of  
instruments used in the measurements.  

(1 ) 

Tdb - dry bulb temperature 

Twwl - warm-water inlet temperature 

Twwo - warm-water outlet temperature 

AT - differentia.! temperature 

p - pressure 

Ap - differential pressure 4Twwo (2)

Figure 3-5 .  Instrumentation employed for
investigations of the HMTSTA evaporator 

A s imilar plot of water-to- s team temperature d i fference i s  shown in Fig
ure 3-8 . In a range of 2 °  to  7 ° C  temperature d i f ference , the agreement i s  
good . For lower ATs , the absolute temperature measurement s  yield sma l l er ATs , 
mos tly because of errors  in measurement s ari s ing from ambi ent radiat ion . 

Figure 3-9 cro s spl o t s  evaporator chamber pre s sure inferred from t emperature 
measurement s  vs . direct pres sure mea surement s .  Mo st  of  the data point s fal l 
on the pari ty l ine . However ,  deviat ions  as  large as  1 00 Pa can be seen for a 
set of  data point s .  Thi s  di screpancy arose a s  a resul t o f  errors i n  temper
ature and pres sure measurement s as described in Appendix  A .  Early test  
resul t s  ind i cated larger deviat ions . Salt  water spray in the temperature 
mea suring system and zero dri f t s  in the pres sure transducers caused these  
deviat ions . For  later test s ,  the connectors for  RTD measurement s were bet ter 
protected from the environment , and more stable pres sure trans ducers were 
acquired and installed . The se improvement s  in the instrumentat ion resulted in 
bet ter con s i s tency in the measurement s .  Sat 1sfactory solut ions for the pres
sure trans ducer errors have been found . Dri f t s  in RTD cal ibrat ions for tem
perature measurement in f ield use remain a major concern . More stable and 
rel iable t emperature . dat a  can be obtained through u s e  of super-s table ther
mi s tors . Improved rel iabi l i ty of mea surement s  over l onger t ime interva l s  
remains des i rable for the f i e l d  operat ion . 
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Ta le 3-3 . Evaporator Instrumentation 

Conditioning 
Quantity Sensor Instrument Uncertainty Redundancy 

1 .  Warm water inlet RTD Sensotec '() . 26 o c  · 2 
temperat.ure 	 temperature  

transmit ter  

2 .  Warm water outlet RTD ' Sensotec 0 . 26 ° C  2 
temperature 	 temperature  

transmit ter  

3 .  	Steam temperature RTD Sensotec 
in the evaporator temperature 0 . 26 ° C  None 
chamber transmitter 

4 .  	Steam temperature RTD .Sensotec 0 . 06 ° C  None 
above mis t  temperature 
eliminator transmit ter 

5 .  	Differential RTD YSI 0 .06 ° C  None 
temperature , warm different ial · 

water inlet to temperature  
outlet transmit ter  

6 .  	Differential RTD YSI 0 . 06 ° C  2 
temperature , water different ial 
inlet to steam temperature 
above mis t  transmitter· 
eliminator 

7 .  	Pressure in the Diaphra m Rosemount 1 1 7  Pa None 
evaporator ( low range ) 

8 .  	Pres sure in the Diaphragm Rosemount 540 Pa None 
evaporator (high range) 

Pressure drop in Diaphragm · Rosemount 19 1  Pa None 
mist  el iminator 
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Figure 3-6 . 
Heat balance for 

entire HMTSTA system 

Figure 3-7  
Measurement consistency, 

seawater temperature 
difference 
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Measurement consistency, 
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3 . 5  SEAWATER EVAPORATOR .RESULTS 

3 .5 . 1  Thermal Performance 

The evaporator thermal performance is a complex function of the geometric and 
flow parameters . The geometric parameters are spout diameter d ,  spout height 
h ,  ves sel diameter D ,  and interspout spacing S in the case of mul tiple spout s .  
Flow parameters include the spout velocity and the degree of superheat . For 
large power plants ,  which may incorporate a field of spo ts , the evaporator .may be . compared to conventional countercurrent cool ing towers . In a cooling 
tower , tli.e purpose of evaporation i s  to cool the incoming water , whereas in 
the OTEC evaporator , the evaporated steam i s  the final product .  However , both 
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devices operate on the same basic  princ iple . Usually the cool ing-tower oper
at ic  i s  describ d wi th. the o erating l iquid loading , 1 (kg/m2s ) ,  and the gas 
load1ng , G (kg/m s )  as ·the maJor parameters . These  loadings , defined as  mas s  
flow rate per uni t  planform area , represent operating capacit ies and are 
directly relevant to OTEC evaporators that use a multiple field of spouts .  

The evaporator resul t s  presented here describe thermal performance as a func
tion of evaporator superheat ( the denominator of Eq . 3-1 ) ,  spout height , and 
overall  l iquid loading . ExperimentaL result s  indicate that , in general , 
thermal effect ivenes s  increases wi th increasing superheat and height and with 
decreasing l iquid loadings . 

Figure 3-10 i llustrates the influence of  l iquid loading on thermal effective
nes s  of the evaporator . It includes measurements made with s ingle spouts 
0 . 13 ,  0 . 20 ,  and 0 . 25 m in diameter arid a set of three spouts 0 . 1 1 m in diam
eter arranged symmetrically in the ves s l .  All data are for nominal des i gn 
conditions of 3 ° C  water temperature drop and 0 . 46 m spout height . Table 3-4 
di splays the liquid and steam loadings at design conditions for these spout s 
corresponding to a spout liquid velocity of 2 m/ s ,  and steam dynamic pres
sures . Al l spout s exhibited decreas ing effect ivenes s  with increasing l i quid 
loading . The data for the smallest  s ingle spout tested lie  in the range of 
10<1<40 kg/m2s and show little variation .  Data for the 0 . 20-m-diameter spout .l ie  in the range of 40<1<90 kg/m2s and the effectivenes s  decreases from nearly 
0 . 95 down to 0 . 8  with increasing 1 .  Data for the largest spout · cover 
50<1<110 kg/m2s and follow the trend exhibited· by data for the other s ingle 
spouts ,  within the error margin • Data for a larger spout merge well wi th data . 

for a smaller spout as liquid loadings and spout diameter increase . · Thi s  
trend indicates that for s ingle spout s ,  effect ivenes s  i s  a function of overall 
l iquid loading and i s  independent of the spout diameter over the range of 
tested diameters  . 

Figure 3-10. Influence of  
liquid loading on thermal  • 

• _0 0 
effectiveness  of seawater - I 0o •spout evaporator 

Est. error s-'- • 1 
band 

ca 0.4 - Spout dia (m)
E • 0.13  
,_Q) 0 0.20..c:1- a 0.25 

• 0.1 1 X 3 

0 20 40 60 80 1 00 
Evaporator liquid loading (kglm2s) 

*The water temperature drop was easier to controi than was the superheat 
parameter for all test s  reported . 
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Table 3-4. Design Conditions for the Spout Evaporator*  

Spout
Diameter 

(m) 

Design 
Liquid 

Flow 
( kg / s )  

Liquid 
Loading
(kg/m2s )  

Steam 
Loading
(kg/m2 s )  

Steam 
Dynamic 
Pressure 

(Pa )  

0 . 13 26  30  0 . 146 0 .  53 
0 . 20 66 74 0 . 36  3 . 2  
0 . 25 104 116  0 .  56  7 . 9

3 X 0 . 11 63  7 1  0 . 34 2 . 9  

steam 
outlet temperature of 22 . 7 ° C ,  and an evaporator 

' *Assumes nominal water inlet temperature of 
.

effectiveness  of unity. 

The data for multiple  spout s cover a range 30<L<85 . kg/m2s and show decreas ing 
effectiveness  with increasing liquid loading . The multiple spouts were less  
effective than s ingle spouts at the same liquid loading . Thi s decrease  in  the 
effectiveness of multiple spouts may have ari sen from interference among 
spouts and between spo t and ves sel wal l . The spread of liquid at the spout 
exit level appeared to lock ready escape of steam generated from below. Sig
nificant pressure los s , which prevents effective evaporation ,  may occur at 
this constricti on .  

· 

A comparison of  current multiple-spout evaporation data with prior data 
obtained u.$ing multiple spouts of s imilar configuration i s  shown in Fig
ure 3-1 1 .  Ni solle ( 1947) conducted seawater evaporation tests using 1 9 ,  38 , 
and 175  s.pouts of varied cross sections with equivalent diameters of 0 . 07 , 
0 . 10 ,  and 0 . 03 m, respectively.  Nisolle ' s  evaporation ves sel was of  com
parable diameter to · the HMTSTA apparatus . Hi s data , when converted to a 
thermal ef ectivenes s  and an effect ive l iquid lo ding , yield an effectivenes s  

· of "  about 0 . 8  a t  a loading o f  nominal ly 5 0  kg/m s ,  a s  shown in Figure 3-1 1 . 
Fournier ( 1985 ) ,  using three spouts 0 . 03 m in diameter in a ves sel 0 . 19 m in 
diameter , obtained effectivenes s  in the range of 0 . 8  to 0 . 9  over a l iquid 
loading range of 35 to 65 kg/m2s using fresh and s imulated seawater . 
Considering the number of spouts used by Ni solle , the l iquid stream emerging 
from one spout interacted much more with the l iqui d  streams emerging from the 
surrounding spouts ;  unl ike in Fournier ' s  investigation,  wall  interactions may
have been more s ignif i cant . However ,  the result s  obtained at these three very ' different laboratories ( two in France , one in the United States )  with differ
ent working fluids are in good agreement ,  given the measurement uncertainty.  

Regardless  of  the nature of spout-to-spout or spout-to-wall interactions , all  
reported data merged to form a unique variation of E wi th_ L ,  with E decre s ing 
gradually as L increases . For multiple spout s ,  the two-phase flow field of 
droplets and steam resembled a field of rain of droplets .  A global parameter 
such as the l iquid loading , L,  describes the field effectively . Thi s param
eter i s  commonly used by engineers to describe the operation of a cool ing 
tower or other gas-liquid contact ing devices in the chemical industry .  For 
the present application ,  when E was plotted VS . the l iquid loading , all the 
data merged . Any other description of the independent variable , e . g . ,  spout 
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eo .  
0 

20 40 60 80 1 00 
Liquid loading, L (kg/m2s) 

Source 
Evaporator 
Area {m2) 

Spout 
Number 

Spout 
Diameter {mm) 

• Nisolle, 1 947 1 .570 1 75 
38 

33 

1 02 
1 9  68* 

o Fournier, 1 985 0.028 3 30 

o HMTSTA, 1 988 0.890 1 1 27 to 254 

• HMTSTA, 1 988 0.890 3 1 02 

*Equivalent diameter of rectangular spouts/slots. 

Figure 3-11 .  Influence of liquid loading on seawater 
multiple-spout evaporator; comparison with French data 

exit veloci ty ,  does not provide a comprehens ive description such as that pro
vided by the liquid loading . On the bas i s  of the entire data set presented in 
Figure 3.,-1 1 ,  the influences of spout-to-spout and spout-to-wall interactions 
appear to be equivalent . In all experiments ,  no instability of flow among
multiple spouts was reported . 

Figure 3-12 shows earlier data trends obtained us ing fresh water at SERI . Two 
set s of. variations of effectiveness  vs . l iquid loading are shown. These data 
were obtained using a spout 0 . 13 m · in diameter enc losed wi thin a 0 . 56-m
diameter cyl inder . Because of the confinement , appropriate definitions of 
liquid and steam loadings were poss ible . The lower set of  data was obtained 
us ing a s imple straight spout ; the upper set of data used a set of three 
screens below the spout for enhancement .  In both cases the nominal water tem
perature drop at the des ign l iquid loading was 2 . 2 ° C ,  and the spout height was 
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Figure 3-12 . 
Influenc!! of l iquid loading on 
fresh-water spout evaporator data 

Liquid loading (kgtm2s) in a confined enclosure 

0 . 5  m. Both sets of  data exhibit decreas ing effect ivenes s  with increas ing 
loading • .  The trend obtained for the s ingle spout us ing seawater (Figure 3-1 0 )  
was identical t o  that using fresh water . The data obtained wi th the 0 . 13-m 
spout in fresh-water test s  ( dashed line in Figure 3-12 ) can be superposed onto 
the data obtained in · seawater with the s ingle ·spouts ( shown in Figure 3-10 ) , 
resulting in the same recorded effectivenes s  for fixed liquid loading , wi thin 
experimental uncertainties . The observed behaviors of fresh water and sea
water under evaporat i on us ing vertical spout s are the same within experimental 
uncertainty. 

When geom try, l iquid loading , and superheat were similar , both fresh water 
and seawater yielded the. same effectivenes s  . for evaporation . Influences of 
add itional nucl eation s ites which may be present in the seawater and of 
release of dissolved gases were . not observable within experimental .
uncertainty. 

With enhancement ,  the freshwater result s  indicated that effectivenes s may be 
increased by as much as . _ 1 7% . at a high l iquid loading of nearly 100 kg/m2s .  
Strategically placing s imple screens in the free fall of exiting water 
enhanced the likelihood of obtaining high thermal effectiveness  at high evapo
rator l iqui d  loading s . 

A series of experiments using enhancement was conduct!!d with seawater . Fig
ure 3-4 shows a photograph of the screens used in an effort to enhance evapo
rat ion. No s ignificant enhancement of thermal effectivenes s  resul ting from 
the presence of screens was observed in seawater . · In seawater , the presence 
of foam around the evaporat ing jets mitigated or nullified the influence of 
enhancement .  

The influence of superheat on evaporator performance i s  shown in Figure . 3-13 . 
Data for s ingle spouts 0 . 13 m and 0 . 20 m in diameter and for multiple spouts 
are included . The l iquid loadings for these data sets were 30 , 74 ,  and 7 1  
kg/m2s ,  respectively. All spout heights were nominal ly 0 . 46 m. 
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Figure 3-13 . . 0.0
Influence of superheat 0 2 4 6 

on seawater spout evaporator Evaporator superheat (0C) 

The data for each geometry showed an increas ing effectivenes s  with increas ing 
superheat  A rather sharp increase occurred as ·the superheat was rai sed from 
about 1 ° C  to about 2 ° C .  The effect ivenes s  increased dramatically because of 
the increased shattering of the exiting jet from the spout . At low super
heats ,  escaping steam from the jet caused large bubbles to appear on the jet
interface . However , the evaporat ion rate was not sufficient to· alter the j et 
significantly from the geometry it  di splayed when no evaporation took place . 
The exposed surface area remained low and unaltered , resulting in low 
effectiveness .  

As superheat was increased,  the escaping st.eam tended to break up the j et , 
caus ing more surface area to be available for evaporation . Thi s  in turn 
increased the quanti ty of generated steam. An "avalanche" effect was observed 
as the superheat was gradually increased to init iate jet breakup . For super
heat s above a threshold level for jet breakup , the increase  in effectiveness  
wi th increasing superheat was gradual . The jet  geometry remained shattered 
and appeared vi sually similar .  

For all s ingle spout s ,  the variation o f  effectivenes s  with superheat was 
similar ; lower values of effectiveness  were obtained at higher l i quid 
loadings . The mult iple spout s agairi exhibited the famil iar trend of effec
tiveness  with superheat ,  but they yielded lower effectivenes s  than did s ingle 
spouts at corresponding l iquid loadings . 

The influence of spout height on the effectivenes s  of the evaporator i s  shown 
in Figure 3-14 . Data are included for single  spouts 0 . 13 and 0 . 2 0  m in 
diameter and for mul t iple spouts .  The l iquid loadings for these sets of  data 
are 30 , 74 , and 71 kg/m2s ,  respectively . The water temperature drop was 
maintained at nominally 3 ° C  for all the data in thi s figure o 

Al l the data ·exhibi ted a rather gradual increase in effect ivenes s  wi th 
increas ing spout height . The smallest spout , operating at low l iquid load
ings , showed almost  no variation with increas ing height . The entire data set , 
when extrapolated to a spout height of zero , yielded f inite intercept s ,  
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0.0 	 Influence of spout height 

on seawater spout evaporator 

corresponding to effectiveness  value in the range of 0 . 6  to 0 . 9 .  This  inter
cept · may be ·· interpreted to be the extent of evaporat ion occurring in the area 
directly above the spout exit  plane • A. substant ial amount of steam was gen. · 

· erated there . The l iquid was thrown upward against gravi ty in the vert ical 
spout configuration and fell back upon itself to enha ce jet shattering . Sig
nificant shattering in thi s region result s  in major steam production occurring
here . The kinetic energy of  the exi ting jet effect ively enhanced evaporation 
by creating substantial interfacial area directly above the spout . 

The remaining 10% to· 40% of the steam was generated in the area below the 
spout . In thi s freefall area , the droplet res idence time is  prbportional to 
the square root of the height h. Evaporation from the droplets is controlled 
by l iquid-side thermal diffusion ,  because probabil ities  for coll i s ion among
droplets and surface removals are minimal . The thermal diffus ion process  i s  
typically proportional to  the square root o f  the residence time .  Thus , 
dependence of E on the res idence t ime as the square root of t ime or · as the 
fourth root of height may be expected . The observed influence of height on E 
was minimal , as expected , because of the small range of heights investigated 
and the weak functional d pendence on height . The effectivenes s reached 
nearly its  asymptot i c  value for spout height s of 0 . 4  to 0 . 6  m. Additional 
spout heights above 0 . 6  m are not beneficial considering the penalty 
ass o ciated with the water pumping loss . 

Addi t ional evaporator test data were collected during investigat ions of the 
direct-contact condensers ( see Chapter 7 ) .  These data were obtained over five 
months under repeated operating conditions using the 0 . 20-m-diameter spout . 
They were used to establ i sh pos texperimental uncertainties of inferred thermal 
effect iveness . Figure 3-15 illustrates the measured variation of  E vs . L over 
a l iquid loading range of 17 to 5 1  kg/m2s and indicates statistically inferred 
est imates of errors for a confidence level of 95%.  The largest  inferred error 
was est imated to be ±0 . 03 for thermal effectivenes s .  Thi s  uncertainty i s  
comparable t o  but somewhat smaller than the preexperimental estimate o f  ±0 . 0 7  
des cribed i n  Appendix A .  
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3 . 5 . 2 Release of Dissolved Gases 

The release of d i s solved gases from the warm water as it  flowed through the 
HMTSTA apparatus , including the predeaerator chamber below the evaporator and 
the evaporator i t self ,  was es.t imated by measuring levels of dis solved oxygen
in the incoming and outgoing water . More detailed studies of deaerat ion are 
reported in Chapter 5 ;  the data presented here are to be considered prel im
inary estimates only. Measuring instrumentation for determination of gas
release from warm seawater did not always perform satisfactorily during tes t s  
o f  the evaporator . However , an approximate rate of gas release could be estf
mated . Figure 3-16 shows the percentage of gas released vs . overall evapo
rator l iquid loading . Because the diameters of the predearation chamber and 
the evaporation chamber are the same , thi s liquid  loading also represents the 
predeaerator loading . These result s  are of the same .magnitude as t.hose 
described in Chapter 5 ,  at the end of Section 5 . 5 . 2 .  Despite large scatter in 
the data , a general trend toward decreasing gas release with increased l oading 
i s  observed in Figure 3-16 . At a typical loading range between 50 and 
100 kg/m2s ,  a gas release between 70% and 50% may be projected . 

Except for the largest s ingle spout tested , all spouts were fi tted with a · 
bell-mouthed entry on the bottom to reduce pres sure losses from l iqui d  
entrance . The spout tubes were nominally 1 . 75 m long , including the length o f  
the bell-mouthed entry . Measured liquid pres sure lo.s ses for flow through the 
spout were u ed to calculate the overall loss  coefficient K, the ratio of 
measured pressure los ses · and dynamic pressure in the spout . Contribut ions 
from entrance , exi ,  and frictional losses were included . 

Coli 
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Figure 3-17 illustrates the measured hydrauli c  pres sure loss vs . the dynamic 
pres sure of the l iquid flowing through the spout . Data for all tested single 
and mult iple spouts are included . Because the di scharge configuration remains 
unchanged for all the tests  with different spout configurations , the data are 
plotted as a funct ion of the dynamic pres sure in the discharge pipe . A linear 
variation of p with the dynamic pres sure i s  seen. The plotted loss includes 
the hy raulic loss  in the spout as well  as in a portion of the di scharge 
pipe . Based. on the slopes of the variation and the geometrical parameters for 
the tested configurations , the spout loss  coefficient i s  deduced . 

The data shown in Figure 3-17 were al so analyzed to yield a hydraul ic  los s 
coefficient based on the dynamic pres sure in the various spout s .  For the 
spouts  with bel l-mouthed entries , the reduced data yielded a loss  coefficient 
of 1 . 9 (±0 . 1 ) .  The absence of a bell-mouthed entry increased thi s coefficient 
to a value of · 3 . 0  ( ±0 . 1 ) .  · single-phase ,flow calculat ions yield an es·timate 
for the loss coefficient of 1 . 4 for the former case .  The measured higher 
values suggest that increased frictional los s  and end losses may ari se from a 
two-phase bubbly flow through the spout with a finite void fract ion .  

Spent water from the evaporator was drained thr:ough a 0 . 30-m ( 12-in. ) pipe 
with a dogleg turn . · Hydraulic data yielded an overal l loss  coefficient for 
the drainage system of 6 . 1  (±0 . 2 ) .  Single-phase calculations . yielded an 
estimate for this coefficient of approximately 4 . 0 .  Substantially increased 
lqsses  in the drainpipe occurred because qf the foamy, bubbly flow of the 
spent water . Proper design of the drainage system should les sen the overall 
hydraulic  loss  in the evaporator . 

Figure 3-17 .  
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3 . 6  	CONCLUSIONS 

Most  scoping tests  on the evaporato  as outlined in the test plan ( Parsons et 
al. 1989 ) were completed during February and March 1988 . Despite some opera
tional problems with the instrumentat ion,  s ignificant result s  were obtained . 
The following conclusions may be drawn from the seawater result s :  

1 .  	 Liquid loading , superheat , and spout height· determine seawater thermal 
performance for spout evaporators , both the three s ingle spouts and the 
set of mul tiple spouts .  

2 .  	 For the tested spout diameters , the single-spout data merge together to 
yield a unique variation of th rmal effectiveness wi th liquid loading . 

3 .  	 Within experimental uncertainty , spout effectiveness vs . l iquid loading i s  
the same for seawater and fresh water .  

4 .  	 Superheat s above 2 ° C  are required t o  achieve high effectiveness  us 1.ng 
s imple s ingle spouts .  

5 .  	 A spout height of 0 . 5  m i s  adequate to achieve high evaporator 
effectivenes s .  

6 .  	 Effectiveness  o f  mult iple spouts was lower than that o f  s ingle spouts  
requiring s l ightly lower liquid loadings to  obtain the same thermal effec
tiveness .  The present data are consi stent · with data reported in the.
l iterature . Thi s  reduction may ari se from spout-to-spout or spout-to-wall 
interact ions . 

7 .  	 For all multiple-spout data , the overall l iquid loading offers the most  
useful description for the independent variable to  expres s  dependence of  
the thermal effect ivenes s .  

.a .  	 Mult iple spouts exhibited no water or steam flow instabilities  • 

3 . 7  	 .APPLICABILITY OF TEST RESULTS TO THE
NET POWER-PRODUCING EXPERIMENT (NPPE) 

The experiments were conducted using spout s up to 0 . 25 m in diameter at 
seawater flow rates of up to 100 kg/ s .  NPPE requires a warm seawater flow 
rate of 620 kg/ s  to yield a steam flow rate of 3 . 5  kg/ s .  To achieve the NPPE 
goal of 40 kWe ' evaporator effectivenes s  greater than 0 .85  should be sought 
for the des ign .  To minimize technical risk,  spout diameters within the tested 
range reported here should be adopted for the NPPE . Such a diameter selection 
dictates the use of mult iple spout s for the NPPE . To ascertain effectivenes s  · 

values greater than 0 . 85 ,  based on the multiple-spout data presented in 
Figure 3-1 1 ,  evaporator liquid loading should be kept below 50 kg/m2s .  The 
above di scuss ions pertain to how the HMTSTA data apply to the selection of 
design conditions for the NPPE.  · 

66 



TP-3561  

Precaution is also called for in these areas : 

• 	 Hydraul i c  los ses through the spouts that are greater than the s ingle-phase 
flow predictions must  be taken into account in the evaluation of parasi tic  
power consumption.  • 

• 	 Manifolds for distribut ion of  the warm seawater among multiple spout s must  
be  carefully designed to ensure uni form liquid di tribut ion among the· 

spouts .. 

• 	 Spouts mus t  be distributed evenly throughout the evaporator ves sel to ensure 
uni form steam flow to the turbine inlet . 

• 	 The water manifold mus t  be designed to ensure that no trapped pockets of 
l iberated noncondensable gases accumulate to cause unsteady flows . 

• 	 An adequately large and hydraulically· smooth drain system must  be provided
to di scharge the bubbly spent warm seawater effect ively. 

• 	 A noncondensable release fraction of 100% from the evaporator warm seawater 
should be assumed when sizing the vacuum exhaust  system to ensure adequate
capaci ty for their removal . . 

• 	 A mist  el iminator ( described in Chapter 4 )  mu,st be considered for the NPPE , 
to ensure minimal carryover of seawater droplet s with the steam suppl ied to 
the turbine . 

• 	 A minimum verti cal Clearance of at least 2 m must  be provided between the 
spout exi t  plane and the mi st  el iminator , depending on the chosen liquid 
l oading , \' o allow for gravitational settl ing and to prevent s igni fic nt 
carryover ..-of droplets . At a chosen liquid loading of less than 50  kg/m s ,  
the steam velocity approaching the mi st el iminator i s  less than 15 m/ s .  .
Such low s team veloci ty allows gravitational settling of seawater droplet s 
great r than 1 . 5  mm in diameter ( Bharathan and Penney 1983 ) over the 
speci fied minimum clearance of 2 m. 

Evaporation from the seawater is complicated by the formation of rivulet s and 
droplets caused by s team escape and shattering . Available analytical models 
are empirical in nature and do not provide performance projections for new 
configurations of evaporators us ing mult iple spouts .  Cautious use of avail
able test data and prudent· judgment are required to minimize risk in the 
des i gn and development of the evaporator for. the NPPE . 

3 .8 FURTHER RESEARCH NEEDS 

Further research on evaporation should be directed toward minimizing the 
required planform area for handl ing a given l iquid or steam flow. . . Such 
research, however , should be carried out on a larger-scale apparatus , such as 
the heat exchangers for the NPPE , to enhance our understanding of the 
influence of increased loadings , multiple spout interact ions , and methods of 
enhancement .  
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4. 1 BACKGROUND 

An attractive by-product of the OG-OTEG system i s  fresh water , which can be 
obtained from condensation of the steam produced in the evaporator i f  the 
steam contains only small amount s of entrained seawater droplet s .  Thi s i s  
accompl i shed by us ing a mist  el iminator . An op n-cycle plant can yield a 
specific  . water product ion of about 900 to 1600 m /day per MW net ( 0 . 24 toe0 . 42 mill ion . gal /day} , depending on the design and operat1ng condit ions 
(Bharathan , Kreith, and Owens 1983 ) .  · · · 

In OG-OTEC steam generation ,  evaporator feed ( sea ) water i s  often carried over 
with  the steam in the form of droplets of various sizes . Detrimental effects  
of this liquid carryover are threefold : 

• 	 The droplet s impinge on the rotating turbine blades , . caus ing the blades to 
erode . 

• 	 The droplets  depo s i ted on the various internal surfaces may evaporate fur
ther , leavirig a res idue of dis solved solids and highly concentrated brine , 
which may lead to corrosion. 

• 	 The seawater droplet s carried to the condenser mix wi th the condensate ,  
causing it  to have an unacceptably high salt . content . 

To mitigate the problems of liquid carryover , the use of suitable mi st  
el iminators in  the s team flow path ahead of  the turbine i s  often advocated 
(Westinghouse 1979 } .  

Because the temperature of the steam upstream of  the turbine i s  low ( -20° C } ,  
the correspon$ing saturation pressure i s  only 2340 Pa and the specific  volume 
i s  about 60 m /kg . The volumetric flow of the steam upstream of the turbine 
may range from 750  to 1000 m3I s  per MW of gros s  power extracted . Theetemperature drop acro s s  the turbine i s  about 10 ° C .  To prevent excess ive 
parasitic  power loss  in the steam cycle , the pres sure and temperature drop 
acros s  the mis t  el iminator must be severely limited . The need to handle large 
volumetric steam flow with minimal pressure loss  requires strict performance 
guidelines for the mi st  eliminator . 

The performance of a mi st eliminator can be speci fied as follows : liquid col
lection efficiency , pres sure los s ,  maximum allowable vapor velocity ( to pre
vent l iquid reentrainment } ,  and minimum s ize of removed droplet s .  In general , 
these requirements are interdependent ; therefore , choos ing a suitable mi st  
eliminator based on any one criterion i s  not real istic . The performance of  
the mist  eliminator does not impose operat ional restrictions on the evaporator 
except on the allowable steam velocity, if the planform areas must  be the 
same , and the vertical clearance required between the tops of the spouts and 
the mist  eliminator . 

· Thi s  chapter reports on the experimentally evaluated performance of a mi st  
eliminator with chevron-shaped pas sages , selected based on prior s tudies 
conducted at SERI ( Bharathan and Penney 1983 ) .  The measurement s  were l imited 
to characterizing pres sure los s as a function of steam dynamic pres sure . 
Available experimental data and methodology for prediction of collection 
eff iciencies al lowed accurate est imat ion of the droplet removal efficiency of 
the cho sen des ign .  Analysi s  of the steam condensate ,  i . e . , desalinated water , 
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from the surface condenser indicated that the chosen mist el iminator l imited 
the droplet carryover effectively, as projected . 

4 . 1 . 1  Available 	 Data 

El iminating droplets with diameters  ranging from 10 to 3 , 000 microns can be 
adequately accompli shed using gravi tational settl ing , centrifugal separation , 
and inertial impact ion . Inertial impaction _devices are most  frequentl y  used 
in the industry because they require relatively little volume and a short 
vapor path. These devices are obstructions placed in the vapor path to divert ·the flow;  the liquid particles tend to be carried by their momentum to the 
obstruction walls  where they col lect and drain in the form of layer droplet s .  

Early investigations of mist  eliminators for OTEC appl ications were conducted 
by Bh.arathan and Penney (1983 ) .  Four different wire-mesh pads · and a chevron
type mist el iminator were characterized in terms of a vapor pres sure coeffi
cient .  Droplet removal efficiencies were calculated based upon · analyt ical 
methodologies proposed by Katz ( 1959 ) .  Because of the susceptibi l i ty for 
reentrainment from wire-mesh pads at low steam velocities and the low 
pres sure-los s  penalties of chevron-type mi st  el iminators , Bharathan and Penney 
recommended the use of chevron-type mist  el iminators for OC-OTEC appl ication .  

More recent measurements o f  the collect iqn efficiencies o f  chevron-type- mi s t  
eliminators indicated that they can effectively remove droplets up t o  4 0  lliD in 
diameter (Monat , McNulty, and Michelson 1986 ).  In an accompanying study by 
McNulty,  Monat , and Hansen ( 1987 ) ,  eighteen different commercially _ available 
mist  el iminators were experimental ly evaluated for hydraul ic  performance , col
lection efficiency, and tendency for reentrainment . Simple examples for des ign 
selection were also provided . 

4. 1 .2 Models  

Katz (1959 )  provided methods to  estimate collection efficiency and pres sure 
loss  of both wire-mesh and chevron-type mi st  el iminators . See Bharathan and . 
Penney 0983) for a brief summary of the methodology. The prediction methods 
are suitable for init ial estimation of the performance . Threshold minimum 
droplet .diameter for removal may be predicted within ±50% of the size , and 
pressure loss  within ±25% . 

Based on the available l iterature and prior studies , selection of  a mi s t  el im
inator to achieve a specified performance i s  straightforward . Thus , the scope 
of the present set of experiments was l imited to veri fying the hydraul i c  loss  
characteri stics  of a chosen des ign . 

4 . 1 . 3  

The specific  object ives of the tes t s  conducted on the mist  el iminator were 

• 	 To verify the pres sure-loss  characteristics  of a chosen commerc ially avail
able mist-el iminator design 

e 	 To veri fy its  effectiveness  in droplet removal by analyzing the chloride and 
total di s solved solid (TDS ) content of the condensed steam. 
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4 . 2 DEFINITION OF THE GOVERNING PARAMETERS 

4 . 2 . 1  Pres sure-Loss Coefficient 

The pres sure-los s  coeff i ci ent , K, 1 s  expres sed as  

K 21:J.p/pv2 
= 

where I:J.p 1 s  the pre s s ure l o s s  acros  the mi st  eliminator ( Pa ) ,  
p i s  the steam den s i t y  ( kg /m ) ,  
v 1 s  the steam velocity  (m/ s ) .  

Typi cal  value for  steam dens i t y  at  OG-OTEG cond i t i on 1 s  ( 1 /60 ) kg/m3 , and 
typ i cal s team velocity may range from 1 0  t o  30 m/ s .  

4 .2 . 2  of Removal 

The eff i c i ency of droplet removal i s  expres sed a s  the fract ion of droplet s 
removed t o  their  total number present ups tream of  the el iminator . Removal 
efficiency i s  s t rongly dependent on droplet s ize , s team veloc i ty ,  and the 
turni g angle the steam undergoes in a chevron-type mi s t  el iminator . Measure
ment of the collec t i on efficiency requires sophi s t i cated and expens i ve instru
mentat ion , such as the laser interferometer used by Mona t , McNulty,  and 
Michel son ( 1 986 ) .  No attempt t o  measure collect ion eff i c i ency was 'made in the 
experiment s  reported here • 

4. 3  �QUIPMEHT AND INSTRUMENTATION 

4 . 3 . 1  

The mi s t  el iminator chosen to be tested was a chevron-type , Flexi-chevron 
Type VI I I , made of 304 stainl e s s  s t eel with 25-mm ( l-in . ) s pacing between 
pas sage s .  Thi s  art i c l e  was chosen after careful review o f  a var iety o f  
ava ilable des igns and of data in the l i t erature t o  yield low pres sure l o s ses  
as  wel l  as  good mi st-removal e f f i c i ency . A photograph of  the el iminator i s  
shown i n  Figure 4-1 . 

The mi s t  el iminator was placed horizontally 1 . 3  m above the s pout exi t .  A 
larger separat ion height o f  2 t o  3 m i s  desirable for pas s ive gravi tat i onal 
set t l ing of water droplet s of  diameters down to 1 . 5 mm and for s team 
veloci t ies  of up to 30 m/ s ( Bharathan and Penney 1983 ) .  However , construc t i on 
considera t i ons of the evaporator chamber l imi ted the hei ght at  whi ch the mi s t  
el iminator could b e  placed . Thi s l imi ted separat i on d i st ance often resul ted 
in larger water droplets carri ed into the mi st el iminator at high evaporator 
l i quid loadings , large superhea t s , and short spout hei ght s ,  and frequently the 
mi st  el iminator was flooded . 

4 . 3 . 2  Instrumentation 

The equipment and instrumentat ion used 1n thi s set of  experimen t s  are 
described in Chapter 3 on evaporator tes t s  ( Sect ion 3 . 4 ) .  No other addit i onal 
instrumentat ion was used . Desalinated water samples  were sent  to an inde
pendent analyt ical laboratory to analyze and quan t i fy the chloride and TDS 
content . Pres sure l o s s  measurement s  were performed us ing the d i f ferential  
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Figure 4-1 .  Photograph o f  the mist  eliminator 

pres sure transducer , P ' a s  shown in Figure 3-5 . Steam dynami c pres sure mi s t  
was inferred from the temperature and pres sure measurement s made 1n the 
evaporator . 

4 . 4  RESULTS 

Figure 4-2 shows the measured mi st-el iminator pres sure l o s s  plotted against  
the steam dynami c pres sure at the inlet  of the mi s t  el iminator . The data show 
l arge scat t er .  At low leve l s  of dynami c pres sure , the measurement s tend t o  
congregate around a s traight l ine wi th a s l ope of  nominal ly 4 .  The value of  
the s lope is  the hydraul i c loss  coeff i c i ent for the s tainl e s s s teel mi s t  el im
inator . Other data often l i e  con s i derably above thi s l ine . There occurs a 
substant ial  increase in the eliminator pres sure l o s s  whenever the incoming 
steam carr i e s  a large droplet load . Thi s  increas e  was observed to occur at 
high evaporator l i quid loadings  , high superheat s ,  and low evaporator s pout 
height s .  Thi s increase was a resul t of the l imi ted separat ion height of the 
el iminator above the spout , and can be s igni f i cant ly reduced i f  thi s height 
can be increased to 2 or 3 m ( Bharathan and Penney 1 9 83 ) .  
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For compari son , prior result s  of  measured pres sure los ses are also included in 
Figure 4-2 . Earl ier fresh-water data generated at SERI , using an el iminator 
of s·imilar des ign but made wi th thick polyethyiene sheets ,  yielded a straight
l ine variation of pres sure loss with steam dynamic pres sure wi th a slope of 
about 10 ( Bharathan and Penney 1983 ) .  Us ing thinner stainless  steel sheet s  in 
the current test article resulted in a s igni.fict!lnt reduction in thi s slope . 
The thinner sheets allowed for reduced entrance and exit  losses  tn the 
pas sages.  

Measurement s  of pres sure loss  for the present el iminator us ing an air/water 
sys tem as presented by McNul ty, Monat , and Hansen ( 1987 ) are also included . 

·Wet conditions occur when water droplet s are entrained wi th the gas . Under 
wet conditions , the pressure loss variation that they measured lies  close to 
the present measurement s ,  when the el iminator i s  not overloaded . Thi s  agree
ment between prior measurements  and our current data lends credibil i ty to the 
measured loss  characterist ics  of the mist  el iminator . 

-
The s ignificance of  the present results  i s  that effective mist  el iminat ion can 
be achieved with relatively low pressure-lo s s  penalties , with the loss  coeffi
cient approaching 4 .  

The capabil i ty of  the mi st  el iminator t o  remove droplets from the gas stream 
was not directly measured , but it was inferred from the chloride and TDS con
tent of the condensate . Analysi s  of the condensate showed that it s  chloride 
and TDS content were 1 . 0  and 23 mg/L,  respect ively. Al lowable leyel s of chlo
ride and TDS content for publi c  water su.pplies are 250 and 500 mg/L,  respec
tively. The droplet removal efficiency i s  thus well  above the needs for 
acceptable desal inated water quality.  I t  should be noted here that these 
results were obtained at low steam flow rates .  At higher steam loadings , the 
carryover increas s . Available data in the literature ( Katz 1959 ; Monat , 
McNulty, and Michel son 1986 ) can be effectively used to establ ish the maximum 
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steam loadings at which · effective droplet removal efficiency can be main
tained . Calculations indicate that effective removal can be maintained for. 
inlet steam veloci ties of up to 30 m/ s (Katz 195 9 ;  Monat , McNul ty, and 
Michelson 1986 ) •· 

4 . 5  COHCLUSIOHS 

The chosen mi st  eliminator performed as expected , yielding a pres sure-lo s s  
coefficient of 4 and removing more than enough droplet s t o  result 1.n a 
desal inated water quality well above acceptable level s .  

4 . 6  APPLICABILITY OF TEST RESULTS TO NET POWER-PRODUCING EXPERIMENT (HPPE) 

Adequate data and published methodology exi st to accurately predict the per
formance of mi st  eliminators . Prior measurement s  indicate that droplet diam
eter may range from lo · to 3 , 000 microns at the source , i . e . , the evaporator 
spout . Clear-cut specificat ions of droplet carryover requirement s wi th 
respect to the turbine and desal inated water quality wil l  allow straight
forward select ion of a suitable commercially avai lable mi st  eliminator for the 
NPPE'. 

4. 7 FURTHER RESEARCH HEEDS 

No further res·earch needs are identified with respect to mi st-el iminator per
formance for OC-OTEC appl ications . 
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5 . 1  NOMENCLATURE 

Abbrev. Units 

equil ibrium concentration of dis solved noncondensable 
gases in water mg/L 
dis solved noncondensable gas concentration of water 1n 
the supply pipe mg/L 
dis solved noncondensable gas concentration of water at 
the spout inlet leaving the predeaerator mg/L 
dis solved noncondensable gas concentration of evaporator 
discharge water · mg/L 
fraction of gas desorbed when water i s  at equi librium 
conditions 
fract ion of gas desorbed in the predeaeration chamber 
fraction of gas desorbed in the evaporator chamber 
total fraction of gas desorbed from the warm seawater 
deaeration effectiveness  ( Eq .  5-4 ) 
predeaerator pressure kPa 
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5 .2 BACICCROUBD 

5 . 2 . 1  Introduction 

Seawater conta ns dis solved gases  (mostly oxygen and nitrogen , and some carbon 
dioxide ) ,  bubbles , and suspended particles . As the seawater moves into the 
low-pres sure OC-OTEC system environment , it becomes supersaturated ( see Sec
tion D . l  of Appendix D) . Therefore , dis solved gases can be. desorbed from the 
wat er stream, especially in the · presence of nucleation s i tes ( bubbles and 
suspended part icles ) .  Release of  these noncondensable gases in the evaporator 
and condensers can degrade condenser performance (Krei th and Bharathan 1988 ) .  
More importantly,  to maintain the vacuum levels  - in the heat exchangers , addi
tional pumping power is required to remove the noncondensable gases . These 
effects  are estimated to decrease  the net power product ion of an OC-OTEC plant 
by up to 15% ( Block and Valenzuela 1985 ) .  It i s  pos s ible to remove part of 
the noncondensable gases from seawater before they enter the evaporator or 
condensers by a predeaerat ion scheme with low parasitic power losses . To 
determine how much gas desorbs at various stages of an OC-OTEC system, experi
mental data are needed . In thi s chapter , a distinction i s  made between 
deaeration and predeaeration.  "Deaeration" i s  total release of noncondensable 
gases  in the evaporator and condenser . "Predeaeration" is the removal of non
condensable gases from the seawater before it  enters the evaporator or con
denser.  Total deaeration rates measured during the tests  reported here are 
generally in agreement with those calculated and described in the specific  
chapters on heat exchanger performance , wi thin experimental errors . The 
foll owing sections will  concentrate on results  obta,ined on predeaeration of 
the warm seawater . 

5 . 2 . 2  Previous Work 

This section briefly summarizes recent OTEC deaeration experimental investi
gat i ons . Because of. difficulties  in measuring nitrogen concentrations , exper
iments were typically conducted by monitoring levels of oxygen release and 
inferring overall gas release from this measurement . Oxygen release level i s  
defined a s  

( ini ial concentrat ion - final concentration )  
initial concentration 

Lindenmuth, Liu,  and Poquette ( 1982 ) investigated gas desorption in a baro
metric upcomer us ing fresh water (with flow rates of about 2 . 8  to 13 . 7  kg/s ) .  
They found a small d i ssolved oxygen release ( less  than 8% ) us ing filtered tap 
water , and an increase of deaeration levels with decreas ing water flow rates . 
Gol shani and Chen ( 1981 ) invest igated deaeration of fresh water in a baro
metric upcomer and a packed column (wi th flow rates of 1 . 5  to 3 . 5  kg/ s ) .  They
found less than a 20% dissolved oxygen release in the upcomer , and an increa,se 
in oxygen release wi th an increase in water flow rate.  The dependency of gas 
release on water flow rat-e was different .in the two experiments ,  possibly 
because of differences in experimental setups and water sampl ing techni ues .  

Krock and Zapka ( 198 1 )  studied the deaeration of fresh water and seawater in a 
packed column , an upco er , and a debubbler (with water flow rates of 1. 2 to 
5 kg/ s ) .  In most  of their experiments , dissolved oxygen measurement s  were 
used to est imate the level of deaeration.  Di s solved nitrogen measurement s 
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were performed only in a l imited number of experiments us ing a gas' chromato
graph. They found that up to 80% of dis solved gases in warm seawater can be 
desorbed . They al so found that deaerat ion levels are higher in surface sea
water than in deep seawater , pos s ibly because of the presence of a larger 
number of nucleat ion s ites in the surface seawater . Only small differences 
exi sted between deaeration levels of deep seawater and fresh water . Deaera
tion levels  were found to be practically insensit ive to wat er flow rate .  They
recommended oxygen as a good indicator for total gas exchange for surface 
seawater , but not for deep seawater . 

Later , Zapka ( 1988 ) studied deaeration of fresh and recirculated seawater 
(with flow rates of 0 . 5  to 1 . 3  kg/ s )  in a packed column , a barometric deaer
ator , and a debubbler . He al so studied reinjection of  air in a downcomer . He 
found the dissolved oxygen release level in seawater to be between 10% and 20% 
in the deaerator. In hi s experiment s ,  oxygen release level increased with the 
decrease of flow rate .  The oxygen release level was increased to 80%-90% upon 
injection of air bubbles . 

Figure 5:... 1 shows typical result s  of these experiment s (Lindenmuth , Liu , and 
Poquette 1982 ; Gol shani and Chen 1981 ; Krock and Zapka 198 1 ; Zapka 1988 ) . In 
a11 ·  of these studies the level of oxygen release increased as the pressure 
decreased . The dissolved oxygen was measured ei ther by a Winkler titrat ion 
method or by a polarographic di s solved oxygen sensor . These s tudies addressed 
many questions and rai sed others .  Some of the data were conflicting , and the 
dependency of the deaeration level on flow rate , flow path, and the configura
tion of the test facilities remained unclear . Most  of these experiments were 
performed in small-scale test loops not typical of OTEC test facil i t ies . 

5 .2 3 Models 

A mathematical model developed prior to the test s  ( Ghiaasiaan , Was sel , and 
Pesaran 1990 ) analyzed the desorpt ion proces s  of dissolved oxygen , nitrogen , 
and carbon dioxide in the barometric upcomers of an OTEC plant . Their model 
cons idered the growth of bubbles caused by gas mas s  transfer , evaporation ,  and 
decrease of hydrostatic pres sure in the upcomers .  Growth of  bubbles that 
originated in ocean surface layers and/or formed in the upcomers was 
considered . Heterogeneous nucleation at pipe wall  crevices and on suspended 
part icles , as well  as bul::>ble coalescence , were considered . The model 
predicted that gas desorpt ion would increase with decrease in pres sure , 
decrease in seawater flow rate ,  increase in concentration of  nucleat ion s i tes , 
and decrease 1n degree of bubble coalescence . 

5 .2.4 of the Present Work 

Previous experimental and analyt ical studies on gas desorption 1n OTEC 
upcomers agree that ( 1 )  gas desorpt ion rate increases with decrease  of 
pres sure and . ( 2 )  presence of nucleation s ites enhances gas desorpt ion rates . 
However , these studies show conflicting trends on dependency of  gas release 
rate on the water flow rate .  

The objectives of  thi s study, gas desorption tes ts  with warm water in the 
Heat- and Mas s-Transfer Scoping Test  Apparatus (HMTSTA ) , were to learn the 
following : 
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Figure 5-l . Typical deaeration results of different 
experiments with fresh water and seawater 

• 	 How much gas was de sorbed in a prototypical OTEC experiment with typical 
OC-OTEC operat ing conditions 

e .  The dependency of gas desorption on water flow rate 
• 	 The effect of the · presence of a baffle plate on gas desorpt ion 
• 	 The effect of bubble injection on gas desorption.  

Thi s  chapter present s the resul t s  o f  gas desorption test s  conducted with warm 
surface seawater in the evaporator and predeaerator (Figure 2-3 ) during the 
summer of 1988 . 

5 . 3  DEFINITIOH OF PERFORMANCE AND TEST PARAMETERS 

·The deaerat ion test s were intended to invest igate how much gas i s  desorbed 
from warm seawater in the predeaerator and evaporator chambers as a function 
of parameters typical in OC-OTEC operation.  Previous studies · have shown that 
the deaeration proces s  depends on deaeration pressure , water flow rate ,  flow
path  geometry , and presence of nucleation sites . These test s were performed 
in a laboratory-scale experiment with water flow rates of 0 .  5 to 14 kg/ s .  
Here , test s  with larger flow rates of 20 to 80 kg/ s were conducted in a 
la ger-scale apparatus , the HMTSTA, to examine the previous re ult s .  For the 
deaeration tes t s  the major performance parameter , fraction of gases desorbed , 
was characterized as a funct ion of independent parameters discussed . later . 
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5 .3 . 1  Performance Parameters 

The fractions of noncondensable gases desorbed were calculated from the fol
lowing equations : 

F - (5-2 )ev = (Cspout Cout ) /Cspout 
( 5-3 )  

These definitions are commonly used in the literature (Lindenmuth , Liu , and 
Poquette 1982 ; Gol shani and Chen 1981 ; Krock and Zapka 198 1 ;  Ghiaas iaan , 
Was sel , and Pesaran 1990 ) and indicate what fraction of incoming di s solved 
gases i s  desorbed in a desired proces s .  

To determine the fract ions o f  all gases desorbed , knowledge was needed of 
dissolved oxygen , nitrogen , and carbon dioxide contents .  However , as wi ll be 
di scus sed in Section 5 . 4 ,  only oxygen was measured ; the fraction of other 
gases desorbed can be inferred from the oxygen measurement . 

Note that other parameters occasionally used to describe predeaerator perfor
mance are "fraction of equi librium gas desorbed , "  "deaeration effectivenes s , " 
or "normalized deaeration ,  " account ing for the small quantity of gas that 
would remain dissolved in the solut ion under equilibrium wi th the partial 
pressure of gas in the bubbles in the seawater . The deaerat ion effectiveness  
for the predeaerator i s  defined as  

( G . - - c > . ( 5-4 ) Epd = ln Cspout ) / (Ci  eq 
If  "fraction of gas desorbed at equi librium" is  defined as  

F = - c (5-5 ) eq (Cin eq )/Cin ' 

then i t  can be shown , by combining Eqs . 5-1 and 5-5 , that the deaeration 
effect ivenes s  or fraction of equil ibrium gas desorbed in the predeaerator i s  

( 5-6 ) 

An additional performance parameter in the predeaerator i s  the water-s ide 
pres sure loss resulting from any predeaeration enhancement scheme . Thi s  
pres sure los s was determined by comparing measurement s  o f  evaporator spout 
pressure loss taken both with and without the enhancement device in posit ion . 

5 . 3 . 2  Test Parameters 

Table 5-l lists  the independent parameters studied in these deaeration scoping 
test s .  . The test matrices were constructed on the bas i s  of trends predicted 
by . the mathematical model of Ghiaasiaan , Was sel , and Pesaran ( 1990 ) .  Predea
eration pres sure in Table 5-l i s  the pres sure of the liberated gases in. the 
predeaeration chamber . As predeaeration pres sure increases , the amount of gas 
desorbed i s  expected to decrease .  Thi s pres sure i s  related to the evaporator 
pres sure , flow rate ,  and flow-path geometry.  It was not pos s ible to cover the 
enti re· range of predeaerator pres sure over the ent ire range of . flow rates 
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because the flow rate from the open sump into the evaporator upcomer ( see 
Figure 2-3 ) i s  influenced by the pres sure in the evaporator ves sel . 

Water flow rate in Table 5-1 i s  the rate of warm water through the predeaer
ator chamber of con.stant horizontal area . The mathematical model suggests  
that as water flow rate increases , the fraction of gas desorbed decreases . 
However , previously publi shed experimental data show confl icting trends when 
compared with · the model and with each other (Lindenmuth, Liu , and Poquette 
198 2 ;  Gol shani and Chen 1981 ; Krock and Zapka 198 1 ;  Zapka 1988 ; Ghiaas iaan , 
Was sel , and Pesaran 1990 ) .  

Table 5-1 . Warm Seawater Deaeration Test Parameters and Ranges 

Tes t  Independent Nominal Test   
Series Parameters Value Range  

DW-10 1 Predeaerator 
pressure 15 kPa 8-35 kPa 

DW-102 Water flow rate 20 L/s 20-80 L/s  
DW-103 Flow-path geometry No baffle Wi th bat'fle 
DW-104 Nucleat ion- seeding None With and 

by bubble inject ion wi thout 

Previous experiments al so indicate a dependence of the fraction of gas
released on the flow-path geometry . The object ive in the tests  reported here 
was to have,. minimum obstructions between the warm-water supply tank and the 
evaporator spout , i . e . , a straight supply pipe with no valves or other 
obstructions . To evaluate the effect of other flow-path geometries on the 
predeaeration proces ses , a conical baffle plate ( see Section 5 . 4 )  was 
installed · for some of the predeaeration tests . Thi s  baffle plate was expected 
to enhance predeaeration by causing the bubbles to separate at the free water 
surface that formed in the predeaeration chamber beneath the spout plate and 
by reducing bubble entrainment in the spout . 

An increase  in the number of nucleat ion s ites can increase the fraction of gas 
desorbed ( Lindenmuth, Liu ,  and Poquette 1982 ; Zapka 1988 ; Ghiaasiaan , Was sel , 
and Pesaran 1990 ) .  Bubble seeding can provide nucleation s ites throughout the 
volume of the flow. Thi s  parameter was tested by injecting ni trogen gas bub
bles in the middle of the · evaporator supply pipe (upcomer ) via four · porous
tubes (see Section 5 . 4 for detail s ) .  Previous investigators (Lindenmuth , Liu , 
and Poquette 1982 ; Zapka 1988 ) injected air , but nitrogen was selected for 
injection in this s tudy because it would not interfere with the dissolved 
oxygen measurement . In addi tion ,  the presence of nitrogen was not expected to 
affect the oxygen desorption rate.  Only the effect of increased nucleation 
s ites on oxygen rel ease was determined ; nitrogen release was not studied 
because nitrogen measurement was unavai lable at the time of these experi
ments .  For thi s phase of seeping studies , no plan exi sted to measure bubbie 

·s izes and number densities with sophi st icated instruments . Observation was 
considered sufficient . 
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5 .4 TEST-SPECIFIC EQUIPMENT AND INSTRUMENTATION 

A general description of the experimental apparatus appears in Chapter 2 .  The 
gas desorption tests  wi th warm seawater were conducted in the evaporator/ 
predeaerator vessel .  Beneath the spout plate of the evaporator, the noncon
densable gases , released because of low pres sures , were trapped . Thi s  config
uration i s  s imilar to that proposed for predeaerators in OC-QTEC plant s ,  where 
trapped gases are vented outs ide of the evaporator through a compressor . In 
the HMTSTA , a vent line allowed trapped gases to be vented either into the 
evaporator chamber or into the vent compres sor for direct removal . Here , the 
volume under the spout plate i s  referred to as the "predeaeration chamber .  " 
Figure 5-2 sho s a schemat ic of the apparatus for warm seawater predeaeration 
experiments .  Spouts with a diameter of 0 . 25 m ( 10 in. ) and heights of 0 . 5  and 
0 . 25 m above the spout plate were used . 

5 .4 . 1  Hardware 

A transparent acrylic  pipe was instal led as part of the upcomer just below the 
bottom of the evaporator ves sel to make the flow vi s ible .  The pipe was 0 . 30 m. 
( 12 in. ) in diameter and i . S  m (5 ft ) long . 

A conical baffle plate ( shown schematically in Figure 5-2 and pictured in 
Figure 5-3 ) was fabricated and installed in the predeaeration chamber for some 
of  the tests . Thi s  was done so that the effect of change in flow-path geome
try on the gas desorpt ion proces s could be evaluated ( Section· 5 . 3 . 2 ) .  

To inject nitrogen gas bubbles in the upcomer , a system consisting o f  gas
cyl inders ,  pressure regulators , a flowmeter , and four porous tubes was 
installed next to the upcomer . Figure 5-4 shows the bubble injection system 
schematically. The purpose of the loop was to inject gas bubbles to 
investigate their effect on the gas desorption rate.  

A tap on :the spout plate was connected to the evaporator chamber with a vent 
tube . To regulate the rate of  gas vented to the vaporator chamber from the 
predeaeration chamber , two options ( orifice plates and an external regulat ing 
valve ) were tried . During experiments i t  was found that the vent rate could 
be controlled more easi ly using the external valve . The des ired predeaerat ion 
pressure was obtained mainly by adjusting the evaporator pres sure at specified 
flow rates . 

5 .4.2  Instrumentation 

5 .4.2 . 1  Introduction 

To characterize the deaeration process , the following maj or measurement s  were 
made : 

• 	 Warm-water flow rate 
• 	 Water temperatures , inlet to and outlet from the evaporation/deaerat ion 

ves sel 
• 	 Pres sure in the predeaerat ion chamber 
• 	 Pres sure in the evaporator chamber 
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Figure 5-2 . Schemati c  of warm seawater deaeration experimental apparatus  
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Figure 53 .  
Conical baffle plate 

installed in the 
deaerat ion chamber 

• 	 Pres sure increase caused by any predeaerat i on enhancement s  

• 	 Di s solved oxygen concentrat ions  o f  water a t  three locat ions : 
- the inlet to  the upcomer 
- the entrance to the spout ( ex i t  of the predeaerat i on chamber )  
- the outlet from the evaporator d i s charge pipe . 

Mo s t  o f  the instrument s  needed for these mea surement s  are g eneral t o  HMTSTA 
and are described in Chapter 2 .  Only oxygen measurement was spec i f i c  t o  the s e  
tes t s . The d i s solved oxygen ( D . O . ) concentra t i ons  were measured wi th Clark
type membrane-covered polarographic sensors  . 

5 . 4 . 2 . 2  Oxygen as Indicator Gas 

More than 98% of the di s solved gases in warm surface seawater i s  oxygen and 
n i t rogen ; the other 2% i s  mainly free ( i . e . , molecular ) carbon dioxide ( Krock 
198 1 )  with minute amounts  of  other inert gases ( Sverdrup , Johnson ; and Fleming 
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1942 ) .  Measurement s near the experimental site ,  Keahole Point in Hawaii , 
showed the conc-entration of dissolved oxygen in warm surface seawater to be 
about 6 . 8 ± 0 . 3 mg/L,  the concentration of ni t ogen to be about 
1 1 . 2  ± 0 . 8  mg/L ,  and the concentrat ion of free carbon dioxide to be about 
0 . 34 mg/L ( Krock 198 1 ) .  

Because the amount of carbon dioxide release was expected to be small (about 
2% of oxygen and nitrogen content ) it was not measured . L ter tests , 
des cribed in Chapter 8 ,  showed that the level of carbon dioxide release was 
les s  than 4% of  the oxygen and nitrogen content ; therefore , the amount of 
carbon dioxide release can in fact be neglected relative to other gases when 
calculating a mas s  balance of gas released from warm seawater . 

Of the two major remaining gases  , oxygen was selected over nitrogen to be 
measured as an estimate of deaeration level from warm surface seawater . The 
reasons were the fol lowing : 

• 	 Relatively accurate and onl ine sensors are available to measure dissolved 
oxygen ; no such sensors exi s t  to measl,lre dis solved nitrogen . 
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• 	 The dis solved nitrogen content can be  measured only with gas analyzers (gas 
chromatographs /mass  spectrometers ) ,  which were not available at the t ime of 
the experiment s .  

• 	 Measuring the overal l  . di s solved gas content using aerometers , which measure 
total amount of dis solved gases in a solution ,  proved to be time consuming 
and inaccurate (Krock and Zapka 1981 ) .  

• 	 The overall mas s-exchange coefficient for nitrogen in seawater i s  s imi lar to 
that for oxygen ( Zapka 1988 ) ;  i . e . , the two gases are desorbed at about the 
same rate .  

• 	 Previous experiments (Krock and Zapka 198 1 )  showed that the fraction of 
nitrogen released from s'urface seawater was wi thin 20% of  the fraction of 
oxygen released . 

For thi s study, only dissolved oxygen was measured to est imate deaeration 
levels  from surface seawater in the evaporator and predeaerator . Based on 
available data , dis solved ni trogen and oxygen were as sumed . to be released at · 
the same rate . Release of dis solved carbon dioxide was as sumed to be negl igi
ble , which was confirmed later . 

5 .4.2.3  Measurement s  of Dissolved Oxygen (D.O. ) 

B cause of their ruggedness ,  precis ion ,  and online measurement capability,  
Clark-type membrane-covered polarographic sensors were used to measure D . O a  
content of seawat!;!r . I n  this device and other s imilar ones , a . thin permeable 
membrane stretched over the sensor i solates the sensor electrodes from the 
environment , but allows oxygen to pas s  from the sample water . Oxygen i s  
reduced at a cathode immersed i n  an electrolyte solution.  A current proper,.. 
tional to the concentration of the oxygen in the water i s  produced that i s  
then converted to D .O .  concentrations . Because  both temperature and sal inity 
affect the di s solved oxygen content (Appendix D, Section D . l ) ,  sensors (YSI
model 5739 ) and meters (YSI model 58 ) were selected that had circuitry for 
temperature and salinity compensation.  

All available commercial flow-through Clark-type oxygen sensors are des igned 
for atmospheric · and high-pressure appl ications . Gol shani and Chen ( 198 1 )  
found that under vacuum conditions such as tho se found in OTEC , the Clark-type 
sensors gave erroneous results . At low pres sures , the distance between the 
membrane and the cathode was altered , and thi s affected the performance . to 
use D .O  sensors , the water had to be brought to atmospheri c  conditions by
extraction using batch sampl ing techniques (Lindenmuth, Liu, and Poquette 
1982 ; Gol shani and Chen 198 1 ;  Krock and Zapka 198 1 )  or continuous sampl ing 
methods · (Krock 198 1 ) .  In another method , Lindenmuth, Liu ,  and Poquette 0982 ) 
stopped the flow, brought the system to atmospheric conditions , and then 
inserted a D.O.  sensor for measurement , a method not reliable and not 
practical for operat ion in the HMTSTA. 

Zapka ( 1988 ) has reviewed various sampling procedures in detail .  Batch sam
pl ing techniques were criticized because of contamination with atmospheri c  
oxygen and sampl ing t ime effect . Therefore , a continuous sampl ing method 
similar to the one recommended by Zapka ( 1988 ) was adopted for onl ine measure
ment of seawater D .O .  content for this study . 
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In  these tests , to  bring sample water to the D.O.  sensors at  atmospheric pres
sure , water samples were withdrawn from desired locat ions in the vacuum ves sel 
using sampl ing tubes and pumps . The sensors were located at ground level so 
that the water head in the tubes kept the pumps from working too hard against 
the vacuum, eliminating cavi tation . This sampl ing method provided onl ine mea
surement capability. The samples were drawn from the inlet sea ater supply
pipe ( referred to here as "In" ) , the inlet water to the spout just before the 
water leaves the predeaerat ion chamber ( "Spout" ) ,  and the out let water from 
the evaporator ves sel ( "Out" ) .  Figure 5-2 shows the locat ion of the sampl ing 
ports .  

At the beginning of  the tests , the three D .O .  sensors were cal ibrated 
according to the manufacturer ' s  recommendations (Yel low Springs. Instrument s 
Company 1987 ) .  Then the performance and accuracy of the sensors and meters 
were checked with oxygen-depleted fresh water and a humid mixture of oxygen
and nitrog n containing 4 . 99% or 1 1 . 5% oxygen . It  was found that under these 
control led conditions , measurement s  of the D.O. instruments  were satisfactory 
within the manufacturer ' s  speci fications , and the variation from one sensor to 
another was less  than 0 . 2 mg/L as expected ( i .e . ; .  about a 1% ful l-scale error 
or 3%-8% error in the measured values  ) .  

PleXjiglas containers were fabricated to hold the D .O .  sensors. for flow-through 
measurements .  Because a polarographic D .O .  sensor consumes oxygen , sufficient 
fluid (at a velocity of about 0 . 3 m/ s )  must pas s  over the membrane to prevent 
oxygen s tarvation ,  which causes · an erroneous lower reading . The sugges ted 
veloCity was obtained by pas s ing about 3 . 8 to 7 . 6  L/min of water through each 
sensor holder to provide proper and sta le operation of the sensors . 

The accuracy of the sensor measurement s  was al so checked with the standard 
chemical ··analysi s  technique , the Winkler titration method . The same seawater 
was passed through the sensor holders connected in series , and the D .O .  con
centration was measured wi th each of the three sensors·. Simultaneous measure
ment s of the D.O.  concentrations of two o.r three different samples of thi s 
wat er were made using the Winkler method . Table D-2 of Appendix D shows com
parison results . With these in-series measurements ,  no discernible effect of 
oxygen consumption by sensors was detected . Values measured by polarographic 
instrument s  were within ±0 .48 mg/L of values obtained by the Winkler method . 
Thi s value i s  the maximum difference between the sensor reading and the 
Winkler-method result s ,  as shown on column L of Table D-2 . Thi s  i s  equivalent 
to a maximum difference of 7% . The overall combined error est im te has a mean 
of ±0 .35  mg/L ( see Eq . D-16 ) .  An uncertainty analysi s  i s  documented n 
Section D . 2  of Appendix D .  

Originally, the plan was to use separate sensors to measure the D .O .  concen
tration of seawater from each sample line .  Thi s arrangement would have 
provided s imultaneous measurements  of the D .O .  concentrat ions and , thus , 
onl ine calculat ion of  the amount of oxygen released in the predeaerator and 
evaporator . However ,  during field operation of the sensors it  was found that · 
the di screpancy between readings of the sensors measuring the same seawater 
sample was about ±0 . 4  mg/L,  caus ing an extra 6% random error in calculat ing 
the fraction of oxygen released . Therefore , al l three D .O .  sensors were used . 
to measure the same seawater sample , from In , Spout , or Out , as shown in Fig
ure 5-5 . Readings from sensors for a particular seawater sample were averaged 
to provide a value with more confidence . Thi s approach was more dependable ; 
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and it was proved neces sary when halfway through the testing period , one of 
the sensors mal functioned and was removed for repair,  and only the other two 
sensors were used . The effect of averaging the readings of two sensors rather 
than three was to increase the element of random error . Al l of the data were 
analyzed based on the resul ts  of two D .O .  sensors . 

5 .4.3 Procedure 

After the desired steady-state operat ing condition outl ined 1n Chapter 2 was 
achieved , gas desorption data were col lected as follows : 

A water sample from one of three sampl ing port s ,  e . g . , In , was pas sed through 
the three D .O .  sensor holders , and , ,after steady state was reached , data were 
recorded . Then a water supply from another sampl ing port , e . g . , Spout , was 
connected to the D .O .  sensor holders , and data were recorded after the l ines 
were purged with new sample water .  The same procedure was repeated for the 
third sampling port , e . g . , Out . Then operat ing parameters were adjusted for 
another set of condit ions , and the above steps were repeated . These measure
ments_ were made in a t ime span on the order of minutes . 

After some prel iminary tests , a few problems were encountered . During the 
tes t s ,  a s ignificant number of bubbles was observed in the Spout and Out 
seawater sampl ing lines . - Most were bubbles entrained wi th the seawater flow
ing into the sampling l ines . Bubbles were also generated at flow obstructions 
and impeller pumps in the sampl ing l ines . Some were reabsorbed at high pres
sures in  the sampl ing l ines and increased the dis solved oxygen readings . In 
addition ,  bubbles pas s ing through the D .O .  sensors .caused uns table readings . 
Sometimes the pumps cavitated at their impel ler and generated unwanted bub
bles . The D .O .  sensors tended to drift from day to day. Even wi th fil ters in 
the sample water lines , small sand particles and other debris  in the warm 
seawater were carried to the D.O.  sensors and gradually eroded the surfaces of 
D .O .  membranes , affect ing D .O .  readings . The fol lowing act ivit ies were under
taken to resolve these problems . 
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Examination of the impeller pumps revealed that a few leaks around the impel
ler seal were the major reason for the cavitation.  The problem was solved by 
using a better sealant and tightening the seal components ,  al though some 
cavitation at the pumps still  remained . In another attempt , the impeller 
pumps were replaced with a peristaltic  pump (Masterflex Model 07459-30 ) that 
did not have an impeller and thus . did not cavitate . Although the peri staltic  
pWQp had a maximum-rated capacity near 1 L/min , i t  did  not del iver a suffi
cient amount of flow rate to the D .O .  sensors because of lo.w backpres sure . 
Thus , the impel ler pumps were reinstalled for the tests . The number of flow 
obstructions ( such as bends and valves )  was reduced . The sensors had to be 
air calibrated every day to overcome the problem of dri fting . In a few 
instances ,  a D .O .  sensor could not be cal ibrated and its  membrane had to be 
replaced . The membranes were replaced weekly to · avoid the problem of  eros ion 
caused by debris  in the seawater . 

To resolve the problem with bubbles , two solutions exi sted : reabsorbing all 
the bubbles , e . g . , by compres sion ,  or removing the bubbles , e . g . , by separa
tion before they entered the D .O .  sensor holders . Because of i t s  ease of 
installation and effect iveness , a "bubble separator" was used to remove the 
entrained bubbles from the sample l ines before D.O.  measurement .  The device 
acted like ,a settl ing chamber : the bubbles were exposed to a free surface and 
released before the water entered the D .O .  sensors . A drawback of  the method 
was that only the d i ssolved amount of oxygen in the "debubbled" solution was 
measured ; the · total · amount of . oxygen in the original sample water was not 
measured . . (The total oxygen content consists  of . both dis solved · oxygen in 
solution and gaseous oxygen in bubbles . )  The D.O.  measurement s  of debubbled 
water gave a measure of how much oxygen was desorbe.d from seawater , and not 
how much gas was released or separated from the seawater in the predeaeration 
chamber  Here , a distinction has been made between desorbed oxygen ( that 
transferreds from the water into bubbles surrounded by water ) ,  and released 
oxygen ( tha; physically separated from the seawater into the gaseous phase  at 
the top of the predeaeration chamber )  Because in the tests  bubbles were 
observed being carried by the seawater through the spout s to the evaporator , 
the actual amount of  oxygen released or separated in the predeaerator was les s 
than the amount of oxygen desorbed from seawater . The result s  reported in the 
next section represent the upper boundary of the amount of oxygen desorbed 
from seawater . To measure total amount of gas released in the predeaeration 
chamber , another method to measure the volume and composition of released gas 
needs to be implemented in future tests .  

· 

Although the above efforts resolved some of the problems , the dis solved oxygen 
measurement s  still  had shortcomings :  the repeatability of measurement s  from 
day to day was not always sat i s factory ; the D .O .  instruments  drifted ; and at 
t imes the water flow rate through the D .O .  sensors was not sufficient , causing 
a lower D . O .  content reading . As a resul t ,  a large scatter exi sts  in the data 
( see Section D . 2  of Appendix D) . 

5 . 5  RESULTS AND DISCUSSION 

Dis cuss ion in this sect ion includes pos t-test error analysi s  and typical 
results obtained ; effects of pressure , water :J;low rate , flow-path geometry ,  
and bubble injection ;  potent ial ways to improve the measurement s ;  and the 
potential effect of predeaeration of warm seawater before i t  enters the 
evaporator on the power consumption of an OC-OTEC plant . 
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5 .5 . 1  Post-Test Error 

Water samples were periodically collected from the sample l ines , and dissolved 
oxygen was measured  the Winkler method having been used to veri fy and 
cal ibrate the D .O .  sensors . Results in Table D-2 of Appendix  D show that the 
sensor-measured values are wi thin 0 .48 mg/L (maximum value in column L of 
Table D-2 ) of the Winkler-measured values , which i s  worse than predicted from 
pretest error analys i s . 

A post-test uncertainty analysi s  was performed ( see Section D . 2  of Appendix D) 
to est imate the overall  uncertainty in the fraction of oxygen desorbed . · 
Errors from analysi s  and seawater sampl ing for the Winkler method , sensor 
cal ibrat ion , sensor-to-sensor variations , and sensor fluctuat ions were esti
mated and propagated into an estimation of fraction of oxygen desorbed . To 
estimate the uncertainty in the calculated fracti on of oxygen desorbed , the 
root-sum-square model (ANSI IASME 1985 ) was appl ied to the bias and random 
errors ,  giving a confidence level of 95% . The magnitude of the overall 
average uncertainty c in the fract ion of oxygen de sorbed was found to be 0 . 14 
(unit = fraction of oxygen desorbed ) . Thi s  uncertainty accounts for absofute 
values of the fraction of oxygen desorbed obtained over two months of testing . 
Two error bands are shown on some of the graphs in the next sections . One 
shows the absolute error , and the other shows only the error caused by random 
reading of sensors . If  data are obtained during a short period ( e . g . , two .hours ) ,  they can be compared on a relat ive bas i s .  In that case , the cal i
bration and bias errors do not need to be considered , · as i s  . di scussed in 
Section D .2  of Appendix D .  

5 . 5 .2 Results  

Section D.4  of Appendix D provides result s  of  deaeration tests  in tabular 
form. In all of the test s ,  the temperature of incoming warm seawater was 
about 26 . 5 °  ± 0 . 5 ° C .  Data presented here are based on the date or the flow
path configurat ion .  Data grouped on a given date can b e  compared more con
fidently, because the cal ibrat ion and other bias errors  for two hours of 
testing did not change and can be ignored for relative compari son .  

Also shown i n  some o f  the figures i n  thi s section i s  the fraction of oxygen 
gas desorbed at equilibrium ( Eq .  5-5) . The equil ibrium value i s  the upper
l imit of how much oxygen can be desorbed at a given pres sure . The equi librium 
l evel was obtained , as suming water at 26 . 5 ° C ,  inlet d i s solved-oxygen content 
of 6 . 6  mg/L, and oxygen fract ion of 0 . 2095 in the air in equilibrium with 
water ( see Section D . 1  of Appendix D) . 

5 .5 .2 . 1  Effect of Pressure 

Figures 5-6 and 5-7 show all the data sets obtained wi th and wi thout the . 
baffle plate in the chamber ,  respectively. The graphs show the fract i on of 
oxygen gas desorbed (Eq .  5..;.1 ) in the predeaerator chamber as a funct i on of 
pressure at various water flow rates . Even with the scatter of  the data , a 
general trend can be s en from these two figures : the fraction of oxygen
desorbed in the predeaerator chamber increases with decreasing chamber pres
sure . To show thi s observat ion more clearly , the data for two different tests 
are given in Figure 5-8 . Bubble inject ion data are not included in these two 
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Figure 5-6. All data on warm seawater predeaerator oxygen desorption  
fraction as a function of pressure at various water flow rates  

obtained with baffle plate in place and no bubble injection  

figures . A large scatter on the absolute values of the result s  can be seen . 
Overall , about . 10% to 60% of oxygen in the warm seawater can come out of 
solut ion in the predeaerator at pres sures between 9 and 35 kPa .· 

The data in Figure 5-8 were obtained wi th the baffle plate · installed i n  the 
chamber . For relative compari son of the data point s obtained on the same day
for a given water flow rate ,  only the random error of sensors needs to be 
considered . The fract ion of oxygen desorbed in the predeaerator (Fpd ) depends 
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Figure 5-8 . Repeatability of data for warm seawater oxygen 
desorption in predeaerator with baffle plate ( obtained on 8 /8-9/88 ) 

rather strongly on predeaeration chamber pres sure , and it increases wi th 
decreas ing predeaerator pres sure . Thi s was expected because as pres sure 
decreases , seawater becomes increasingly supersaturated with oxygen and 
releases i t s  dis solved oxygen . Previous investigators observed the same trend 
(Lindenmuth, Liu, and Poquette 1982 ; Gol shani and Chen 198 1 ;  Krock and Zapka 
198 1 ;  Zapka 1988 ) .  Other data sets al so show the same trend : an increase of 
the fract ion of  oxygen desorbed with decreas ing pres sure . 

5 .5 .2 . 2  Repeatability of Results 

·Figure 5-8 al so shows the repeatability of the data obtained in two consec
utive days for the same operating conditions . Some of the other data set s 
also show good repeatability. However , thi s repeatability did not hold for 
all the data set s .  For example , Figure 5-9 shows a case in which , at the same 
water flow rate ,  a large difference (about 50%) existed between results  for 
two different days . Thi s  difference was mostly attributed to drift in D . O .  
sensors and to changes in sample water conditions ( e . g .  , flow rate through 
sensors and bubble content ) .  It i s  also pos sible that the qual ity ( s ize and 
number density of bubbles and nucleation s i tes ) of incoming seawater had 
changed b cause of a change in surf and weather conditions such as rainfall 
that affected the rate at which oxygen desorbs . Because the seawater qual ity 
was not measured during the tests , the contribution of change in water quality 
on fraction of gas desorbed cannot be estimated . 
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Figure 5-9 . Repeatability of data for warm seawater oxygen desorption in  
predeaerator with no baffle plate ( obtained on 8 / 10-1 1 /88 ) .   

Compare to Figure 5-8 .  

5 .5 . 2 . 3 .  Compari son with Previous Data 

Figure 5-10 compares deaeration data obtained in this study wi th previous warm 
seawater deaeration data for upcomer water velocities  around 0 . 5  ± 0 . 1  m/ s .  
The deaerat ion level s of thi s study are somewhat higher than those of Krock 
and Zapka ( 198 1 )  and much higher than those of Zapka (1988 ) .  Zapka ( 1988 ) 
used seawater brought by truck to storage tanks for conducting the 
experiment . Because the seawater was reused several times during the 
experiments ,  it i s  pos sible that the number density of bubbles and nucleation 
sites in the seawater were reduced through settling and atmospheric exposure , 
which could account for lower desorption rates . 

5 . 5 .2.4 E fect of Water Flow Rate 

Most of the experiment s performed and the data in Figures 5-6 and 5-7 and in 
Section D . 4  of Appendix D show that a functional dependence of the fract ion of  

.oxygen released in the predeaerator wi th seawater flow rate cannot be 
· determined , for the following reasons . 
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Fi re 5-10. Comparison of typical results of warm seawater  
oxygen �desorption in barometric upcomer obtained in different studies  

(no error band was given in Krock and Zapka [ 198 1 ] )  

When water flow rate decreases , the residence t ime in the deaeration chamber 
increases and the di s solved gases have more time to desorb from the solution .  
Thus , the fraction o f  gas released increases . However , in the HMTSTA the. 
decrease in flow rate was obtained by closing a valve in the supply pipe 
ups tream of the supply tank ( see Figure 5-2 ) .  Closing of the valve caused 
cavitation,  and larger bubbles were generated . These bubbles were eas ily  
separated in  the large supply tank, whi ch is  open to the atmosphere and wel l  
agi tated . Thus a t  the lower flow rates the supply tank it self act;:ed a s  a . . 
deaerator, stripping the seawater of some noncondensable gas and causing fewer 
bubbles to enter . the upcomer and the deaeration chamber in the evaporator 
ves sel . The gas desorption from seawater is governed by nucleation and 
bubble-growth phenomena . As the amount of bubbles and nucleation s ites in the 
incoming seawater de reases , le.s s  gas i s  desorbed and thus the fraction of gas 
released decreases , as predi cted by the deaeration model (Ghiaasiaan , Was sel , 
and Pesaran 1990 ) .  

Change in water flow rat.e in the HMTSTA configuration caused change in both . 
res idence t ime and in number density of bubbles entering the upcomer . These 
effects had two opposing impacts on the fract ion of oxygen released : one 
increased the fraction of oxygen released ,  and the other decreased i t .  
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Therefore , the fract ion o f  gas released depended not on the flow rate ,  but on 
the effects  of the flow rate control mechani sm. * Al so , no effort other than 
visual observation was made to ineasure the bubble dens ity, so the separate 
effects  of res idence t ime and bubble density could not be determined . Finally,  
scatter in the data added more uncertainty to the dependence of  fract ion of 
oxygen released on the water flow rate . 

To obtain the dependence of gas desorption water flow rate ,  future experiments 
should be des igned so that change in water flow rate does not change the bub
ble dens ity of the entering water and so  that separate effects  of bubble den

. s ity and residence t ime can be measured . The effect of bubble inject ion 
directly into the upcomer just upstream of the deaeration chamber i s  discussed 
in Section 5 . 5 . 2 . 6 .  

5 . 5 . 2 . 5  Effect of Baffle Plate 

The effect of the baffle plate on flow-path geometry (which in turn affects  
oxygen desorpt on) can be  determined by comparing the data in  Figures 5-6  and 
S-7 . Given the uncertainty in the data , no di scernible change in gas desorp
tion resulted from the presence of thi s particular baffle plate .  I t  was 
expected that it  would enhance the gas desorption in the predeaeration chamber 
by prevent ing the bubbly seawater from .entering the spout directly and by
providing a means to expose and separate bubbles at the free water surface . 
However ,  the bubbles were carri ed by the seawater to the . spout and did not 
separate at the surface b.ecause of high seawater veloci ty .  Data with less  
scatter and uncertainty and other · baffle _plate configurations are needed to  
examine the effect of the baffle plate .  

The pres sure drop acro s s  the predeaeration baffle plate was also measured to  
determine whether the baffle increased the water-s ide pres sure losses . Thi s 
was done by comparing measurement s  of evaporator spout pressure loss  taken 
with and without the baffle plate in posit ion .  No discernible di fference in 
pres sure loss could be seen at water flow rates of 25 , 37 , and 50 L/ s .  · At 
flows of  75 L/ s ,  however , the baffle plate added about a 1-kPa additio al 
pres sure los s ,  or 10% of the combined static and dynamic pres sure loss  through 
the spout . 

5 . 5 . 2 . 6  Effect of Bubble Injectio  

The effect of bubble injection can be seen from Figures 5-11 and 5-12 . Fig-:
ure 5-11 shows the fraction of oxygen desorbed as a function of pressure at 
various bubble 1nJection rates . High injection is when 150  cm3 /min of 
nitro en was fed into each of  four bubble injectors . Low injection is when 
40 em /min of nitrogen gas was injected into each of four bubble injectors . 
The bubbles were injected into a section of  the upcomer where i t s  pres sure was 
about 65 kPa . The quantity of gas injected into the flow stream was only a 

*At the operating conditions of these experiments ,  the impact s  o f  flow rate and 
bubble density were predicted to be of the same magnitude using the deaeration 
model (Ghiaas iaan et al . 1990 ) .  Thus the two effects could not be resolved 
separately. 
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smal l fract ion ( less  than 1%)  of the gas content in  the water . That i s , the 
net addition of noncondensable gases was small . Al so , for the purpose of 
invest igation , gas from an external source was injected . In an OC-OTEC plant ; 
part of the noncondensable gas removed from the evaporator and condenser by
the vacuum pump may be reinjected into the upcomer at the appropriate pres
sure , so there would be no net addit ion of noncondensable gases from external 
sources other than seawater . 

.
During the test s , i t  was observed that more bubbles were generated wi th high 
injection than with low injection.  The s ize of bubbles released from the 
injectors was observed to range from 0 . 1  to 3 mm. The individual bubble s ize 
and number densi ty were not measured . According to a deaerat ion model 
(Ghiaasiaan , Was sel , and Pesaran 1990 ) ,  gas desorpt ion rate from water 
increases with an increase in the number density of bubbles in the . water or 
with  a decrease in bubble sizes . 

0.71 

o No injection (25 Us) 
<> Low injection (25 Us)."0Q) + High injection (25 Us) 

0UlQ)"0 + 
c <>Q) 0 

. '  1.'• . X0
0
c0 

u.. Random error due to scatter in --I <>
0output of one D. 0. sensor + 

<>
0.1 0 

0.0 
6 1 0  1 8  22 26 30 

Predeaerator pressure (kPa) 

Figure 5-11.  Typical effect of bubble injection on warm seawater 
oxygen desorption ( obtained at 25 L/s  with baffle plate on 6/29/8.8 )  
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Figure 5-12 . Increase in oxygen desorption from bubble injection 
( for data obtained at seawater flow rates of 25 L/s  and 50 L/ s 

with baffle plate on 6 /29 /88 ) 

If · the absolute values of the data presented in Figure 5-1 1  are compared , 
taking 'into account their overal l  uncertainty, di scernible differences are not 
evident between the result s  with and without injection.  However , comparison 
should be done on a relative bas i s  for the short period of time ( less  than two 
hours ) in which the data were obtained with and without bubble injection .  
Furthermore , the resul t s  of only one D .O .  sensor are presented i n  Figure 5-1 1 ,  
to eliminate sensor-to-sensor random error . On a relative bas i s ,  i t  can be 
seen that more oxygen was desorbed when bubbles were injected . 

To demonstrate the val idity of the ·above conclus ion , resul t s  from Figure 5-11 
are replotted in Figure 5-12 as a percentage increase in the fract i on of 
oxygen desorbed as a result of  injection,  which is  defined as 

( F  d wi th inject ion ) - ( F  d wi th no injection )  
( Fpd with no injection )  

Figure 5-12 shows the percentage o f  increase  i n  the . fraction o f  oxygen
desorbed from injection as a function of flow rate and pres sure and inj ection 
rates . The error bands shown on thi s figure were obtained by propagat ing the . 
random error of O o OS mg/L from the sensor reading into the calculat ion of the 
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percentage of increase using the method di scus sed in  Section 0 . 2  of Appen
dix D .  Figure 5-12 shows that bubble inject ion. increases the oxygen desorp
tion· rate and that the effect i s  larger at higher predeaerator pres sures . At 
the high injection rate , the oxygen desorption level has increased by 20% to 
60% . The increase in oxygen desorpt ion level from seawater upon bubble injec
t ion has been observed by others (Lindenmuth ,  Liu , and Poquette 1 982 ; Zapka
1988 ) in small-scale experiments .  

Bubble  seeding (and gas reinject ion)  can enhance oxygen and pos sibly nitrogen 
release from seawater in the predeaerator . It may have a potential in OC-OTEC 
power plants to increase the amount of ' noncondensable gases removed from the 
predeaerator before they enter the evaporator . The range of optimum bubble 
s ize , number ,  dens i ty ,  gas flow rat e ,  pressure at which gas should be 
injected , and e fect of bubble injection on production of net power for an 
OTEC plant should be investigated in future experiments .  

5 . 5 .2 . 7  Total Fraction o f  Oxygen Desorbed 

Figure 5-13 shows the total fraction of gas desorbed from the warm seawater in 
the system as a funct ion of evaporator pres sure at various water loadings 
( i . e . , seawater mas s  flow rate divided by the cros s-sectional area of the 
predeaeration chamber ) .  The fraction of oxygen de sorbed increased with a 
decrease in pres sure . Depending on the evaporator pressure , 45% to 95% of  the 
di s solved oxygen was desorbed · from the warm seawater . The typical operating 
pres sure of an OC-OTEC evaporator i s  about 2 . 4  to 2 . 7  kPa . At this pres sure 
range , the test s  showed that 75% to 95% of the dissolved oxygen can be 
released in the evaporator . At 'these typical values , the pres sure in the 
predeaeration chamber ranged from 10 to 12 kPa , and the fraction of oxygen
des orbed from seawater in the predeaeration chamber was about 0 . 4  to 0 . 6  • 

5 .5 . 3  Potential 	 in of Measurement 

To improve result s  for measurement of the d i ssolved oxygen and to obtain 
rel iable onl ine data , the following recommendations are made (see Section D . 3  .
o f  Appendix D for detai l s ) :  

• 	 Replace the .Clark-type sensors wi th "balanced electrode reaction" sensors , 
whi ch are insensi ti ve to the flow rat e .  

• 	 U s e  peri stal tic  pumps for delivering water t o  the sensors . t o  avoid cavi
tat ion in the l ine s . 

• 	 Frequently calibrate sensors against t:he Winkler method to establ i sh accu
racy and stabil i ty with time .  

5 . 5 .4 of Predeaeration on OC-oTEC Power 

As was discussed in Section 5 . 2 ,  noncoridensable gases must be removed from 
.QC.,-QTEC heat exchangers ( evaporator and condenser ) to maintain the vacuum 
levels  required for their operation.  The power required to  remove these gases 
reduces the net power production of the plant . Link and Shelpuk ( 1987 )  and 
Block and Valenzuela ( 1985 ) est imated that the amount of power typically 
needed to remove noncondensable gases is between 10% and 15% of  the net power 
produced by an OC-OTEC plant . If  noncondensable gases are removed before they 
enter heat exchangers , e . g . , at predeaerators , then les s noncondensable 
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Figure 5-13 . Combined warm seawate-r oxygen desorption 
in both evaporator and predeaeration chamber, as a 

function of predeaerator (evaporator) liquid loading · 

pump1.ng power i s  needed , because gases are removed at pres sures higher than 
exchanger pres sures .  To estimate typical ·· reduction in power us ing a prede
aerat ion scheme , an OC-OTEC system s imulation model (Link and Shelpuk 198 7 )  i s  
used here . · 

A polynomial equat ion i s  used to predict  the fract ion of incoming gases (oxy·gen and ni trogen) that wi ll  be released in the predeaerator at various pres
sures . Us ing the root-mean-square method , a polynomial was fit to all the 
points of the predeaerat ion · data obtained with no baffle plate shown in 
Figure S-7 : 

•= 0 . 653  - 0 . 0167  p + 1 . 1 7 X 10-4 p2 ( 5-8 ) Fpd 
In s imulat ing a s ingle-stage predeaeration scheme in the system model , without 
including hydraul ic los ses , i t  was found that relative to the no-predeaeration 
baseline ,  the power to remove noncondensable gases decreased by 25% when 

104  

http:pump1.ng


TP-3561  

. 	predeaerat ing at  10 kPa ( see Appendix F ) . Accounting for uncertainty tn  the 
oxygen desorption data,  thi s decrease  c n be 25% ± 8% . 

The experimental data obtained in this study may be . used in OC-OTEC system 
s imulation model s ,  as shown, to give a preliminary indication of how much·
p\nnpirig power to remoye noncondensable gases could be saved with different 
predeaeration schemes  . A predeaeration scheme may consist  of a bubble 
eliminator ( debubbler) installed just in · front of the evaporator to remove 
bubbles containing desorbed gases from the water · fed to the evaporator . Such 
a device i s  effect ive in removing desorbed gases , as was observed from· 
measurement s  made in this study with the bubble separator device or with 

·debubblers of previous studies (Krock and zapka 198l f Zapka 1988 ) .  Such 
debubblers are settl ing chambers that reduce the velocity of water ·· compared 
with  the rising velocity of bubbles and separate bubbles from water . Recent 
test s  in the HMTSTA by S .  Ridgway ( see Section 5 .  9 )  have shown that fine-mesh 
screens can f ilter small  deaerated bubbles from pas s ing seawater , thereby
permi tting a more compact predeaerator chamber . Such fine-mesh screens can be 
installed in the debubbler to reduce its  required length. Trad.e-offs  between 
energy savings and capital costs  associated with the predeaerator schemes 
should be made to evaluate the quantitative benefits  of predeaerat ion schemes . 

5 . 6  COBCLUSIOHS 

Seeping tes t s  on warm seawater deaeration as out lined in the HMTS·TA test plan 
( Parsons et al. 1989 ) were obtained between June and August  1988 .  The tes ts  
provide the first  set of  data from a large-scale OC-OTEC experiment . From the 
tes t s  and analys i s  the following observations can be made : 

• 	 The observed fraction of oxygen desorbed in the predeaeration chamber ranged 
from 0 . 07 to 0 . 6  for a predeaerator pres sure range of 9 to 35 kPa . · 

• 	 The scatter in data was large because of difficult ies and uncertainties in 
ield measurements of the dis solved oxygen concentration of seawater . 

• 	 The fract ion of oxygen desorbed from seawater decreased with increasing 
predeaerat ion-st;age pressure , as previous investigators observed . A 
correlation between fraction of gas released and pres sure was provided for 
use by engineers and des igners .  

• 	 The dependence of the fraction of oxygen desorbed with water flow rate could 
not be determined . because change in flow rate caused two effects :  changes 
in residence time and entering bubble density.  These effects  had oppos ing 
impact s  on the fract ion of oxygen desorbed and could not be separated . 

e 	 The oxygen desorption rate in the predeaerator was increased by 20% to 60% 
upon injection of bubbles in the upcomer . 

• 	 Given the uncertainty in the data , the instal led conical baffle plate did 
not have any effects  on oxygen desorpti on level s .  

• 	 Observation showed that oxygen was desorbed from seawater in the prede
aeration chamber as bubbles . Test s  showed that oxygen was desorbed from the 
seawater but was not completely released in the predeaerator , and bubbles 
containing desorbed oxygen were carried into the evaporator . The tes t s  
showed that the bubbles could be separated from the water effectively i n  a 
bubble separator . 
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• 	 At a typical OC TEC evaporator pres sure of 2 .4 kPa , 75% to 95% of  di s solved 
oxygen content was desorbed from the warm seawater in the predeaerator and .
evaporator combined . 

• 	 Using the desorption rates measured · in the tests  and applying . them in a 
system s imulation model ,  a s ingle-stage predeaeration scheme may reduce the 
amount of pumping power required to remove noncondensable gases by about.
25% ± 8% . This  would increase the net power output of an OC...;OTEC plant by
about 2% to 3%.  

· 

5 .  7 APPLICABILITY OF TEST RESULTS TO NPPE 

To select the capaci ty of  a vacuum compres sion system for the OTEC net power
producing experiment (NPPE ),  one needs to know the amount of noncondensable 
gases that should be removed from the system. Noncondensable gases enter the 
system as releases from warm surface seawater and cold deep seawater and via 
air leaks . The NPPE des ign cal l s  for a warm seawater flow rate of 620 kg/ s  
( 9600 gpm) . The total concentration of all noncondensable gases in the warm 
seawater near the experiment s.ite i s  about 19 mg/L ( see Section 5 . 4 . 2 . 2 ) .  
Results  show that 75% to 95% of dis solved oxygen content i s  released from the 
warm seawater and must be pumped out . Chapter 8 shows that about 100% of the 
free carbon dioxide is desorbed , but thi s component i s  a small fract ion of the 
total noncondensable gases . Therefore , as suming that the rate at which nitro
gen and carbon dioxide are desorbed from the warm seawater i s  the same as the 
rate measured for oxygen , then about 14 to 17 g/s  of noncondensable gases wi ll  
be released from the warm seawater in  the NPPE evaporator . Predeaeration 
could remove about 8 to 1 1  g/ s of these gases at a higher pres sure than the 
evaporator pres sure . The vacuum pump for NPPE should be s ized to accommodate 
the maximum predicted release , as well  as release from cold seawater and air 
leaks . 

Using the oxygen-desorpt ion test resul t s  in a system model by s imulat ing NPPE 
condit ions , i t  can be shown that a warm seawater predeaeration strategy . could 
reduce vacuum pumping power and capaci ty,  and thus s i ze ,  o f  the NPPE com
pressor by as much . as 20% and increase i t s  net power production by about 
5 . 5 kW, not counting hydraul ic los ses . (The analys i s  i s  based on a projected 
four-stage compres sor wi th efficiency of 60%,  steam inlet temperature of  6 ° C ,  

· compres sor inlet pres sure o f  1 . 23 kPa , and 47% gas release a t  a pres sure o f  
1 1 . 3  kPa i n  the predeaerator.  ) Because the expected amount o f  increase i  net 
power production i s  small ,  predeaerators wi ll  not be included in the init ial 
NPPE apparatus . However , predeaeration experiment s wi l l  be cons idered after 
power production i s  characterized to properly quantify the potential impact of 
predeaeration on large-scale systems . A relatively s imple approach to per
forming warm seawater deaeration experiments at the NPPE i s  proposed in the 
next sect ion .  

5 .8 FURTHER PROJECTED RESEARCH HEEDS 

Although the gain in net power for OC-OTEC plants i s  relatively small--a few 
percent potential increase--predeaeration can provide incremental gains . 
Therefore , attention should be directed to thi s topic when OC OTEC technology 
has been characterized at a system level . To obtain the dependence of warm 
seawater gas desorption on water flow rate for des ign purposes , system model 
s imulat ions , and deaeration model verifications , experiment s should be 

106  



r-----------. 

TP-3561  

des igned that separate the effects of residence time and entering bubble den
s i ty when flow rate chang s . Effects  of different baffle designs al so should 
be investigated . In addition,  more dependable and more accurate dissolved
oxygen sensors or other measurement techniques should be used . A "balanced 
electrode reaction" sensor , which is flow rate insensi t ive , i s  recommended for 
use , rather than Clark-type sensors . The sensor should be cal ibrated fre
quently using the Winkler method to .establ i sh accuracy and stability with 
time . 

Future tests  should be conducted on deaeration of cold deep seawater , as wel l  
a s  surface warm seawater , and sh uld measure the desorption not only of oxygen 
but also of nitrogen and carbon dioxide . Gas analyzers such as gas chromato
graphs and mass  spectrometers are neces sary to measure the nitrogen and carbon 
dioxide content of the gas . Techniques to measure total gas release ,  such as 
volumetric measurement s  and bubble density and bubble size and distributions , 
are also recommended . The accuracy of the result s  obtained in future experi
ment s  should be establi shed with a rigorous error analys i s . 

Al though the baseline NPPE i s  configured without predeaeration , that capa
bi l ity could be added easily at a later time .  The proposed predeaerator , 
shown in Figure 5-14 , would be outside the main vacuum vessel (evaporator and 
condenser ) on the warm and cold seawater supply pipes between the supply pumps 

·and vacuum · ·vessel s . The predeaerator would be a bubble separator consi s t ing 
of a fiberglas s pipe 2 . 4  m ( 8  ft ) in diameter and 6 . 1  m ( 20 ft ) long . These 
pipes were previously used for studies of large cold-water pipes , are cur
rently in stock at the Seacoast Test  Facil ity,  and would withstand the vacuum 
pressure required for thi s application.  The purpose of f ine-mesh screen  in 
the bubble separator is to filter the deaerated bubbles as discussed in 
Sect ion 5 . 5 4 .  The arrangement shown in Figure 5-14 allows tests  both wi th 
and without · predeaerat ion. 

Predeaerator 
Pressure: 5-1 2  kPa 

Valve 

.... 

Vacuum vessel 
(evaporator 

or condenser) 

I 

Grade level 

Figure 	 5-14. Schematic of a proposed predeaeration configuration for future 
tests using the net power-producing experiment (NPPE) apparatus 
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5 .  9 TOTAL GAS RELEASE· 

The previous sect ions presented the result s of. oxygen desorpt ion tests · in the 
evaporator and predeaerator conducted in the summer of 1988 . Thi s section 
summarizes resul t s  of some exploratory test s  of total gas release from warm 
seawater conducted in the HMTSTA evaporator and predeaerator during the summer 
of 1989 ( S .  Ridgway 1989 ) .  

In the exploratory tests , rather than measuring the dissolved oxygen content , 
the total amount of noncondensable gases released from warm seawater was 
measured with a pos itive-di splacement domestic-type gas meter ( Sprague 
Model 250 ) attached to exhaust  of the vacuum pumping system.  The capaci ty 
of the uni t  i s  2 . 2  x m3/ s  (275  CFH at 0 . 5  in.  water column ) ,  providing 
0 . 11 cubic feet per revolution . The accumulated gas flow over a 
time period was checked against a Dwyer rotameter of 3 . 1  rq3 / sx 
(400 SCFH) capacity . I t  was found that under normal evapor.ator operat ing · 
pres sure ( about 2 . 7  kPa ) ,  about 90% of dissolved gases are released at 
different water flow rates . Thi s  i s  consi s tent wi th the resul t s  obtained with 
oxygen desorption tests  conducted in summer 1988 ( see Figure 5-13 ) .  

Limited numbers o f  tests  were conducted to measure total gas release at 
pressures above steam saturation pres sures in the evaporator arid the 
predeaerator . It  was found that fraction of total gas released was a funct ion 
of pres sure , number of entering gas bubbles , flow-path configuration ,  and 
water res idence time , consi stent with the oxygen desorption tests of the 
summer of 1988 ( see Section 5 . 5 ) .  Ridgway found that the desorbed gas bubbles 
in the predeaerator can be effectively separated from the water by 270-mesh 
stainles s  s teel screen baffles . The fine-mesh screen filtered the small 
deaerated bubbles from pas s ing seawater going into the evaporator ; the gas
bubbles were relea ed in the predeaeration chamber . At a warm seawater l iquid 
loading of 34 kg/m s ,  near the current NPPE evaporator des ign loading , 5 1% of 
the dis solved gases· were released in the predeaerator at about 9 .  5 kPa . Thi s  
pres sure i s  too low t o  enter the third stage of  the proposed NPPE vacuum 
system, · . but it gives  an est imate of the range of predeaerat ion to be 
expected . Thi s value is about 10% to 20% higher than was observed during the 
oxygen desorption tests .  At smaller l iquid loadings (near 1 7  kg/m2 s )  the 
quantity of gas released from the warm water amounted to about 80%-90% at 
pressures · from 4 to 11 kPa . Simi lar tes t s  with cold seawater flowing through 
the evaporator ves sel indicated a release on the order of 60% . The higher 
fraction of gas released in the later tests  i s  attributed to the effect of the 
screen mesh. A rigorous error analys i s  has not been conducted. for these 
exploratory tests ; however , prel iminary results  confirm the exi stence of 
techniques suitable for removing gas bubbles from the seawater . Therefore , 
predeaeration should continue to be considered one of the viable techniques o f  
incrementally\ improving the overal l commercial OC-OTEC system performance ,  
with potential t o  decrease by about 10% the system ' s parasitic losses  ( see 
Appendix F ) . 
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6 . 1  NOMENCLATURE  

· Abbrev. 

Ao	ê reference heat transfer area 
specific  heat 
steam-side thermal effectiveness  of vent condenser 
( Eq .  6-6 ) 

h enthalpy 
hs effect ive steam-s ide coefficient 
hen condensate coefficient calculated us ing the Nus selt 

analysi s  
hwl water-side heat-transfer coefficient calculated us ing 

Eq . 6-5 
hw2 water-side heat-transfer coefficient calculated us ing 

the present data 
m mas s  flow rate 
q rate of heat transfer 
Rw wal l  res i stance 
T temperature 
LlTm mean temperature difference ( Eq .  6-3 ) 
Uo overall heat-transfer coefficient 

Dimensionless  Numbers 

Nu Nus selt number 
Pr Prandtl number 
Re Reynolds number 

c condenser 
e evaporator 
i inlet 
1 liquid 
0 outlet 
r refrigerant 
s saturation 
v vapor 
w water 

Units 

m 
kJ/kg K  

kJ/kg  
kW/m2 K ê
kW/m2 K ê

kW/m2 K ê

kW/m2 K ê

kg/ s   
kW  

K m2/kW ê
" C   
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6 . 2  BACKGROUIID 

Two types of  condensers can be used for the open cycle . In the direct-contact 
condenser , whi ch is described in Chapter 7 ,  the steam condenses directly on 
the seawater and the two f luids are mixed . In the surface condenser , the 
seawater remains separated from the s team by a surface , and desal inated water 
is produced as a direct by-product of the OC-OTEC process  . 

The experimental result s  presented in this section are a part of the overal l  
research approach for the development of the open-cycle surface condenser . The 
technical approac  i s  summarized as follows : 

• 	 Development of  performance prediction methods 
• 	 Development of s coping experiments using Heat- and Mas s-Transfer Scoping 

Tes t  Apparatus ( HMTSTA) exi sting condensers 
• 	 Ref inement of  performance prediction methods 
• 	 Des ign of test unit  for net power-producing experiment (NPPE ) wi th proto

typical flow geometry .
• 	 Design of experiments using HMTSTA and NPPE 
• 	 Verif icat ion of  performance predicti on methods 
• 	 Development of des ign criteria . 

The overal l  goal of the research program i s  to develop des ign riteria that 
can be used for .the open-cycle surface condenser . Necessary des ign tools  in 
the _ form of performance correlations , calculation algorithms , and experimental 
data bases wil l  be developed . In thi s section the experimental data obtained 
using the exi st ing condenser test · unit s  are di scussed , and the results  are 
compared with - theoretical predictions . 

· 

6 . 2 . 1  · Literature 

The · · analysi s  of condensation of low-pres sure steam in the presence of  
noncondensable gases is  documented in the open l iterature ( Schrodt 1973 ; 
Kri shna ·and Panchal 197 7 ;  Price and Bell 1974 ) . Since the original analys i s  

f  Colburn and Hougen ( 1934 ) ,  many researchers have _conducted theoretical and 
experimental analyses in an effort to understand the effects noncondensable 
gases  have on the rate of  condensat ion .  The problem can be divided into two 
des ign i s sues : ( 1 )  local · calculation of the heat and mas s  fluxes and 
( 2 ) integration of  heat- and mass-balance equations over the heat-transfer 
surface . For a prototypical condenser geometry , the overal l perfo'rmance 
predi ction could be signif i cantly affected by the spat ial distribution of the 
gases  and the assumption used for calculat ing the inlet steam flow distri. 

. but ion .  The steam f low, on the other hand , is affected by perturbation in the 
pres sure distribut ion caused by pres sure drop , local fluxes of heat and mass ,  
inlet configuration ,  and location of the vent system.  These parameters them
selves interact and impose  a difficult design problem. 

Pas t  work in research and development has been mostly devoted to power plant 
condensers . In addition ,  design tools  have been developed ( Bell and Gha1y 
1972 ; Porter and Jef freys 1963 ; McNaught 1986 ) for s izing process  condensers 
for multicomponent systems . Recently, Webb and Magna1 1  ( 1988 ) di scussed des ign 

113   



Specific Objectives 

) 

TP-35 6 1   

guidelines for vacuum condensers o f  shell-and-tube configurations . In most  
commercial applications , the vent ing power requirement i s  relat ively low,  and 
the major considerat ion i s  the condens ing capaci ty of the heat exchanger . The 
open-cycle condenser must  be designed with a low margin of design variables  
because of the need to  balance the cold water requirement , vacuum pumping 
power , and turbine backpres sure . A condenser that i s  overdes igned would 
consume excess cold water  and an inefficient or too-small condenser would 
elevate the steam inlet pres sure or increase the vacuum pump power or both. 

Exis ting design methods generally are restricted to shell-and-tube condensers , 
and no experimental data are available to val idate them for OTEC conditions . 
In the Wes tinghouse  design study ( 1979 )  of a 100-MWe float ing plant , a 
tube-bundle  configuration was used for the surface condenser . They used the 
point-wise calculat ion method di scussed by Barsness  ( 1963 ) ,  which is based on 
the overal l  heat-transfer calculation for a shell-and-tube heat exchanger . I t  
i s  developed for s izing power plant condensers ; therefore , a large uncertainty 
is introduced by applying such des ign methods to OTEC conditions . In the 
Creare R&D , Inc . , s tudy for SERI ( Block and Valenzuela 1985 ) a modular tube
bundle design approach was used . To maintain high steam velocity, they used a 
reducing flow area bundle in . cross-flow configuration .  The Creare study 
assumed minimum effects  of the noncondensable gases on the condenser size .  
That analysi s  was extended by Panchal and Bel l  ( 1984 ) to the plate-fin con
denser geometry for open-cyCle applicat ion . It  had been suggested that a 
condenser configuration with a defined steam path should be considered for 
OTEC appl ications . The study di scussed a plate-fin condenser that can provide
flexibility and low-cost design options . 

6.2.2  of Tests 

The. major object ives for the experimental program reported here were to obtain 
surface condenser performance data for OTEC conditions using exist ing test 
I1i t s  and to determine the uncertainty in the performance prediction 

methods . 

The surface condenser units  are made up of a main condenser ( see Figure 2-4 ) 
that uses cold seawater to condense on the order of 80%-90% of  the incoming 
steam, and a vent condenser ( see Figure 2-5 ) that concentrates the noncon
densable gases by condens ing a large fract ion of the leftover steam from the 
main unit .  Thi s  uni t  used refrigerant R-12 as the working fluid .  

The specific  experimental objectives  were as  follows : 
• 	 Determine overal l  performance for the main condenser . 
• 	 Measure local · and total rate of condensat ion and compare with theoret ical 

predictions . 
• 	 Determine thermal effectiveness  of  the vent . condenser . 
• 	 Compare measured a d predicted thermal effectiveness  for the vent condenser . 
• 	 Use the experimental data to design the NPPE test unit with prototypical 

flow channel s .  
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6 . 3  DATA ANALYSIS 

A general approach for the thermal des ign of surface condensers cons i s t s  of an 
overall performance calculation and a detailed design method . The overall 
performance calculation method is used to determine the init ial size of the 
condenser . Thi s  method could be based on either the heat-transfer coefficient 
or on thermal effectiveness . The current data analys i s  used the overall  
heat-transfer concept for the main condenser and thermal effectivenes s for the 
vent condenser . Thi s  approach reflected the criterion of cond nsation of 90% 
to 95% of the incoming steam in the main condenser , and the bringing down of 
the steam saturation temperature to the lowest possible. value in the vent con
denser . Al so , i t  was selected because the effect s  of noncondensable gases are 
less  severe in the main condenser than in the vent condenser . 

The presence of  noncondensable gases mak,es it neces sary to adopt a computer
based performance calcul-ation method to develop the final design specifi
cat ion.  The spatial di stribution of  the local steam saturation temperature 
and the mas s-transfer resistance caused by the presence of gases can eas i ly be · 
incorporated in such methods . One major objective i s  to develop a performance 
calculat ion method that. can be verified us ing the overall  'and local measure
ments .  In this experimental program, the total and local rates of conden
sation . were measured for the main condenser , ·  in addition to inlet and out let 
condi tions . 

6 . 3 . 1  Heat-Transfer Coefficient for the Main Cond,enser 

The average overal l  heat-transfer coefficient i s  defined as follows : 

Uo = q /Ao aTmw ( 6-1 ) 

where .the water-side rate of heat transfer 1 s  calculated as follows : 

qw = mw Cp ( Two - Twi ) ( 6-2 ) 

where water temperatures are average values. of two temperature sensors  . 

The mean temperature difference i s  calculated using the following equation: 

Two > (Tso Twi > ê
aTm  ( 6-3 )  

where 

= s team saturation temperatures ; calculated for inlet and outlet 
conditions of pres sure and gas concentra.t ion 

= water inlet and outlet temperatures ; measured . 

6 .3 . 1 . 1  Determination of the Effective Steam-Side Heat-Transfer Coefficient 

The steam-s ide heat-transfer coefficient i s  determined by subtracting the 
water-side and wal l  res i stances as shown below. 

1 ' hs -- ( 6-4 ) 
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It was as sumed that during .the test period , the biofoul ing deposit  would be 
negligible .  Experimental data have shown that negl igible biofoul ing buildup 
occurs for deep-ocean cold water . The condenser surface was examined several 
t imes during the experiments ,  and no foul ing deposit  was vi s ible .  The wall  
resi s tance i s  calculated us ing wal l  thicknes s  and thermal conductivity. 

6 . 3 . 1 . 2  Determination of the Water-Side Heat-Transfer Coefficient 

The main condenser unit  was tested as  an ammonia evaporator at Argonne
National Laboratory (ANL) , where a series of tests were conducted to determine 
the water-side heat-transfer coefficient using the Wil son plot technique . The 
data are unpubl i shed except for the overal l  performance results  ( Panchal et 
al . 1981 ) ,  whi ch provide the following correlation :  

Nu  0 . 221  Re 0 • 68 Pr 0 • 333  •	ê ( 6-5 ) 

The heat-transfer measurement error i s  ±2% and the curve-fitt ing error on 
these data i s  ±8 . 5% .  

It  i s  .difficul t to. obtain a meaningful Wil son plot for conditions i n  which 
distribution of noncondensable gases might affect the effective steam-side 
coefficient as the water flow rate changes .  However , the above correlat ion 
can be checked by changing the water flow for a team-side condition of  low 
inlet gas concentrat ion and a relat ively low fraction of steam condensed . 

6 . 3 .2 Thermal Effectiveness of the Vent Condenser 

The main function of the vent condenser i s  to reduce the steam-to-gas rat io 
( i . e . , saturation temperature ) for the exi t ing steam/gas mixture . Therefore , 
the overall performance i s  expres sed by the steam-s ide thermal effect ivenes s  
a s  shown below:  

( 6-6 ) 

where 

= 	 steam saturation temperature ; calculated usirig inlet  
conditions of pres sure and gas concentration  

= 	 steam saturation temperature at outlet ; measured 
= 	 average boi l ing temperature of refrigerant ; calculated  

using the average pres sure .  

As may be seen from the above equation , determination of the thermal 
effect ivenes s  depends upon an accurate measurement or calculation of inlet and 
outlet steam-saturation temperatures .  In the current analysi s ,  the dewpoint 
temperature measurement at the outlet i s  a key parameter .  Us ing thi s 
measurement , the steam concentrat ion i s  calculated ; the gas .mass  flow rate 1. s  
calculated us ing the vacuum-pump capacity.  'i'he rate of  condensat ion i s  
calculated us ing the refrigerant-side heat balance a s  shown below. 
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where 

= refrigerant mas s  flow rate ;  measured  
= enthalpy of vapor at outlet ; cal ulated  
= enthalpy of l iquid at inlet ; calculated .  

6 . 3 . 3  Detailed Performance-Prediction Method 

The analysi s  used to predict  the condenser performance i s  elsewhere 
( Panchal and Bell 1984 ) , and for the sake of brevity it i s  not discussed 
here . The performance-prediction method is  based on the Colburn analys is , and 
the l iterature correlations are used for the heat- and mass-transfer coeffi
cient s .  The steam/gas mixture flow is in general laminar ; the Reynolds number 
at inlet i s  in the . range 1000-2000 . The mass-transfer coefficient is calcu
lated using the heat-transfer correlation of Sieder and Tate as reported in 
Bird ,  Stewart , and Lightfoot ( 198 1 )  and applying the heat- and mass-transfer 
analogy .  Rose ( 1981 )  has ident i fied l imitations for the analogy caused by the 
mas s  flux normal to the. interface . However , the uncertainty i s  wi thin accept
able l imi t s  for the. purpose of design.  The algorithm used to calculate the 
rat e  of condensation for the cros s-flow condenser i s  summarized below in terms 
of calculat ing steps . 

6 . 3 . 3 . 1  Algorithm for Performance Prediction 

1 .  	 Read geometry parameters for main condenser . 
2 .  	 Read inlet conditions for a given test run . 
3 .  	 Calculate neces sary . geometry parameters , i . e ,  heat transfer and flow 

area • . . 

4 .  	 Calculate water-side heat-transfer coefficient and pressure drop . 
S .  	 Divide condenser into N horizontal and M vertical increment s .  
6 .  	 Calculate inlet steam flow distribut ion for N increments a s  follows : 

Start integrat ion from wa er inlet increment . 
Assume average condensate coefficient . 
Calculate condensate coefficient and hence overall  Uo . 
Calculate rate of condensat ion for given increment . 
Calculate water temperature for next increment . 
Integrate long condenser length. 
Calculate steam flow for each increment proport ional to rate of· 
condensation.  

7 .  	 Start integration from water inlet and top point . 
S a  	 Calculate heat- and mas s;...trarisfer coefficients and condensate coefficient 

us ing the Nussel t analysi s .  Steam-side heat-transfer coefficient is cal
culated us ing laminar flow between parallel plates . Mas s-transfer coef
ficient · i s calculated as suming analogy. 
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9 .  	 Determine interfacial temperature iterat ively by applying . heat and mas s  
· continuity at the interfa.ce . 

10 . 	 Calculate local heat- and mas s-transfer rates . 
11  • .  	 Calculate conditions for next increment , i . e . , verti cally down for steam 

s ide and horizontally for water s ide . ·  
12 . 	 Integrat  vertically. 

.13  •	ˆ Iterate ( repeat from step 7 )  for corrected water-s ide temperature ; i. e .  , 
average of inlet and calculated outlet . 

14. 	ê Continue integrat ion along water-flow direction, i . e . ,  horizontally by 
following steps 7-13 for each horizontal increment . 

15 . 	 Complete integration over whole condenser area . 
16 . · 	 Calculate average out let steam flow us ing outlet values for horizontal 

increments .  
1 7 .  	 Compare each value against average steam flow and calculate difference.  
18 . 	 Apply difference calculated in step 1 7  to assumed inlet steam flow. Thi s 

step i s  based on an assumption that inlet steam di stribution i s  governed 
by the pres sure drop to the entrance of a uni formly distributed vent sys
tem.  Thi s as sumpt ion should apply when the steam-side pres sure drop 
acros s  the condenser i s  smal l .  On the other hand , when the condenser 
steam-side pres sure drop is higher than are entrance los ses to the vent 
system ,  the iteration should be based on balancing the steam-s ide pres
sure drop . The current analysi s  can handle both of these boundary
conditions . 

19 . 	 ê After correcting inlet steam distribution ,  start integration from water · inlet and top point of condenser . 
20 . 	 Iterate on steam flow distribution unti l  local steam flow agrees with an 

average value within given tolerance . 
21 . 	 Calculate outlet conditions . 

For the vent condenser , the algorithm can be s impli fied because of the coun
tercurrent flow configuration .  The local heat- and mas s-flux calculations are 
integrated along the condenser length . The refrigerant-side heat transfer i s  
calculated using the analysi s  (Rose 198 1 )  extended from the vertical t o  the 
horizontal conf iguration of the test unit .  For the superheated vapor flow 
region , an appropriate correlation i s  used to calculate the s ingle-phase 
heat-transfer correlation.  However , a compari son of  the experimental data 
with predictions has not yet been carried out . The initial set of experiments 
presented some difficulties in controll ing operat ing conditions , as di s cussed 
in Chapter 2 .  A full analys i s  wi ll  be carried out after the experiment s  are 
repeated with appropriate system modification . 

6.3.4 Test Matrix 

The HMTSTA test plan ( Parsons et al . 1989 ) di scusses the tes t  mat rix in 
detail .  Some changes were made to the original test matrix to accommodate the 
capacity of the apparatus and component or subsystem performance .  For certain 
series of experiments ,  it was necessary to repeat the measurement s  because of 
problems as sociated with operating conditions or instrumentation or both . 

118   

http:interfa.ce


TP-3561   

Situations in  which that was neces sary are pointed out be ow. Moreover , sev
eral series  of experiments were conducted toward the end of the test sched
ule .  I t  was pos s ible to use a large number o f  data set s ;  however , i t  was 
necessary to eliminate some of them because of relatively large measurement 
uncertainties . The data set s used for the performance analysi s  are documented 
in Section 8 . 2  of Appendix B .  

6 . 3 .4. 1 Main Condenser 

.
In the HMTSTA test plan ( Parsons et al . 1989 ) the following variables were 
included for the experimental invest igation .  

1 .  	 Inlet steam velocity 7 to 2 1  m/s (23  to 68 ft / s ) 
2 .  	 Fract ion o f  steam condensed 0 . 7  t o  0 . 9  
3 .  	 Di stribution of water and steam temperatures by varying water flow rate in· 

the distribution range of 20 to 58  kg/ s  
4 .  	 Inlet gas concentration 0 . 2% t o  1 %  by weight by varying warm-water flow 

and flash-down temperature . 

Using these guidel ines , three series of test s  were planned as summarized 
below.  All measured parameters , along with test run identificat ion , ·  are docu
mented in Section 8 . 2  of· Appendix B .  

Tes t  Series 1 :  Water Flow Rate I s  Variable . 

In this series of · test s , the cold-water rate was varied in the range of 
available s eawater flow rate at NELH . Thi s  series provided data that can be 
used to vat'idate the ANL heat-transfer coefficient for the water s ide and that 
wil l  aid in study of the effects of temperature distribution for cros s-flow 
configuration .  It was not pos s ible to maintain the fraction of  steam con
densed to 0 . 7  or lower for this series of tests , and some tests were repeated. 
to try to get a low value of fraction of steam condensed in the main uni t .  
The objective was to keep the effects  of noncondensable gases at a, minimum to 
enable verification of  the water-side heat-transfer coefficient . 

Tes t  Series 2 :  Fract ion of Steam Condensed in Main Condenser I s  Variable .  

The object ive of thi s series of tests  was. to  determine the effects  of outlet 
steam conditions on the condenser performance . The test data should provide 

· an optiinum value for fraction of steam that can be condensed wi thout s igni f
icant reduction in the performance of the main condenser . In the original 
plan , the fraction of steam to be condensed in the main condenser was 0 . 7  to 
0 . 9 .  I t  was not pos sible to achieve the · low value , and the maximum valu  of 
fraction of  steam . condensed was about 0 . 99 . However , the condenser pres sure 
was high ,  indicating s ignificant reduction in performance at a high fraction 
of steam condensed . 

Tes t  Series 3 :  Inlet Gas Concentrat ion I s  Variable . 

In the original plan , it  was proposed to control the inlet gas concentrat ion 
by changing the warm-water flow and flash-down temperature . Low water flow 
rate and high flash-down temperature should generate les s noncondensable gases 
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than high water flow wi th low flash-down at the same rate of steam generation .  
Because more air leaked in during surf ce-condenser experiments than was 
originally expected , a large variation in the inlet gas concentration was not 
pos s ible . Nevertheles s ,  the results  provide the data base for the open-cycle 
range of conditions . 

6 . 3 .4.2 Vent Condenser 

The HMT TA test plan { Parsons et al . 1989 ) showed the following parameters  as 
primary variables : 

1 .  Steam inlet velocity 5 to 68 m/ s { 15 to 225 ft / s )  
2 .  Inlet gas concentration 1 . 7% to 5 . 9% by weight 
3 .  Outlet steam-to-gas ratio 2 . 3  to 5 by weight . 

Using these gui"delines , the following three series of test were conducted . 
{ See Section B . 2  of Appendix B for the detailed data and test-run identi f i= 
cation. ) It  was quite diff icult to maintain des ired tes t  conditions for the 
vent condenser . Control l ing the R-12 outlet vapor superheat was the major 
problem for many test runs as described in Chapter . 2 ,  Section 2 . 4 . 2 .  Some 
experiments were repeated in an attempt to achieve neces sary test conditions , 
but they could not be maintained for all runs included in the plan.  .

Test  Series 1 :  Inlet Steam Velocity Is  Variable . 

In this series of  tests , the steam mas s  flow rate at the inlet of the f ixed
geometry condenser stage was varied whi le keeping other conditions constant , 
e . g . , inlet and outlet steam saturation temperatures . 1 The independent
variable was the refrigerant boil ing temperature . 

Tes t  Series 2 :  Outlet Steam Saturation Temperature I s  Variable .  

Maintaining inlet steam conditions relatively constant { i . e . , steam mas s  flow 
and saturation temperature ) ,  the outlet steam saturation was varied by con
trolling refrigerant boi ling temperature . It was not pos s ible to cover the 
proposed saturat ion temperature range of r to l2 ° C .  Control of other param
eters was again difficult for thi s series of tests . 

Test  Series 3 :  Inlet Steam Saturation Temperature I s  Variable .  

Thi s series of  tests  was quite difficult to run , and only prel iminary set s of  
data were obtained . With only l imited useful data ,  it  would be difficult to 
quantify the effects  of the primary variable . 

6 . 3 .5 Data Sets 

The experimental data result ing from the test series di scussed above a·re shown 
in Section B . 2  of Appendix B .  All measured parameters are included in the 
appendix. Intermediate parameters and the final result s  are also shown . The 
basic  in ormation included in the data set i s  summarized below .  

1 .  Data f i le Data file used for a particular run 
2 .  Test  no . Tes t  number with reference to tes t matrix 
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. .3 .  	 Measured parameters . Al.l neces sary parameters in eng1neer1ng 
units   

4 .  	 Calculated parameters Calculated result s  shown on figures  
R indication Repeated test run .  

The l i st of measured parameters i s  shown below: 

Flow rates--Coolant , refrigerant , condensate (total and local from three 
sections of main condenser) 

Temperature--Coolant inlet and outlet ( two sensors ) ,  delta-T , steam inlet and 
outlet , refrigerant inlet and outlet 

Dewpoint -s team inlet ( fo.r only a 	few runs ) and outlet for vent condenser 

Wet bulb--outlet of main condenser temperature ( for only a few runs ) 

Pres sure--steam inlet and differeritial-P for both condensers , at inlet to the 
vacuum pump , downstream of expans ion valve , refrigerant inlet and outlet . 

The intermediate calculated parameters are 

Gas 	 f low rate -using vacuum pump inlet conditions and pump , capacity 
Steam flow rate--using main a11d vent condenser heat balances . and calculated 
exhaust steam flow rate 
Steam temperature--using measured total pres sure and calculated gas
concentration .  

Cal culated results  are 

Heat-transfer coefficient--using governing equations described above 
Thermal effectivenes s--using governing equation described above 
Heat balances--using energy-balance equations 
Fraction of steam condensed--us ing heat and mas s  balances . 

Mos t  of the main condenser experiments were carried out in May 1988 . Al l 
necessary instrument s  were cal ibrated before starting the surface-condenser 
experiments .  One series of experiments was carried out in June 1988 , and 
remaining and repeat runs . were c·ompleted during July 1988 . Al l vent-condenser 
experiment s  were conducted in July 1988 . Some vent-condenser experiments were 
done earl ier ; however ,  it was difficult to control operating conditions , and 
these  result s  are not included . 

6 . 4  TEST-SPECIFIC EQUIP  AND INSTRUHEHTATIOH 

6 . 4 . 1  Test Units 

In the present test plan , measurement of the overall performance was the major 
obj ective . Therefore , a minimum of internal instruments  was provided in the 
surface-condenser test units  to . determine the local rate of condensation and 
the di stribution of noncondensable gases . The test unit s  used in the HMTSTA 
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were the Rosenblad dimpled-plate heat exchanger as main condenser and the 
Trane brazed-aluminum heat exchanger as vent condenser as described in 
Chapter 2 .  Originally designed for closed-cycle OTEC appl ications as ammonia 
condensers and evaporators , they were modified for open-cycle flow conditions 
and for integration into the HMTSTA system. The main condenser was operated 
under prototypical conditions ; however , the vent unit  was cooled by the 
refrigerant . Thi s  arrangement increased condensing capacity at open'-cycle 
steam pres sures by restrict ing the capaci ty for cold water . 

Figure 2-4 in Chapter 2 shows the overall configuration of  the Rosenblad heat 
exchanger . It  consi s t s  of dimpled parallel plates welded into a plate-and
shell assembly to provide steam and water channel s  · in a cros s-flow configu
rat ion .  Table 6-1 gives the general specifications of the heat exchanger . 
Shrouds were installed to direct steam flow along the parallel-plate flow 
channels ,  and large inlet nozzles required for low-pres sure steam flow were 
installed . In addition ,  the steam header was installed to minimize uneven 
steam flow. An appropriately s ized and uni formly di stributed vent system was 
neces sary to prevent the bui ldup of noncondensable gases . At the bot tom of 
the unit ,  condensate was separated and collected at each of  · three equally 
spaced sections . Each sect ion was parti t ioned , so that the rate of conden
sation for the warm, middle , and cold ends of the condenser coulq be sepa
rately measured . The uncondensed steam/ gas mixture from the main condenser 
flowed into a space from which it  was drawn out through six equally spac.ed 
152-mm ( 6-in . ) outlet nozzles . It  should be noted that the two outer surfaces 
were exposed to the stagnant s team/gas mixture ; therefore , they were not 
included in the heat-transfer calculations . 

· 

Table 6-1.  Specific.tions for the Main (Rosenblad) Condenser 

Parameters Value  

Plate material 
Heat-transfer area 
Number of water flow channel s  
Water flow area 
Steam flow area 
Wal l  thicknes s  
Wal l  conduct ivity 
Effective length 
Effective height 

AL-6X 288 m
16  
0 .  108 2 
1 . 26 m 
1 . 58  mm 
13 . 8  W/m K 
4 . 76 m 
0 . 58 m 

Stainle s steel 
( 94 7  f t  ) 

( 1 . 16 7  ft2 )
( 13 . 53 f t2 )
( 0 . 0625 in . )  
( 8  Btu/h ft  F )  
( 15 . 6 ft ) 
( 1 . 89 ft ) 

The Trane brazed-aluminum heat exchanger was tested a s  a vent condenser . 
Figure 2-5 in Chapter 2 shows overall and sectional views of  the test uni t .  
The condenser was cooled by boil ing refrigerant R-12 on the f inned side ,  and 
steam condensat ion took place in the extruded channel s .  There are 9 extrusion 
channels , each with 21  flow channel s ;  see Table 6-2 for detail s  of geometry.  
The steam/gas mixture entered through the 305-mm ( 12-in . ) inlet nozzle into a 
rectangular inlet section. The mixture then flowed through ind ividual flow 

·channel s .  Refrigerant R-12 at about 5% to 8% mas s  quali ty entered from a 
5 1-mm ( 2-in . ) inlet nozzle ,  and made a 90° turn through individually arranged 
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finned flow channel s .  Sl ightly superheated refrigerant vapor exi ted from the 
203-mm ( 8-in .  ) outlet nozzle.  Thi s  flow arrangement gave countercurrent flow 
between steam/gas mixture and refrigerant . The condenser was instal led with a 
sli ght inclination to  improve drainage of condensate .  

Table 6-2 . Specifications - for the Vent (Trane Plate-Fin) Condenser 
it 

Parameters  Value 

Plate material 
Heat-transfer area 
Number of steam flow channels  
Refrigerant flow area -
Steam flow area  
Steam channel s ize  
Steam equivalent diameter  
Wal l  thicknes s   

. Wall conductivity  
Effective length  
Effective ..i'idth  

AL 3003 
49 m2 
82 

. 

0 . 036 m;
0 .  09.3 m 
28 . 6  x 19 mm 
24 . 3  mm 
2 . 9  mm 
160 W/m K 
4 . 70 m 
0 . 54·6 m 

( 527  ft2 ) 

( 0 . 392 ft2 )
( 0 . 998  ft2 )
( 1 . 125  x 0 . 7-5 in. ) 
( 0 . 958  in . )  
( 0 . 1 14 in . )  
(92 . 5  Btu/hr ft F )  
( 15 .45 ft ) 
( 2 1 . 5  in. ) 

6 .4.2 Test Instrumentation 

As mentioned above , both test units  were instrumented to measure overall per
formance . Table 6-3 l i st s  the instruments  used for the surface-condenser data 
analysi s  • .:Figures 6-1 and 6-2 show their locat ions . Wherever pos s ible ,  mul
tiple sensors were installed to improve measurement accuracy and redundancy . 
Temperature , pressure , and condensate flowmeter sensors were cal ibrated just
before the first phase of surface-condenser experiments .  For absolute temper
ature sensors , · two-point calibration was carried out : at ice point ( 0 ° C )  and 
at gallium triple point (29. .972 °C } . The quartz temperature was used as a 
secondary reference to check ice...: and gall ium-point temperatures .  Periodic 
checks of absolute temperature sensors were performed as described in 
Chapter 2 .  For low-pressure sensors , an NBS-traceable mechanical gauge was 
used to check the sensor cal ibration .  In general , they agreed within the 
uncertainty shown in Table 6-3 . Water and R-1 2  flowmeters are factory cali
brated ; however ,  the electronic signal-conditioning system was calibrated in 
place . For refrigerant pres sure sensors , the factory cal ibration was used , 
because no reference pres sure measurement was available at the s ite.  

In  general , most  instruments  performed wel l  during the initial surface
condenser experiment .  One of the two delta-T sensors gave unrel iable 
readings ; however , the other was in good condition and was used for compari son 
with temperature differences calculated us ing absolute temperature measure
ment s .  Figure 6-3 presents the results  for the majority of experiments and 
shows that both readings agree wi thin the measurement accuracy shown in Table 
6-3 . Therefore , absolute temperature measurements  (average of two uni t s  at 
inlet and outlet each) are used for the main-condenser analysi s .  The water 
flowmeter could not be independently checked ; however , at low flow rates , it 
agreed within 1% with another flowmeter conn_ected in series . The condensate 
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Measured No . of  
Parameter Sensor* Range Error Value Sensors 

MAIN CONDENSER 
Water inlet , ° C  RTD ,. 0-100 0 . 26 7 . 5  2 
Water outlet , ° C  
Water delta-T , ° C  
Inlet steam temp .  , ° C  
Outlet steam temp .  ; ° C  
Condensate temp .  , c  
Steam pres sure , kPa 
Steam delta-P , Pa 
Water flow rate , 1 / s 
Condensate flow, ml / s 

RTD 
RTD 
RTD 
RTD 
RTD 
Cap
Cap
Vortex 
Paddle 

0-100 
0-30 
0-100 
0-100 
0-100 
0-6 . 2  
0-2000 
19-184 
41-400 

0 . 26 
0 . 06 
0 . 26 
0 . 26 
0 . 26 
0 .  117  
9 . 1  
1 . 7  
5 

1 1 . 5  
4 . 0  

13  . 0  
12 . 5  
10 . 0  

1 . 5  
<10 

45 
350 

2 
2 
2 
2 
1 
2 
2 
1 
1 

wheel 
VENT CONDENSER 
Inlet steam temp .  , ° C  
Outlet steam temp .  , ° C  
Inlet steam dewpoint , ° C  

Chi lled mirror 

RTD 
RTD 
RTD 

0-100 
0-100 
o-so 

0 . 26 
0 . 26 
0 . 22 

12 . 5  
8 . 5  

1 2 . 5  

1 
1 
1 

Outlet steam dewpoint , oc ·  
Chil led mirror 

RTD 0-50 0 . 22 . 10 . 0  1 

Condensate temp .  , ° C  
Inlet pres sure , kPa 
Delta-P , Pa 
Inlet R-12 temp .  , ° C  
Outlet R-12 temp .  , ° C  
Inlet R-12 pres sure , kPa 
Outlet R-12 pressure , kPa 
R-12 Flow rate ,  1 / s 

RTD 
Cap
Cap
RTD 
RTD 
SG 
SG 
Vortex 

0-100 
0-6 . 2  
0-2000 
0-100 
0-100 
0-1380 
0-1380 
0-2 . 9  

'0 . 26 
0 .  1 17  
9 . 1  
0 . 26 
0 . 26 
12 
12 
0 . 02 

7 . 0  

10  . 0  
1 . 5 

<50 

7 . 5  
400 
390 

o . s  

1 
1 
1 
1 
1 
1 
1 
1 

TP-3561  

Table 6-3 . Instrumentation for Surface-Condenser Experiments 

*RTD: Res i stance temperature device ; SG : Strain gauge ; 
Cap : Capacitance measurement 

flowmeter was cal ibrated by volume measurement and corresponding receiver
tank calibration .  As a backup , a differential pressure-drop sensor was 
installed to measure change in condensate level in the receiver . It  gave the 
total rate of condensation.  In the latter part of the test plan , especially 
during vent-condenser experiments ,  the condensate flowmeter was unrel iabl e ,  
and the level measurement method was used . 

For the vent condenser , refrigerant flow ra e and steam dewpoint measurement s  
are important parameters for the data analysi s .  For a l imited number o f  test  
runs both dewpoint cell s ,  steam inlet arid outlet , wer - functional . For the 
rema1n1ng runs , the inlet saturat ion temperature was calculated us ing the 
local pres sure and gas concentration .  It was compared with wet-bulb temper
ature measurement for the steam outlet of the main condenser at the hot-end 
side .  The outlet dewpoint measurement was used for vent-condenser data 
analysi s  and to calculate the noncondensable gas flow rate  using the vacuum-
pump capacity.  

· 
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Figure 6-3 . 
Measurement consistency 
of calculated absolute 
temperature difference 
and measured 
differential temperature 

6 . 5  RESULTS AND DISCUSSION 

6 . 5 . 1  Heat and Mass Balance 

Neces sary equations for the heat and mas s  balances were di scussed in the 
previous secti n .  The procedure i s  summarized below. 

Main Condenser 

• 	 Determine water-s ide heat balance , us ing absolute temperature (average of 
two sensors at inlet and outlet ) measurements .  

• 	 Determine steam-side heat balance , us ing experimentally m asured rate of 
condensation.  

• 	 Compare with evaporator heat balance , using absolute temperature 
measurement s .  

Vent Condenser 

• 	 Determine refrigerant-side heat balance . 
• 	 Determine steam-side heat balance . 

Because the rate of condensation was not measured accurately, the steam-s ide 
hea t  balance was determined from an alternative method for the second item 
above . The revi sed method$ used inlet and outlet steam saturation tempera
tures , provided accurate mas s  flow rate for noncondensable gases was known . 

Figure 6-4 compares the water- · and steam-side heat balances .  The two methods 
of calculat ing the rate of  heat transfer agreed within about 5% for most  test 
runs . In conclusion ,  the heat balance for the main condenser was within 
instrument measurement errors e  Figure 6-5 compares the heat released from the 
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Figure 6-4.  
Consistency of the 300  

main condenser  
heat balance ¹

evaporator per uni t  t ime with the total absorbed by both condensers . In 
general ,  about 1% of  steam i s  exhausted by the vacuum pump , and it  1 s  not 
included in Figure 6-5 . Note that the calculated heat-transfer rate 1n the· 
condenser · was consi stently higher than that in the evaporator . It can be 
argued that the condenser system gains some heat from the atmosphere . How
ever , - during the initial tests ,  refrigerant temperature was kept relat ively 
low, approximately -l0° C .  As a resul t ,  cbndensate in the vent condenser was 
being frozen during a test run, resulting in higher values for the refrigerant 
heat balance . In later tests the problem was corrected and the agreement 
improved ( Figure 6-5 ) .  

It was not pos s ible to cross  check the heat balance for the vent condenser 
primarily because of the difficult ies in maintaining a constant flow of 
refrigerant to thi s unit , as described in Section 2 .4 . 2 .  Thus , an unknown 
level of uncertainty was introduced for calculation of the steam mas s  flow at 
the inlet of the second stage . The steam flow rate calculated us ing the 
evaporator and main condenser heat balances gave a large error because less  
than 10% of steam generated in  the evaporator and not condensed in  the main 
( first-stage ) condenser flowed to the vent ( second-stage ) condenser . The 
inlet steam flow for the vent condenser i s  calculated using the outlet steam 
partial pressure ( through measured dewpoint ) ,  the gas flow rate,  and the rate 
of condensation calculated us ing the R-12 heat balance . Thi s method gave
consi stent results . Moreover , the calculated inlet saturation temperature
agreed with the measured wet-bulb temperature at the main condenser out let 
within an average of about 0 . 5 ° C ,  as shown in Figure 6-6 . These measurements  
were taken during vent-condenser experiments o The wet-bulb temperature mea
surement was higher than were the values , partly because of the 

Water-side heat balance (kW) 

128  



"'2. 

16 

is '  

13 

D 

TP-3561   

uoo 

1100 

<D(.)
lij
Iii..a
iii<D.s::: 

li!
0 
0a. 

 
w 

1000 

900 

800 

700 

600 

500 

o o 

400 

7 0 . 900 1100 

Condenser heat balance (kW) 

20 

 
e::> 
li!<D0.
E
.S!
c::.2 
li!::>iiirn 
i 
jg::>

u 

19 

18 

17 

14 
D 

D 

u 

11 

10 
10 12 14 16 18 20 

Steam inlet wet-bulb temperature (°C) 

Figure 6-5 . 
Comparison of 
evaporator and · 
total (main + 
vent ) condenser 
heat balances 

Figure 6-6 . 
Consistency of 
steam saturation 
temperature at the 
vent condenser 
inlet 

· s team-side pressure drop between the main condenser and vent condenser ( i . e . , .  
outlet manifolding of the main condenser ) . The results  in F""fgure 6-6 show 
that the saturation steam temperature calculated us ing the method described 
above is within the expected range of uncertainty of ±0 . 2 ° to ±0 . 3 ° C .  
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Because o f  the problem di scussed above , the mas s  balance for steam cannot be 
checked by direct measurements .  However , a good ag:reement between the water
and steam-side heat balances for the main condenser , and acceptable heat 
balance for the total system, indicate that the overall steam balance should 
be acceptable for the data analys i s .  The flow rate o f  the noncondensable 
gases ( separate from the qu nt i  ty of uncondensed steam) was not measured 
directly. The following three methods can be used to calculate the total gas 
flow rate .  

1 .  	 Using vacuum pump capacity:  

The total noncondensable gas f low rate ( that released from warm water plus air 
in-leakage) can be calculated using vent out let dewpoint ( saturation )  
temperature , pres sure a t  inlet t o  vacuum pump , and volumetric flow capaci ty of 
vacuum pump . As suming 100% release of gases (nitrogen and oxygen) from the 
warm water , the air in-leakage i s  calculated by taking the difference . Thi s  
assumed release is  within the error band o f  the me,sured release described in 
Chapter 5 .  A constant pump capaci ty of 0 39 m ( 830  ACFM) was used for 
surface-condenser data analysi s .  Later , the volumetric i f ow capacity was 
determined as a function of inlet pres sure ." However , for surface-condenser 
experiment s ,  the pres sure to the inlet of the vacuum pump did not change
significantly, and no pres sure correct ion was used . 

2 .  	 Using warm-water gas-release data and static air in-leakage : 

In this method , the gas flow rate can be calculated us ing the rate at which 
gas i s  released from the warm water or assuming 100% gas release, and by
determining the air in-leakage under static conditions , as described 1n 
Chapter 2 ,  Section 2 . 3 . 8 .  

3 .  	 Using dewpoint ( saturation ) temperatures and rate o f  condensation for vent 
condenser : 

By using the inlet and outlet steam saturation temperatures and the rate of 
condensation for . the vent condenser , it  i s  pos s ible to calculate the gas flow 
rate .  As was mentioned above , the rate of condensation was not directly 
measured , and dewpoints at both inlet and outlet of the vent condenser were 
not available for all test runs . Therefore , thi s method was not used in the 
data analysi s .  

In general , the rate o f  gas flow calculated by the first  method was higher 
than that calculated py the second . It varied between 10% and 70% depending 
upon warm water flow rate ,  system pressure , and whether the vent condenser was 
used ; no systematic trend was found . In the surface condenser analys i s ,  
method 1 was used to calculate the total gas flow rate .  The uncertainty in 
the gas flow rate has an effect on the outlet saturation temperature for the 
main condenser that i s  of the same order as the error on dewpoint measurement . 

6 e 5 . 2  Overall Performance of Main Condenser 

Table 6-4 shows the results  of three sets of experiments in which the water 
flow rate was varied . The second set is a repeat , of the f irst with a lower 
fract ion of steam condensed . It was difficult to maintain the same fraction 
of steam condensed , because the water flow rate was varied . The resul t s  show 
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Table 6-4. Test Results for Wilson Plot Analysis  

Test  Water Flow Heat-Transfer Coefficients (kW/m2 K)
No . ( kg/ s )  Uo hwl hw2 hs hen 

Set 1 :  Heat flux 4 . 23 kW/m2 ; fract ion steam condensed 0 . 92 

SCl . l  2 1 . 2  1 . 58  2 . 80 2 . 70 5 . 04 1 1 . 3  
SC1 . 2  32 . 7  2 . 05  
SC1 . 3  45 . 0  2 . 25  4 . 62  5 . 48  

7 . 05 1 1 . 4   
4 . 62 11 . 1  ê

SC1 . 4  5 1 . 5  2 . 23 5 . 06 5 . 36 5 . 06 1 1 . 5  

Set 2 :  Heat flux 4 .  74 kW/m2 ; fraction steam condensed 0 . 79 

SC1 . 1R 
sc1 . 2R 
SC1 • .3R 
SC1 . 4R 

1 9 . 7  
32 . 1  
46 . 1  
5 2 . 6  

1 . 65 
1 . 93 
2 .  1 7  
2 . 22 

2 .  7 1  
3 . 74 
4 . 76 
5 . 19 

2 . 9 1  
3 . 90 
5 . 03 
5 . 3 1  

6 . 28 
5 . 87  
4 . 76 
5 . 19 

1 1 . 5  
1 1 . 2  
10  . 9  
1 0 . 6  

Set 3 :  
-

Heat flux 7 . 52 kW/m2 ; fraction steam condensed 0 . 97  

SC1 . 5  20 . 3  1 . 65 2. 77 2 . 91  6 . 00 9 . 3  
SC1 . 6  33 . 1  1 . 84 3 . 80 3 . 55 4 . 97 
SC1 . 7  45 . 4  2 . 06 4 . 68 4 . 47 5 . 22 
SC1 . 8  5 1 . 2  2 . 22 5 . 06 5 . 30 5 .  74 

9 . 5   

that the effective s team-side heat-transfer coeffic ient remained s imi lar for a 
given series of  tes ts .  The data are shown in the form of  a Wil s on plot in 
Figure 6-7 . The water-side coefficient was c lculated us ing the Wil son plot
analys i s  for these data and is shown in Table 6-4 . For sets 1 ,  2 ,  and 3 ,  the 
agreements between the calculated values of hwl , calculated using Eq . 6-4 , and 
hw2 , calculated using the present data , were about 12% , 5% ,  and 5% ,  respec
tively. The difference i s  larger for set 1 than for the other two set s . · That . 
can be expiained on the bas i s  of the Wil son plot data shown in Figure 6-7 . 
The data for set 1 ( squares )  do not follow the l inear correlation , indicat ing 
that the steam-side coefficient did not remain constant when the water · flow 
rate was varied . 

The result s  of these three sets of  experiment s suggest . that the water:-s ide 
coefficient calcul ted using the correlation of Eq . 6-5 i s  acceptable with an 
uncertainty in the range of 5% to 10%.  · As was mentioned earl ier , the effec
tive steam-side coefficient i s  calculated by subtracting the water-side and 
wal l  resi stances . 

6 . 5 . 2 . 1  Comparison o f  Steam-Side Coefficient with Musselt ' s Prediction 

To determine the overal l effects  of noncondensable gases , the effect ive steam
s ide coefficient i s  compared with the condensate coefficient calculated us ing 
the Nus selt prediction method . The results  in Table 6-4 show that the mas s
trans fer res i stance reduced the average steam-side coefficient to about 0 . 42 
to 0 . 65 of the Nus selt predictions for the three sets of experiments used for 
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the Wi lson-plot analysi s .  For a fraction of steam condensed less  than 0 . 85 ,  
assumption of an infinite mass-transfer coeffic ent would give a somewhat high 
rate of  condensation ,  but the calculat ion for the condenser area could be 
within design uncertaint ies . It should be noted , however , that a large frac
tion of steam leaves the condenser when less  than 0 . 8  of incoming steam i s  
condensed i n  the main condenser . Therefore , a uni formly distributed vent 
system l ike the one used for thi s experiment should be des igned . 

The current test unit  has parallel plates ;  therefore , the overal l  performance 
is relatively low. The open-cycle surface condenser will  have to be designed 
for enhancement (area and/or heat transfer ) on both sides . Current data for 
the steam-s ide coefficient should not be used for finned or some other kind of 
enhanced surfaces . It can be shown that the effective fin efficiency for the 
condensation proces s  could be significant ly low as a result of variat ion in 
the effe tive heat-transfer coefficient along the fin surface . The effects  of  
steam-side enhancement (axial or spiral grooves ) have not been studied for 
condensation in the presence of noncondensable gases .  

6 . 5 .2.2  Effects of Fraction of Steam Condensed 

As the fraction of incoming steam condensed in the main condenser i s  
increased ,  the effects  of. noncondensable gases should become s ignif i cant . 
Table 6-5 shows how the inlet pressure into the condenser incr ases wi th 
increased fraction of steam condensed for three water flow rates . The 
corresponding decrease in the effect ive steam-s ide coefficient i s  shown in 
Figure 6-8 . Note that for the highest  fraction of steam condensed , the vent 
condenser was inactivated by turning off R-12 flow.  

The condenser backpres sure increased rapidly as the fraction o f  incoming steam 
condensed was increased above about 0 . 85 ( Table 6-5 . )  The effective steam
s ide coefficient dropped sharply for a high fraction of  steam condensed in the 
main condenser . The water flow rate seems to have had a relatively small 
effect on the test result s ; ·  three sets of data presented in Figure 6-8 show 
comparable steam-side behavior. 
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Test Heat Balance , kW Fraction Steam Inlet Uo hs 
No . . Qe Qc Qr Steam 

Condensed 
Pressure 

(kPa ) (kw/2K) (kW/m2 K) 

Set 1 :  Water flow 44 kg/ s  

SC2 . 1R 683 532 185 0 . 74 1.53  2 . 23 6 . 53  
SC2 . 2R 553690 107  0 . 83 1. 56  2 . 12 5 . 60 
SC2 . 3R 606699 54 0 91  1 . 63 2 . 00 4 . 78 
SC2 . 4R 687 693 2 0 . 98 2 . 06 1 . 30 2 . 10 

Set 2 :  Water flow 32  kg/ s 

SC2 . 5R 727 533 144 0 . 78 1 . 63 1 .65 5 • .83 
SC2 . 6R 723 563 107 0 . 85 1 . 68 1 . 87 5 . 24 
SC2 . 7R 723 588 70 . 0 . 88 1 .  74 1 . 79 4 . 60 
SC2 . 8R 734 683 2 0 . 98 2 . 15 1 . 25 2 . 16 

Set 3 :  Water flow 55  kg/ s 

SC2 . 9  1000 767 155 0 .83 · 1 •.65 2 .38 6 . 44 
SC2 . 10 1003 808 1 19 0 . 87 1 .  73 2 . 24 5 o  52 
SC2 . 1 1 995 945 2 0 . 98 2 . 26 1 . 52  2 . 53  
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Table 6-5 . Effects of Fraction of Steam Condensed 
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Thi s ser1.es of tests demonstrated that the current test uni t ,  with no enhance
ment and no cross-flow configuration ,  should not be operated for a fraction of 
steam condensed greater than about 0 . 8  to maintain an appropriate open-cycle 
condenser pres sure . The inlet cold-water temperature for these test s  was 
about 8 . 5 ° C  Therefore , necessary corrections should be made before applying 
the test data directly to the NPPE , where the nominal inlet cold-seawater 
temperature is expected to be 6 . 1 ° C .  

6 . 5 .2.3  Effects of Inlet Gas Concentration . 

The nominal inlet gas concentrat ion in the open-cycle power system i s  expected 
to be in the range of 0 . 3% to 0 . 5% by we'ight . However , in these experiment s ,  
the inlet gas concentrations were mostly higher than normal , perhaps because 
of air in-leakage . Thi s series of tests  shows the effects  of inlet gas con
centrat ion on the main performance .  Table 6-6 summarizes the test resul t s ,  
and the steam-s ide effect ive heat-transfer coefficient i s  plotted a s  a func
t ion of inlet gas concentrat ion in Figure 6-9 . 

The last two columns of  Table 6-6 show the effective steam-s ide coeff icient 
and the average coefficient predicted by the Nus selt analys i s  as suming con
densation of pure steam. As di scus sed earlier ,  the difference in these two 
sets .of values. represents the effects of mas s-transf.er res i stance . The 
results  show that the effect ive steam-s ide coefficient drops sharply for inlet 

Table 6-6. Effects of Inlet Gas Concentration 

Test  Gas Concentration Saturation Heat-Trans fer Coefficient 
No . Inlet Outlet Temperature (kW/m2 K)( %  by wt ) Inlet Outlet Uo hs hen( aC )  ( a C )  

Set 1 :  Water flow rate 45 kg/ s ;  heat flux 1 0  kW/m2 ; fraction 0 . 95 

SC3 . 1  0 . 55 7. 09 15 . 88 15 . 3 1  1 . 85 4 . 02 8 . 7  
SC3 . 2  0 . 47 6 . 85 16 .45 15 . 87 1 . 81  3 . 89 8 . 7  
SC3 . 3  0 . 32 7 . 96 15 . 73 15 . 02 2 . 1 1 5 .44 8 . 6  
SC3 . 4  0 . 2 1  5 .46 14 . 7 1  14 . 26 2 . 22 6 . 28 8 . 8  

Set 2 :  Water flow rate 45 kg/ s ;  heat flux 5 kW/m2 ; fraction 0 . 89 

SC3 . 5  1 . 37  9 . 13 1 2 . 28 1 1 . 54 1 . 58 2 . 98 1 1 . 0  
SC3 . 6  0 . 88 9 . 95 1 1 . 79 10 .91  1 . 67  3 . 3 1  1 1 . 2  
SC3 . 7  0 . 66 5 . 29 1 1 .42 11 . 0 1  1 . 82 3 . 95 10 . 6  
SC3 . 8  0 . 56  4 . 53 1 1 . 34 1 1 . 00 2 . 0 1  4 . 97 1 0 . 9  

Set 3 :  Water flow rate 44 kg/ s ;  heat flux 5 kW/m2 ; fraction 0 . 86 

SC3 . SR 1 . 02 6 . 94 12 . 74 12 . 30 1. 70  
SC3 . 6R o . 7 1  5 . 34 12 . 39 1 2 . 08 1 . 82  3 . 94  

1 1 . 3   
1 0 . 9   

SC3 . 7R 0 . 5 7  4 . 12 12 . 33 12 . 18 1 . 86 4 . 09 1 1 . 0   
SC3 . 8R 0 . 47 3 . 02 12 . 10 12 . 0 1  1 . 99 4 . 84 10 . 5   
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gas concentrat ion greater than 0 . 2  by weight . Therefore , the fract ion of 
steam condensed in the main condenser should be kept low--even at low inlet 
gas concentrat ion--to design the condenser using the Nus selt prediction 
method . In-· addi tion ,  the vent system should be s imilar to that in the present 
des ign to allow for uniform exi ting of the remaining steam and gas mixture . 

6 . 5 . 3  with Predictions 

In general , the open-cycle surface condenser will be des igned by integrat ing
the local heat- and mas s-balance equations for a given set of geometry 
parameters of the condenser . Therefore , compari son of the experimental rate 
of condensation and outlet conditions wi th theoret ical predictions--including 
axial variations--is  an important step . It was mentioned earl ier that the . 
rate of condensation for the main unit was measured at three axial points ;  and 
out let conditions , i . e . , pres sure and temperature , were also measured . The 
experimentally measured parameters were directly compared wi th the theoret ical
predictions . The analysi s  used to predict the surface condenser ' s  performance 
was described earlier . · 

6 . 5 . 3 . 1  Detailed Analysis  of Two Test Runs 

To understand the theoretical analysi s ,  the results  for two test runs , 
including predi cted temperature and local heat-flux profiles , are di scussed in 
detail . Figure 6-10 shows inlet /outlet conditions and predicted parameters 
for test runs SCl . 5 and SCl . 8 ,  which had low and high water flow rates . Note 
that the total and local rates of condensation were measured separately;
therefore , they may or may not agree . Analys i s  predicted 2% and 5% higher 
rates of condensation , respect ively. The local rates of condensation from 
three sections were predicted wi thin acceptable uncertainties . The predicted 
rate of condensation for the cold-end section was 8% to 10% higher than were 
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the experimentally measured values . The rates of  condensation for the other 
two sections were predicted within 5% . Note that the rate of condensation for 
the cold end for test run SCL 5 was about 2 .  7 times that for the warm end ; 
thi s i s  because of the larger change in the cold water temperature than that 
for test run SC1 . 8 ,  for which the value is about 1 . 7 .  

Figure 6-10 shows the distribut ion o f  water temperature for the two test runs 
di scussed above in the form of tabulated numbers . The result s  clearly indi
cate the spatial variation of the water temperature and steam-side conditions . 
Therefore , a two-dimens ional integration must be carried out to obtain an 
accurate calculation of the axial rate of condensation and the effects of 
uni form vs . nonuniform venting systems . Note that the coolant temperature
shows a gradient at the outlet , which makes the cross  flow less  efficient than 
the counte.rcurrent flow in terms of thermal effectiveness and proper use of 
cold water . A multipass  condenser generally corrects  this problem. 

Figure 6-1 1 shows the di stribution of the heat-flux rat io , which i s  defined as 
the ratio of actual heat flux to that with an infinite mas s-trans fer coeffi
cient . It impl ies that the interface temperature is the same as the bulk 
saturat ion temperature . The ratio repre.sent s a quantitat ive parameter for 
reduction in the temperature driving force caused by mas s-transfer res i s
tance . A very low value of thi s rat io in a spec ified region of  the condenser 
indicates that noncondensable gases have built  up as a result of low steam 
flow caused by impropet:' venting or inlet steam distribut ion.  Again , the 
multipass  condenser should facil itate uni form inlet steam distribut ion ·and 
minimize possible buildup of noncondensable gases .  In the main condenser , the 
heat-flux ratio. is high if the fract ion of incoming gas i s  kept low. However ; 
it  i s  essential to predict the performance by integrat ing the heat- and 
mas s-balance equati on as discus sed above . In that case uncertainty in the 
calculat ion of the mas s-transfer coefficient would have an insigni fi cant 
effect on the prediction of overall  performance . 

6 . 5 . 3 . 2  Comparison o f  Rate of Condensation . 

In Figure 6...;12 , the measured rate of col)densation for all test runs i s  com
pared with predictions . In most  cases the predicted rate of condensation was 
wi thin about 5 % .  In general , the rate was somewhat higher than that in the· 
experimental resul t s . It  i s  difficult to determine the exact parameter that 
might give a higher predicted rate of condensation .  Figure 6-12 includes 
resul ts  from all test runs ' wi th wide variations in water flow,  heat flux , 

·s team pressure , and inlet saturation temperature . Other parameters , e . g . , 
fraction of steam condensed , water inlet temperature , and inlet gas concen
trat ion , could not be varied over a wide range because of naturally limi ting 
conditions . 

Figures 6-13 , 6- 14 , and 6-15 show the local rates of condensation for the cold 
end , midsection ,  and warm end of the condenser , respectively. Most  data point s 
l i e  within 5% uncertainty bands .  In general , the predicted rate of conden
sation for the cold-end section was somewhat higher than were the experimen
tally measured values . The opposite  i s  true for the midsection ,  while the 
warm-end section shows scatter of the data points on both s ides of the curve . 
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Test Run SC1 .5 Test Run SC1.8 
Water Flow: 20.3 kg/s Water Flow: 51  .2 kg/s 
Steam Temperature: 1 6.9°C Steam Temperature: 1 2.rc 

Water Inlet Water Inlet 

0.99 0.99 0.99 0.99 0.99 0.98 0.98 0.98 0.98 0.98 

0.97 0.98 0.98 0.98 0.98 0.95 0.95 ' 0.95 0.96 0.97 

0.92 ·o.94 0.96 0.97 0.97 0.88 0.90 0.92 0.93 0.94 

0.85 0.90 0.93 0.95 0.96 0.82 0.85 0.87 0.89 0 91 

0.70 0.77 0.83 0.87 0.91 0.64 0.68 0.71 0.75 0.78 

Figure 6-11 .  Profiles for the heat-flux ratio (actual to that 
assuming infinite mass-transfer coefficient ) for the main condenser 
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The key test of the analys i s  is  whether it  can predict the variat ion in the· 
rate of condensation along the length of the condenser . The prediction i s  
directly related t o  the method o f  calculating inlet steam distribution ,  taking 
into account the uni form venting system. . A compari son of  the rlltes of  con
densation for the three sections indicates that the analysi s  is able to· 

predict the performance of the cross=flow condenser .  However , the heat
transfer surface of the present test unit is not enhanced , and the fract ion of 
s team condensed was kept lowe  Therefore , the analysi s  cannot eas i ly be 
extended to those conditions without further val idation of the preqiction 
methods .  Nonetheles s , the experimental data and the analysis  provide key
technical information that can be used for designing a prototypical surface 
condenser for the NPPE or another integrated open-cycle power system.  

6 . 5 .3.3  Ste Side Pressure Drop 

As was mentioned earlier ,  the steam-s ide pres sure drop for the main condenser 
was small . Figure 6-16 shows data for all test runs and predicted values as a 
function of. inlet steam mas s  flow rate .  The experimental measurement s  indi
cated a slight gain in pressure (negative experimental pressure drop ) ;  how
ever 9 although posit ive , the predicted pressure drop i s  relat ively small and 
i s  within the uncertainty of  the differential pressure measurement . Fot: the 
purpose of practical design ,  the steam-s ide pres sure drop for the main con= 
denser can be neglected . 

6 . 5 . 4  Overall Performance of Verit Condenser 

The overall performance of the vent condenser i s  evaluated in terms of thermal 
effectiveness . In this approach, an average value of inlet and outlet satura
tion temperature for the refrigerant R-12 i s  used . However, the outlet 
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refrigerant vapor was superheated for most experiments .  As a result , the 
thermal effectivenes s  was lower than researchers had originally predicted . 
The vapor superheat was calculated by taking the difference of refrigerant 
saturation temperature ( calculated us ing measured pressure at the outlet ) and 
out let vapo.r temperature . Figure 6-17 shows the effects  of refrigerant vapor 
superheat on the thermal effectivenes s .  The test data points selected for 
thi s  plot .have other parameters ( e . g . , inlet and outlet saturat ions ) that 
remained relatively constant . Table 6-7 summarizes the test conditions . 

At vapor superheat below about l ° C ,  thermal effectiveness  was in the expected 
above about 5 ° C .  For most  ven -condenser test runs , the vapor superheat was 
high. Therefore , the effects of test parameters on the performance cannot be 
quantitatively determined using the present set of data . Attempts were made 
to control the refrigerant condit ions ; however , it  was diff icul t to control 
the vapor superheat with the present control system.  

In general , the following observations should be considered regarding the vent 
experiment s :  

• 	 For mos t  test runs , the inlet dewpoint sensor did not function properly.  As 
a result , the gas mas s  balance calculated using the vacuum pump capaci ty 
cannot be cross  checked . 

• 	 The rate of condensation was not measured directly. Therefore , the rate of 
heat transfer was based on heat balance on the refrigerant s ide . 

• 	 The condensation flowmeter for the main condenser was not functional during 
these tests  , and strip-chart recorder output was used to calculate the 
overall steam mas s  balance . 
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Table 6-7 . Summary of Test Conditions to Evaluate  
Effects of Refrigerant Vapor Superheat  

Test  
No . 

Refrigerant 
Heat 

Balance 
(kw) 

Steam Saturation 
Temperature 

Inlet Outlet 
( "  C )  

Refrigerant
Vapor

Superheat
( " C )  

Steam-Side 
Thermal 

Effectiveness  

SC5 . 2  82 1 2 . 42 8 .  76 7 . 25 0 . 58 . 
SC5 . 3  76 12  . 28 8 . 84 10 . 5 7  0 . 3 7 
SC5 .4  63 12  . 47 9 . 66 4 . 06 0 .  67  
SC6 . 1  61 12 . 38 8 . 56 0 . 69 0 . 83 
SC6 . 2  60 12 . 07 9 . 07 7 . 73 0 .47 
SC6 . 3  48 12 . 23 9 . 93 5 .  54  0 . 5 1  
SC6 . 3R 55 12  . 14 9 . 64 5 .  03  0 . 5 7  

Although i t  was difficult to maintain low refrigerant-vapor superheat and 
required steam-side . conditions , experiments were conducted to determine the 
qualitat ive effects of key parameters . The major parameters studied were 
inlet steam velocity and steam saturation temperature at inlet and out let 
( i . e . , gas concentration) . Because of higher values of  the refrigerant vapor
superheat and corresponding lower refrigerant-s ide heat-transfer coefficient , 
the tliermal effectiveness  was relatively insensit ive to  the change in param
eters . The results  are not presented here because no definite conclusion can 
be drawn for the quant i tative effects of test parameters . However , the raw 
data are included in Appendix B for future reference and pos s ible use of  the 
data for reanalyzing them us ing a better method . The exi sting methods for 
calculating the refrigerant-side heat-transfer coefficient are not adequate 
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for accurately calculating the steam-side coefficient , especially for condi
tions under whi ch the vent condenser was operated in the HMTSTA. In con
clusion ,  the vent condenser provided the service by maintaining the steam/gas 
mixture mas s  flow within the vacuum pump capacity and allowed researchers to 
control test conditions for the main condenser . However , a better method of 
analyzing the test data is required because of the problem of controll ing test . 
conditions  

6 . 6  OOBCLUSIOBS 

• 	 The test data for the main condenser val idated the prediction method for the
cros s-flow configuration for unenhanced parallel-plate condenser geometry . 

• 	 The di stributed vent system used for the main condenser seems to have main
tained uni form d i stribut ion of steam without caus ing buildup of noncon
densable gas in a confined area of the condenser . 

• 	 The vent condenser performed poorly., Difficulty as sociated with controll ing 
the refrigeration system may have caused or s ignificantly contributed to the 
poor performance .  

• 	 The gas-side mas s  balance was difficult t o  cro s s  check; therefore , a large 
uncertainty could exis t  in calculations of the noncondensable gas concen
tration .  The effects o f  this uncertainty probably had minimal effect on the 
analys i s  of the main condenser because the fraction of noncondensable gas i s  
small in this stage . Instead , the vent-condenser data analys i s  needs an 
accurate calculation of the gas flow rate ,  because noncondensable gases are 
concentrated in this stage . 

• 	 The steam-side pressure drop measured for the main and vent condensers i s  
small .  

6 . 7  APPLICATIOB OF DATA TO BPPE DESIGB 

In NPPE des ign ·guidel ines , 10% of the total steam generated in the evaporator 
would be condensed in the surface condenser to produce desal inated water . But 
power consumption for desal inated water production wi ll  not be incorporated in 
the calculati on of net power . Current experimental data and the theoretical 
analys i s  are being used to generate design speci fications for the test unit to 
be used in the NPPE system, which may first be tested in the, HMTSTA. Major 
des ign specifications for the test unit  are summarized in Table 6-8 . The test 
uni t  contains th  prototypical flow channel and mul tipass configurations . Such 
configurations should be of low cost and should provide an efficient surface 
condenser for OTEC appl ications . 

The current analysi s  is used to predict the thermal performance of thi s test 
unit .  In addition , a uni formly di stributed vent system s imi lar to that 
installed for the main condenser wi ll be used . It i s ,  however , neces sary to 
extend the analysi s  to the mul tipas s system and the finned surface . The 
condensation proces s in the presence of  noncondensable gases on the finned 
surface i s  complicated by temperature di stribution Jn the fin , and i t  i s  thus 
difficult to calculate effective fin eff iciency. Analys i s  for the mul tipas s 
condenser onfiguration requires an iterative computational method to match 
water temperatures between pas ses . 
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Table 6-8 . Preliminary Specifications for the Tes t  Uni t   

Parameters 	 Value  

Material Aluminum AL-606 1  
Water channel Extruded ( 12 . 7  o r  16-mm square 

channel s with rounded corners ) 
Steam channel 

,, 

Finned surface with varying f in 

density for 3 pas ses 
Assembly method Brazing 
Number of water pas ses 3 
Length 1 . 5  - 2 . 5 m 
Height 1 . 8  - 2 . 7  m 

6 .8 FURTHER RESEARCH NEEDS 

I t  i s  recommended that analys i s  for the surface condenser be validated for 
finned and/ or enhanced steam-s ide and for a multipass  flow configuration on 
water-side . It  may be pos s ible to integrate main and vent condensers if a 
multipas s condenser i s  used . 

, 

If  additional tests are considered for the vent , condenser , they should be 
planned with the following modifications to the HMTSTA equipment : 

• 	 Necessary system modifications should be made so that the refrigeration 
system can be operated at vapor superheat of les s than 1 ° C .  Alternat ively, 
the system could be modified to operate the vent condenser with recircu
lating fresh-water coolant . Fresh water in turn could be cooled with either 
cold seawater or refrigerant R-1 2 . 

• 	 Temperature sensors should be installed along the condenser ' s  length .  If  
pon ible , wet-bulb or  dewpoint sensors should be installed at  two or  three 
locations to determine the axial rate of condensation .  Uncertainty in the 
analys i s  could be s ignificantly reduced i f  the axial saturation temperature 
for the steam/gas mixture were known . 

• 	 Necessary steps should be taken to obtain accurate gas and steam mas s  
balances . 

The Colburn analysi s  should be validated for the laminar flow conditions . 
Specifically, the effective heat- and mas s-transfer approach should be 
experimentally validated . 
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7 . 1  NOMENCLATURE 

Abbrev.  

m 
p 
R 
T 
v 

Q 
x .l 

cw 
FW 
g 

0 

s 
sat 
SW 
ww 

w 
* 

1 
2 

exh 

Units 

specific  heat kW/mK 
fraction of steam condensed 
steam loading 
Jakob number ( Eq .  7-2 ) 
latent heat 
liquid loading 
mas s  venting ratio (Eq .  7-4 ) 
molecular weight 
mas s  flow rate kg/ s 
pres sure 
universal gas constant kJ/kgK 
temperature 
vent ratio ( Eq .  7-3 ) 
volumetric flow rate 
mas s  fract ion of noncondensable gas ( inert s )  
thermal effectivenes s  (Eq .  ·7-1 ) 
pres sure drop across  condenser stage Pa . 

cold water 
fresh water 
gas mixture 
in ; inerts 
out 
s team 
saturation 
seawater 
warm water 
water, seawater 
equi l ibrium value for seawater 
first stage 
second s tage 
exhaust  
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7.2  BACKGROUND 

The direct-contact condenser (DCC ) i s  a chamber in which the steam emanating 
from the turbine is  exposed directly to cold seawater for condensation .  The 
seawater i s  distributed over· packing material that has a large surface area 
per uni t  volume so that the steam encounters a large seawater surface on which 
to condense .  The condensate flows out o f  the chamber wi th the warmed 
seawater . The rioncondensable gases , introduced with the steam and liberated 
from the cold seawater , are exhausted to ambient through a vacuum pump system. 

Extensive work has been carried out at SERI to develop a DCC for OC-OTEC 
applications using structured packing . The main advantage of the DCC i s  i t s  
abi l1ty to  handle large quantities of  low-density steam and noncondensable 
gases in a compact volume and without a large pressure drop. Random and 
structured packings have been used in industry ,  primarily as gas /l iquid 
contacting devi.ces for mas s  transfer in chemical-process ing industrial 
applications . 

In typical OC-OTEC operating conditions , cold seawater enters the chamber at 
about 6 ° C ,  and the saturation temperature of .  the incoming steam i s  about 12 ° C .  
Because the steam i s  expo sed directly t o  the seawater , the seawater exi t s  a t  a 
temperature that is  very close to the steam inlet saturation temperature ( the 
difference i s  on the order of 0 . 5 ° C ) . The noncondensable gases released from 
the warm seawater in the evaporator amount to approximately 19 ppm ( see 

·Chapter 5 ) ;  and a small  quant ity of additional gas i s  introduced by system 
leaks . These two sources · account for a noncondensable-gas concentration in 
the steam of  about 0 . 3% by weight . In addition , most  of the noncondensable 
gases present in the cold seawater (about 19 ppm of the cold seawater ) also 
come out of  solution during the condensation process .  Al l these gases must  be 
pumped out of the condenser to maintain operating pres sure ; their proportion 
in .the exhaust flow i s  general ly 40% to 70% , depending on operat ing con
ditions . The tests  were conducted over a broad tes t matrix typical of poten
tial  OC-OTEC operating conditions . 

7 . 2 . 1  Data 

Literature about direct-contact condensation i s  l imited . No comprehensive 
treatments are available for direct-contact applications to des ign and analyze 

·industrial and power systems , as are available for surface condensers . The 
mos t  conunon techniques used by industry in direct-contact gas to l iquid heat
transfer proces ses are the liquid-spray column and the baffle-plate column . 
Methods of designing these devices and comparisons of their performance are 
given by Fair ( 196 1 ,  1972 ) .  Thermal effectiveness  attained has been in the 
range 0 . 6  to 0 . 7 ,  generally with large pressure drops through the condenser . 

Packed columns have been used in industry for appl,ications that require high 
heat and mas s  transfer in small volumes . Unti l  recently, the columns were 
packed wi th randomly distributed structures such as Pall rings and Berl 
saddles that served to distribute the l iquid and resulted in complex flow 
pat terns with as sociated large pres sure los ses . More receptly, structured 
packings have been introduced , especially for use in industrial cool ing 
towers . In the structured packings , the Liquid i s  distributed over an ordered 
series of incl ined sheets  made of plastic , metal , or wire mesh. Although the 
cos t  per unit  volume of structured packings i.s somewhat higher than the cost 
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of the more traditional packings ,  they yield a low ratio of pres sure drop to 
heat- or mas s-transfer coefficient per uni t volume ( Bravo , Rocha , and Fair 
1985 ' 1986 ) .  

An intens ive program to test direct-contact condensation was initiated at SERI 
in 1983 . Tests  conducted with a mult itude of both random and structured 
packings us ing fresh water ( Bharathan , Parsons , and Altho£ 1988 ) have yielded 
valuable informat ion on how these devices operate in the low-pres sure , high
noncondensable-gases environment typical of  OTEC conditions . Structured 
packings were found to provide very high thermal effectivenes s ,  up to 0 . 93 , 
for contactor heights less  than 1 m. With low pres sure drops , they routinely 
yielded more than 98% condensation of the steam. These are the packings of 
choice for OC-OTEC applications . 

7 . 2 . 2  Models 

Detailed computer model s were developed at SERI ( Bharathan, Parsons , and 
Altho£ 1988 ) ,  and laboratory data us ing fresh water were used to extens ively 
validate the model s  over a broad range of parameters typical of potential 
OC-OTEC appl i cations . These model s are one-dimensional , steady-state 
analytical model s that cal.culate the heat- , mass- ,  and momentum-transfer 
prdces ses occurring in a condenser with str ctured packing , in both cocurrent 
and countercurrent flows . The model s are based on the heat- and mas s-transfer 
analogy (Colburn "and Hougen 1934 ) and employ establi shed correlat ions for heat 
transfer , mas s  transfer , turbulent w.ater film flow over an inclined plane , and 
gas flow friction  The evolution of noncondensable gases from the water film 
i s  treated as a diffusional proces s .  

The cocurrent model integrates the process differential equat ions in the 
direction of gas and l iquid flow.  In the countercurrent condenser , the l iquid 
enters at the top and the gas mixture enters at the bottom.  The counter
current model integrates through the process equations by marching from bottom 
to top ,  using calculated conditions for the water outlet .temperature at the 
bottom. The integrat ion i s  repeated using efficient iteration schemes until  
the calculated water conditions at  the top of the countercurrent condenser 
match the speci fied inlet water conditions . These model s  are written in 
Turbo-Pascal language and can be used on standard IBM or compatible personal 
computers .  

These condenser model s were modi fied to predict DCC performance with seawater . 
A new set of physical properties for seawater was incorporated , as di scus sed 
in Sect ion C . l  of Appendix c, and the calculation of temperature at the 
interface between seawater and gas mixture was modified . The heat-transfer 
calculat ions maintain consistent temperatures in the liquid and gas phases 
separately , whi le the mas s-trans fer calculation considers the equil ibrium 
saturation pres sure for seawater . 

7 .2 . 3  of the Tests 

The specific objectives of tes t s  reported in thi s , chapter were to ( 1 )  estab
l i sh the seawater performance of DCCs operatirig at OC-OTEC conditions , 
( 2 )  quantify . the effect of principal parameters influencing component per
formance ,  ( 3 )  val idate the DCC computer model s ,  and (4 )  generate data for use 
in the design of a net power-producing experiment (NPPE) in which net power 
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wi l l  be produced for the first time us ing OC-OTEC technology . These 
object ives were met succes sful ly, and the results  are summarized here . 

7 . 2 . 4  Direct-Contact Condenser Data 

The DCC tests  reported · here were conducted from December 1988 to May 1989 
us ing the Phase II configurat ion of the HMTSTA system ( see Chapter 2 ) .  Data 
col lected are shown in Section 8 . 3  of Appendix B ,  which includes nomenclature 
describing the symbols used for the data column . These label s are also used 
in the di scussion below. Each l ine entry represents a data point , ident ified 
by the date and a subset number . Each data point ( l ine ) refers to · one set of 
condit ions at steady state . Several conditions were tested each day . Many 
parameters and redundant data . collected during the tests  are not shown in 
these  summary data tables . However , al l performance parameters can be calcu
lated using the values shown therein . 

· 

For reference; the data presented were obtained during tes .t s  conducted during 
the following periods : 

• 1 2 / 1 /88-2/27 /89 ( side-by-side )  
• 3 /2/89-3 / 1 7 /89 and 4/13 /89-4/27 /89 (coaxial ) .  

Some discrepancies were noted among the early data , and several tests were 
repeated . Therefore , not all the data collected before January 1989 are shown 
in the appendix. The data tables note cases in which two temperature sensors 
were used to obtain the required temperature difference . because of 
d i f ficulties  with the differential temperature sensors . 

7 .  3 DCC OPERATIOB ABD PERFORMANCE PARAMETERS 

The performance of each of the two DCC stages ( see Figures 2-7 and 2-8 ) i s  a 
complex" function of  l iquid and steam loading , inlet noncondensable-gas 
concentration ,  gas release from the cold seawater , saturat ion temperature , 

·exhaust pressure , and geometry ( Bharathan , Parsons , and Altho£ 1988 ) .  Two 
parameters used to describe the thermal performance of each stage are the.
thermal effectiveness  and the Jakob number ;  these parameters can also be 
appl ied to the overall condenser performance by selecting average water 
temperatures . The overall exhaust  performance of the condenser unit  can be 
described by the vent ratio . The hydraulic  los ses incurred providing water to 
the condenser are described by overall hydraulic-loss  coefficients that incor
porate al l losses in the supply and discharge pipes , as configured at the 
HMTSTA. 

7 . 3 . 1  Thermal Effectiveness  

The thermal effect iveness  of each stage compares the temperature difference 
observed in the seawater as it pas ses through that stage wi th the total 

·avai lable temperat.ure driving potential , and i s  expres sed as 

( 7-1) 

.Here , T
* 

si  1 s  the seawater temperature ( i f  operat ing with seawater ) that i s  in 
equil ibrium wi th the steam entering each stage . At typical condenser 
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pres sures , thi s effective temperature i s  0 . 28 ° C  higher than the corresponding 
fresh-wat-er saturation temperature . The theoretical l imit E = 1 represent s 
ideal use of the temperature driving potential , in the absence of noncon
densable gas .  Note that , at given inlet conditions , the temperature driving 
potential i s  larger when operat ing with seawater than when operat ing with 
fresh water . The overal l  thermal effectivenes s  is expres sed in the same form 
as Eq . 7-1 ,  us ing the average water temperature rise in the two stages and the 
inlet steam . temperature into the first stage . 

7 .3 .2 Jakob Number 

The Jakob number describes the minimum· amount of water needed to condense the 
desired amount of · incoming steam,  given a certain driving potent ial : 

L (Tsi - Twi )Ja = G hfg 
( 7-2 ) 

Typical ly, i t  i s  des ired to condense only 80%-90% of the steam in the first 
( cocurrent ) stage , and the remainder in the second stage . Therefore Ja1 is  
less  than one , while i s  greater than one . If  either stage were to be used 
alone , .the theoretical of Ja1 would be 1 . 0 .  

7 .3.3 Vent Ratio 

When noncondensable gases are introduced into the· system by leaks and by
desorption from the process water , a venting system must  be used to remove 
them and maintain the operat i g pressure . Under thes.e conditions , a quantity 
of steam must  also be exhausted wi th the noncondensable gas .  Thi s  i s  typi
.cally 50% or more of the total exhausted gas . The vent rat io compares the 
ideal volumetric flow out of the condenser to the actual quantity of gas
removed . The ideal ( smallest ) volumetric flow rate requires both a condenser 
with zero pres sure losses and one in which the steam reaches the minimum 
pos sible partial pres sure ( the saturation pres sure at the inlet water temper  
ature ) .  Thi s  provides the highest noncondensable gas partial pressure at the 
outlet . For calculation of the ideal and actual volumetric flow rates , the 
total static  pres sure at the outlet of the condenser can be expres sed in terms 
of the total stat ic pressure at the inlet of the condenser minus the total 
pres sure drop incurred in the condenser stages . The partial pres sure of 
noncondensable gases can be expres sed in terms of thi s overall outlet pressure 
minus the saturation pres sure of the · steam at the out let of the condenser . 
Thi s  gives the ideal and actual flow rates as 

Qideal  '[ Pin , l  - Psat (Twi , 2 )  

Qreal = ' ê
[ Pin , l  - EAP - Psat < Tso , 2  ) ]  MWi  

giving the vent rat io as 

+ 273 . 15 )  
• ( 7-3 )(Tso , 2  + 273 . 15 )  
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The ideal case i s  recovered when both I:fiP  = 0 and T = giving V = 1 ;so 2 Twi 2 ,' real condensers operate at V < 1 ,  implying that more steam ts exhausted with 
the noncondensable gases than . the theoretical minimum. This volumetric per
formance parameter i s  typically used to s ize positive-displacement vacuum 

·systems operating at the low pres sures encountered in OC-OTEC appl icat ions . 
It can readily be converted to mas s  flow rates as 

Psat (Twi , 2  ) ( 7-4 ) Psat 
. 

which i s  more commonly used for conventional power-plant vent systems . 

7.3.4  Fraction of Steam Condensed 

The fraction of  steam mas s  condensed in each stage i s  the product € x Ja 
calculated for that stage : 

L f�TcwF = ( 7-5 ) Ghfg 

where the appropriate values of l iquid and steam loading and temperature rise 
are used for each stage . The overall fract ion condensed i s  expres sed as [ F1 + 
( 1-Fl ) F2 ] . 

7 . 4  TEST-SPECIFIC EQUIPMENT ARD INSTRUMENTATION 

The following secti ons summarize the equipment and instrumentation specifi:.. 
cally reqtiired for tes t s  on the DCC or special operating procedures for other 
components needed to provide the inlet conditions required . These items were 
mentioned in Chapter 2 .  

7 .4 . 1 Addit;ional Needs 

During the DCC tes t s , a single evaporator spout was used wi th a diameter of 
either. 0 . 20 or 0 . 25  m,  depending on steam conditions required . Steam flow 
from the evaporator ranged up to 0 . 5  kg/ s .  Desorption of noncondensable gases 
(mainly oxygen and nitrogen released from the warm seawater) i s  a function of  
warm-water flow rate at a constant evaporator pressure . Production of steam 
i s  a funct ion of warm-water flow rate and water temperature difference in and 
out · of the evaporator . Therefore , the ratio of  these two quant ities  i s  an 
inverse function of  the temperature difference between the incoming and 
outgoing warm seawater , independent of the warm-water flow. At nominal 
evaporator condit ions , a typical value for the noncondensable-gas inlet 
concentration is 0 . 33% , unless gas is purposefully injected into t e evapo
rator or a large leak i s  present . Warm-water flow rate and evaporator chamber 
pres sure can be set independently to provide the required steam and noncon
densable gases o The desired pres sure at the inlet to the DCC i s  set by
adjusting the pres sure drop through a butterfly valve in the steam duct 
between the evaporator and the inlet to the condenser . 
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In the first ( cocurrent ) stage , the steam flows vertically down , in the same 
direction as and in direct contact with the cold seawater . In the second 
( countercurrent ) stage , steam remaining from the first stage i s  condensed by 
flowing upward in a direction oppos ite to the flow of cold seawater . Both 
stages contain commercially available structured packing which i s  made of 
corrugated , slanted sheets of plastic  that present a triangular cro s s  section 
to the seawater and steam (Bharathan , Parsons , and Altho£ 1988 ; Parsons et al . 
1989 ) .  The Munters CF-25060 structured packing used at the HMTSTA has an 
effect ive surface area per unit  volume of 98 m2/m3 • The packing i s  compo sed 
of stacked 0 . 15-m-high sect ions . Each i s  rotated in the horizontal plane wi th 
respect to the others to have a different flow channel orientation in each 
section .  

Two configurations were tes ted for the DCC assembly: on:e wi th two smal l 
stages s ide by s ide and one - with larger coaxial stages . The first geometry 
was selected because it enabled test s  wi th seawater that were closely related 
to the tests conducted at SERI with fresh water ; the second was selected 
because i t  used _all the steam available from the evaporator in a configuration 
that may be more representative of larger OTEC systems . These two configu
rations are shown in Figures 2-7 and 2-8 of Chapter 2 .  

2The packing planform areas o f  the first (cocurrent ) stage are 0 . 43 m and 
1 . 02  m2 for the s ide-by-side and coaxial configurations , respectively  tl:i.e 
packin  planform areas for the second ( countercurrent ) stage are 0 . 15 m and 
0 . 34 m , respectively . The structured packing heights tested and the overaLl 
freefall heights are shown in Table 7-1 .  The freefall height includes the 
height above the packing , in which water i s  di stributed over the packing , and 
the height below i t ,  in which the uncondensed steam from the first stage turns 
around and enters the second stage . Vi sual observat ion of these areas shows 
that the water flow i s  broken up into droplets or thin filament s .  

Several systems of water distribution were tested for the cocurrent stage , 
which requires good water di stribution with minimal blockage of the steam flow 
path. In the s ide-by-s ide configurat ion ,  by varying the rotational speed of 
vanes ins ide a motorized nozzl e ,  horizontal spread of the seawater over the 

Table 7-1 . Direct-Contact Condenser Configurations and Heights Tested 

Stage First  ( Cocurrent ) Second ( Countercurrent ) 

Symbol Type Packing
Height 

(m) 

Free fall 
Height 

(m) 

Packing
Height 

{m) 

Freefal l 
Height 

(m) 

@
+ 
I 
+ ' 
s 

X 

Side-by-s ide ( SS )  
SS ( fresh water only) 
ss 
Coaxial ( CX)  
ex 
SS (at SERI , fresh) 

0 . 91 
0 .  61  
0 . 61 
0 . 6 1 
0 .  6 1  
0 .  61  

1 .  63  
1 .  63. 
1 . 16 
1 . 02 
1 . 02 
1 . 24 

O c  9l 
O o 6l  
0 . 6 1  
0 . 6 1  
0 . 91  
0 .6 1  

1 . 22 
0 . 92 
0 . 92 
1 . 04 
1 .  3 5  
0 .  91  
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packing planform area was obtained . Thi s distribut ion system i s  not at all 
typical of potential OTEC appl icat ions . However , a broad range of flow rates 
could be tested by adjusting the spray pattern for each flow rate to control 
the evennes s  of the seawater distribution at the top of the packing . A more 
typical distribution system (water distributor A in Figure 2-8 ) was used for 
the coaxial configuration .  Here , 12 Munters nozzles (Dek-Spray , 8 turbolators 
76-mm diameter ) were used , equally spaced around the annular condenser stage 
and centered on the packing . The spray area for each nozzle was about 
0 .3 3  m x 0 . 3 3  m, providing for some overlap in the spray areas . These two 
systems provided both the needed geometrical flexibility for all tests  envi
sioned , and good water distribution ,  but at the expense of high hydraul i c  
los ses . Note that in both systems , the ·cold seawater reached a height 0 .  7 m 
above the top of the packing before descending into the dis tribution nozzles . 
Once the tests  requiring large variations of flow rate were completed , a more 
representative water distribution system with lower hydraulic  losses was 
tested , as wil l  be described later . 

Quanti tative measurements  of the water di s tribut ion pattern were made at the 
SERI laboratory before the distributors .were shipped to Hawaii  , and they were 
not repeated on site .  vi sual observat ion was used to quali tatively charac
terize the spreading at .the HMTSTA. In a "good" water distribut ion , the 
seawater. O!l top covers the entire packing and the seawater exi t ing at the 
bottom i s  evenly di stributed over the whole planform area of the stage . In a 
"poor" water distribut ion ,  the water on top only covers part of the packing , 
but i t  s t i ll  exits  fairly evenly from the entire bottom of the stage , having
been spread out by the · packing itself . "No" distribution means that the 
motorized nozzle was off and the seawater s imply was discharged from a ver
t i cal 0 . 1-m-diameter pipe onto an area 0 .  74 m in diameter , wi th the packing
providing the only spreading . 

The last cocurrent water distribution system tested , shown at the right in 
Figure 2-8 ,  - consists  of 12 vertical pipes 5 1  mm in diameter that pas s  through
the packing and discharge the cold seawater 0 . 15 m above the top of the 
packing . The same annular water distributor used with the 12 nozzles was 
relocated below the condenser stages and supplied the pipes . .  The spray 
pat tern from the top of these vert ical pipes does not resemble qualitatively 
that from the evaporator spout , because the water i s  not shattered by the 
flashing process .  Apparently, however,  release of noncondensable gases from 
the cold seawater causes i t  to spread farther horizontally than it  would in a 
conventional fountain.  The area coverage ·for each pipe had a diameter of 
about 0 . 33 m. Thi s vertical pipe di stributor is s impler and it  provided 
pres sure losses two to three times lower than those observed in the other 
configurat ions tested . 

Water distributi-on to the countercurrent cond.enser stage i s  straightforward 
under al l flow rates ,  because so l i ttle gas i s  left  flowing out of i t .  As. i s  
shown i n  Figures 2-7 and 2-8 , the water distribution system cons i s t s  o f  a 
supply pipe discharging onto a perforated water tray which contains a few 
verti cal vents .  The system provides excellent water distribution just above 
the packing , wi th small hydraulic losses • .  

Three water types were tested a t  the HMTSTA. The mode o f  operation i s  shown 
schematical ly in Figure 2-9 iri Chapter 2 .  In open-loop operation ,  "normal" 
seawater was received directly from the Natural Energy Laboratory of Hawai i 
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(NELH ) ,  piped through the equipment , and discharged . In addition ,  fresh water 
and deaerated seawater were tested while operat ing in a closed-loop mode 
( Parsons et al . 1989 ) .  In thi s mode ,  the desired fluid i s  stored in the 
supply and d i scharge sumps and recirculated through the condenser ves sel . 
Continued exposure to the low pres sure in the DCC deaerates the closed-loop 
fluid to near-equilibrium concentrat ions of noncondensable gases within about 
an hour . In the closed-loop mode , the heat of condensation i s  transferred to 
the cold ,  external seawater flow us ing a secondary plate heat exchanger . Thi s 
i s  a commercial unit , Tranter Superchartger UX-216-HP-164 , wi th 164 t i tanium 
plates and 60 . 7-m2 heat-transfer area , rated at 633 exchanged . Closjd
loop fluid was circulated on one s ide up to 0 . 022 m3 / s ,  up to 0 . 025  m / s
o f  cold seawater from NELH flowed through the other side and was discharged . 

The maximum heat exchange capability of the Tranter unit  i s  equivalent to 
condensation of 0 . 26 kg/ s  of steam; therefore , the tests in closed-loop mode 
were only conducted in the side-by-side configuration .  The fresh water 
produced was drained cont inuously out of the sumps and discarded to maintain 
constant operat ing levels .  

· 
7 .4.2  Instrumentation 

The DCC test instrumentation i s  shown schematically in Figure 7-1 for the 
s ide-by-side conf igurat ion ;  it  i s  s ituated virtually at the same po sit ion for 
the coaxial configuration.  cons i s t s  primarily of matched RTD probes for 
differential temperature diaphragm capacitance transducers for 
absolute and d:Lfferential pres sures as well  as liquid level s ,  and magnetic and 
vortex-shedding flowmeters for l iquid flows (Parsons et al . 1989 ) .  T i s  
instrumentation i s  supplemented by other HMTSTA operational instrumentation ,  
a s  described in Chapter 2 .  Al l ·  test instrumentation was cal ibrated a t  the 
SERI Metrology Laboratory or by the manufacturer just before the side by-s ide · 

tests  and recal ibrated in the same manner during the coaxial tes t s . A 
concerted effort was made throughout the test period to verify that all 
instrumentation was working properly, to compare redundant measurement s ,  and 
to maintain a regular schedule for recal ibration.  

The differential temperature and differential pressure sensors were monitored 
at the beginning of each day , while the chamber pres sure was maintained above 
the saturation pressure and with fluid flowing through the chamber , to obtain 
the zero shift for that particular set of data . Typically  observed drift  in 
the temperature difference was on the order of 10 mK and remained steady ; in 
contrast , the pressure difference drifted up to ±25 Pa over a 24-hour 
period . During the coaxial tests  the differential pres sure · sensors were 
monitored periodically each day to  minimize thi s  effect  Similar difficul ties 
with differential pres sure measurements .  at such low ranges were found in the 
SERI laboratory,  where environmental 'conditions are far les s rigorous than at 
the STF . 

The parameter T
....
:' ,  referred to for' the sake of brevity as steam temperature , s ·

i s  measured using RTDs covered with wicks . These wicks are wetted wi th fresh 
water ; therefore these sensors measure the fresh-water temperature that is in 
equil ibrium with the incoming steam (wet-bulb temperature ) .  When the tests  
are conducted with seawater , the output of the st;eam sensors must  be corrected 

156   



Specific 

ATcw 
col£ 

ATelevation = + 0 . 28Q o·c ± 0 . 005 o C  

TP-3561   

Steam 
in 

Cocurrent 

Countercurrent 
water in · 

Figure 7-1 . Location of 
instrumentation and types of 
measurements made in 
side-by-side configuration 
( similar to coaxial 

1 m  Water out configuration ) 

by applyi  a . boiling-point-elevation correction .  · In the data analys i s  
performed , thi s correction i s  applied t o  the data a s  a constant 0 . 280° C .  The 
actual saturation pressure f r each point i s  not recalculated becaus  

for 1 . 15 kPa < P < 1 . 6 kPa ( 7-6 ) 

and the variation over the tested range i s  so  small that it  does not contrib
ute appreciably to the expected error . Note that if the water wett ing the 
wicks were to be contaminated with seawater , as appears to have happened in 
some of the early tests , then the temperature di splayed by the sensor would 
already be the equilibrium temperature wi th respect to seawater , and the 
boi l ing-point-elevation correction should not be applied to the data . If it 
were applied in thi s case (as was done for all data collected )  thi s would give 
an effectiveness  lower than the actual value by about 0 . 05 .  

Data Used for Performance Calculations 

Al l performance parameters were calculated us ing data obtained from differ
ent ial temperature sensors specifically installed to measure the required 
values . These data are shown in Section B . 3  of Appendix B .  For example , the 
effectivenes s  (Eq .  7-1 ) of the first stage uses the differential temperature 
between cold water in and out of this stage and the different ial 
temperature between incoming steam and incoming water at the1 8Tsi  ,wi , l  
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top of this stage . In some of the earl ier sets of data , the different ial tem
perature sensors were not operat ing properly.  In tttose cases , temperature 
sensor data were used to calculate the performance parameters , as i s  indicated 
in the legend for the data tables . 

Simi larly, calculations for the second stage use llT for the numerator and 
in the denominator . This i s  the sum of  the{ aTso ,wi , 2 + .  l!Ts i , so , 2  ) 

cw 2 

temperature d1fferences between water and steam at the top of the counter
current stage and between the steam temperature in and out of the stage . Al l 
differential temperature readings are corrected for sensor zero off set , which 
i s  recorded as the first data f ile of each day . The depression of the seawater 
saturation conditions is incorporated as a constant in the denominator ( see 
Section 7 .4 . 2 ) .  

· 

The Ja ( Eq .  7-2 ) for each stage i s  calculated on the bas i s  of water flow rate 
data measured for each cold-water stream and from the data obtained w th the 
differential temperature sensors described above . Physical propert ies are 
calculated at an average stage temperature using the functions shown in 
Section C . l  of Appendix C .  

The composition of  the seawater as sumed i n  the calculations i s  based on 
analyses of samples collected offshore near the STF (Krock 198 1 ) .  Total mas s  
fraction o f  noncondensable gases in the warm seawater i s  assumed t o  be 
1 8 . 8  ppm, and for the cold seawater it i s  19 . 4  ppm. · Because of difficul ties 
with the equipment , the intended redundant meas.urement by mas s  spectrometry of 
gas composition at various locat ions in the system could not be performed by
University of Hawai i  personnel at the same t ime as the DCC t;est s  were being
conducted . Therefore , the calculat ions for the DCC as sume a constant 90% 
release from the warm seawater and a constant 100% release from the cold 
seawater at OTEC operating conditions . The first value i s  in agreement with 
test resul !: s  reported in Chapter S ,  and the second with later tests  using the 
mas s  spectrometer that are yet unreported . 

For the DCC analysi s ,  the mas s  fract ion of noncondensable gases coming into 
the condenser stages is calculated from the exhaust  mas s  flow rate of steam 
and noncondensable gas plus or minus the appropriate quantities  condensed or 
released in each stage .  Thi s can be cros s-checked by calculating the release 
from the evaporator , but the .previous method was found to give more cons i s tent 
results  . 

The mas s  and composition of the gas exhausted from the condens er uni t  1 s  

mso , 2  = Qexh pexh 
Psat . MWs 

Po , 2  R Texh 

Qexh Pexh [ 1 -
MW· 

mi o , 2  = Po , 2  R Texh 
( 7-8 )  

T ·2 i s  calculated from the incoming seawater temperature and the temperature so
difference between seawater and steam at the top of the second stage 

This value of outlet steam temperature agrees with the ( l!Twi so 2 + Twi 2 ) .' absol te measure ent of Ts0 , 2 within the error estimate ( di scussed below) . 
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The total pres sure at the same locat ion is  calculated from inlet pres sure to 
· the first stage Pi 1 and overall pressure drop ( aP1 + aP2 ) .  Thi s  choice i s' made because can be compared to and thi s compari son has Pi 1 Psat ( Ts i  1 ) ,  
resulted in excellent agreement . Ins tead , P0 2 dannot be compared against any 
other redundant measurement us ing a different principle for · the measurement .  
The exhaust  flow rate i s  calculated us ing and the vacuum system Pexh 
cal ibration function described in Chapter 2 ,  Section 2 . 3 . 6 .  

The mas s  flow rate o f  steam entering the DCC i s  calculated from exhaust 
conditions and heat balance as 

aTcw, 2 ) ( 7-9 ) = (ms o , 2 + +hfg fg 

The term in parentheses i s  the mas s  flow rate of steam at the inlet of the.  
second stage ,  ms i , 2  • 

The . mas s  fraction of noncondensables at the inlet to the first s tage i s  
calculated as 

0 . 9  ( 18 . 8  . x lo-6 ) mww + leak 
Xi i , 1 = ( 7-10 ) ms i , l  + mi i , l  ms i , l  

The numerator i s  the mas s  of noncondensable gases at the inlet to the first 
stage , m. i 1 • Thi s term i s  so small in comparison to the mas s  of steam from 
the turbln  that it  has been ignored in the denominator . has . al so beenxi icalculated . ,  from the total noncondensable gas exhausted , minus all released 
from the two cold seawater streams , and the values found from these two 
calculations agree wel l ,  wi thin the uncertainty of the cal culations . Notice 
that 90% release from warm seawater i s  assumed in Eq . 7-10 . 

Fa  the second stage , the mas s  fraction of noncondensables at the inlet is  
calculated as 

Xi i  , 2   =  ms i , 2  + mi i , 2   <ms i , 2  + mi i , 2 >  ( 7-1 1 )  ' 

where the numerator i s  the mas s  o f  noncondensable gases at the inlet t o  the 
second stage , al so used i n  the denominator . Note that for coldmi i  2 , seawater  100% rel'ease of noncondensables i s  as sumed . 

Tabl e  7-2 summarizes the ranges of each parameter for the first  and second 
stages , as tested .  The test matrices selected were broad enough to  amply 
cover the potential OC-OTEC range and the parameters ·expected to be used in 
the NPPE . Symbol s  representing the data are given in Table 7-1 and they are 
used consi stently in the figures of thi s chapter , unless  otherwi se stated . 
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Table 7-2 . Range of Direct-Contact Condenser Parameters 
· Tested at the Seacoast Test Facility 

Min . Max .  

Area cocurrent (m2 ) 
Area countercurrent (m2 ) ê

First Stage
Steam loading (kg/m2s )  
Noncondensable-gas inlet (%}  
Liquid loading (kg/m2s )  
T steam in ( ° C )   
T water i n  ( ° C )   
Jakob number  

Second Stage
Steam loading (kg/m2s )  
Noncondensable-gas inlet (% )  
Liquid loading (kg/m2s )  
T steam in ( ° C )   
T water i n  ( ° C )   
Jakob number  

Overall heat exchanged (kW )   
Overall  % condensed  

0 . 426 
0 . 146 

0 . 28 
0 . 27 

16 . 89 
1 1 . 5 7  
5 . 83  
0 . 73 

0 . 05 
0 . 87 
7 .  70  
9 .  5 1  
5 . 60 
1 . 0 1  

3 17 
97 . 76 

1 . 021 ·
0 . 343 

0 . 6 1 
0 . 42 

40 . 50 
17 .46 
6 . 58 

0 . 50 
4 . 90 

47 . 50 
1 8 . 00 
6 . 66 
6 . 67  

1248 
99 . 69 

7 .4.4 Error and Data 

An extensive error analysi s  conducted before the tests  i s  documented i n  the 
test plan ( Parsons et al . 1989 ) and summarized in Table A-2 of Appendix A, 
including sample calculations o These pretest estimates , ·  summari zed in 
Table 7-3 , have been compared with a pos t-test analys i s  and wi th redundant 
sensors measurement s  to assess and verify the accuracy of the data collected . 
Where appropriate ,  the least-squares error band est imates are shown on the 
graphs , along with the value of the standard deviation of the collected 
data.  In most  cases  , the data have shown excellent consistency and variations 
smaller than the documented error est imates . If di screpancies were found , the 
tests  were repeated or the cases are noted in the text . Overall , the data 
collected provide confidence for engineering d sign of the NPPE heat 
exchangers . 

Figure 7-2 shows the consistency of the heat balance performed- on the system 
by comparing the calculated values of heat rates (us ing evaporator and con
denser instrumentat ion) , the appropriate error bands in the ranges tes ted , and 
the standard deviat ion of all data shown in thi s plot . The est imated heat
balance error for the evaporator i s  about twice that for the DCC , because the 
temperature difference in the evaporator i s  about half that in the DCC . Note 
that a consi stent bias appears at the higher heat rates , as in previous 
Phase I test s .  Thi s bias ari ses from ambient heat input ( the evaporator 
operates near ambient temperature but the condenser is well  below ambient ) .  
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Table 7-3 . Direct-Contact Condenser Calculated 
Parameters--Error Summary 

Parameter First Stage Second Stage Overall 
(±% ) (±% )  (±% )  

Jakob number 1 . 7  3 . 1  
Effectivenes s  ( 1\T) . 1 . 4 1 . 3 1 . 4  
Effectiveness  (T-T ) 5 . 0 . 5 . o  6 . 2  
Fraction condensed L . 7  2 . 6  1 . 5  
Steam loading 1. 8 3 . 0 
Liquid loading 1 . 5  2 . 7  
Vent rat io 10 . 0  
AdditionaL Parameters (±% )  
Steam temperature (based on pressure ) 8-1 1 
Interstage steam T (various methods )  2-5 
Noncondensable gases in steam 1 3  
Overall heat balance 3 . 7  

It i s  negl igible in  the side-by-side tests , where only a small inner part of  
·the DCC ves sel i s  used for the stages . Because of thi s bias , the heat rates 
in the condenser stages ( instead of the evaporator ) are used to cal·culate the 
amount of s team produced and condensed . The calculated heat rates fall within 
approximately ±5% , that i s ,  the standard deviation is a =  ±3 . 7% .  

-
 1 200 

g 1 000 
Q) 

· 
..c: 800-
c: 

"'0Q) 600 
c: 
"(ij
C> 400 
-caQ)
..c: 200 
-0 
Q) 0 -ca 0 200 400 . 600 800 1 000 1 200 a: 

Rate of heat lost in  the evaporator (kW} 

Figure 7-2 . Consistency of overall heat balance  
between heat lost by the evaporator and heat gained  

by the direct-contact condenser in both configurations  
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Calculations o f  exhaust gas compos 1 t 1.on (Eqs . 7-7 and 7-8 ) show reasonable 
consi stency with calculated rates of noncondensable gas release on the bas i s  _ 
of deaeration test s  (Chapter 5 )  and recent result s  of gas analysi s  Leakage 
rates were monitored regularly and amounted to 20 to 40 mg/ s ,  ris ing occa
s ionally as high as 200 mg/ s .  Even at the highest  leak rate ,  the leak 
accounts for less than 5% of the noncondensable flow through the condenser . 
The method of monitoring leaks i s  described in Chapter 2 ,  Sect ion 2 . 3 . 8 .  

Figure 7-3 shows that noncondensable gas exhausted i s  wi thin 20% of the total 
content of noncondensable gases released from the seawater streams . During
s ide-by-side test s  when small flows were used , the rate of gas release was 
virtually 100%. During coaxial tests  at higher flow rates , the average com
bined _rate of gas release from both streams was about 85% . 

A cons i stency analysi s  was performed during and after the tes t s .  Figures 7 4 
and 7-5 i llustrate consi stency of the two mos t  important performance param
eters for the DCC unit , the thermal effect iveness  and the vent rati o .  Note 
that the effectiveness  calculated using temperature measurement s  i s  actually 
higher than that calculated us ing differential temperature sensors . Therefore , 
those results discussed in the next secti.ons that are based on di fferent ial 
temperature measurements may be conservative . Note al so the excellent agree
ment between vent ratios calculated on the bas i s  of inlet pressure measurement 
as compared to inlet steam temperature measurement . Thi s  resul ts  from the 
agreement between Psat (T  i 1 ) and Pi 1 • The agreement in V indicates that the 
large error band ass 1.gnea !o . the vent rat io i s  al so a very _conservat ive value . 

Similar analyses for other important parameters have been based on redundant 
measurement s  and a statistically . s ignificant sample f data . A few are 
summarized in Table 7-4 . The last two columns refer to the offset · of the 
correiation from mean values and the standard deviation of the correlati on .  
These are representat ive of the various redundant measurement s and 
calculations not shown in the table . 

Data set number 

Figure 7-3. Consistency of overall noncondensable gas mass 
flow rate exhausted through vacuum system as compared to 

calculated release assuming average 90% release of noncondensable 
gases from warm seawater and 100% release from cold seawater 
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7 . 5  TEST RESULTS 

Figure l-4.  
Consistency of  overall 
thermal effectiveness 
calculated using 
differential temperature 
sensor data against 
that using differences 
of temperature measurements .  
C i s  the average offset . 

This section describes the results  obtained during the DCC test s .  First- and 
second stage resul ts  are differentiated for clari ty of presentation and 

·because model val idat ion must  be performed separately for each stag.e .  At the 
end of the section ,  the results . of the combined stages are di scussed in the 
context of the NPPE . 

7 .5 . 1  Results for the First (Cocurrent ) 

Before presenting seawater data,  a compari son i s  made between results  obtained 
in the SERI laboratory and the HMTSTA us ing the same type of packing and fresh 
water.  Thi s i s  to  verify that differences in  geometry between the two con
densers do : not affect the results . Figure 7-6 shows the percent of the 
incoming s team mas s  that i s  condensed in the first stage as a function of 
stage Jakob number . The theoretical l imit i s  the asymptote where = 1 . 0 .e 1
Not e  that the Jakob number" range of interest i s  from 0 . 8  to about 0 . 9 ,  because 

a:- 1 .0<I 
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Figure 7-5 . 
Consistency of vent ratio 
calculated based on 
overall inlet pressure 
against that using 
saturation pressure at 
inlet to first stage 



Table 7-4 .  Measurement Consistency among Various Measurement and  
Calculation Methods for Direct-Contact Condenser Performance Parameters  

Parameter 

Firs t Measurement/ 
Cal culation 

( Independent ) 

Second Measurement/ 
Cal culation 
(Dependent )  

Typical 
Value 

Offset of 
Dependent

Value 
Standard 

Dev ation 

Overal l thermal 
effect ivenes s (Eq. 7-1 ) 

Ba sed on different i l· 
temperatures 

Based on difference 
of two temperatures 

0 . 86 +0 . 01 ±0 . 04 

Vent rat io ( Eq .  7-3 ) Based on absolute 
inlet pres sure and 
overal l pressure 
differences 

Bas ed on inlet 
saturat ion pres sure 
and overall pre ssure 
differences 

0 . 90 0 ±0 . 0 1  

:;
 

Overal l pres sure drop Ba sed on different ial 
pres sures 

Based on absolute 
inlet and outlet 
pre ssures 

100 Pa +30 Pa ±32 Pa 

Inters tage s team 
saturation temperature 

Based 9n first-s tage inlet 
Ts and different ial 
temperatures 

Based on second-
stage out let and 
different ial 
temperature s 

l2 °C  +0 .4 °C  ±0 . 44°C  

Outlet steam 
saturation temperature 

Measured Based on inlet Tsminus different ial 
temperature s 

6 .  0 ° C  -O.  l ° C  ±0 . 06 °C  

1-3 
"C 

I 
w 
V1 
0' 
...... 
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Figure 7-6 . · Fresh-water 
results of percent condensed 
in first stage as a function 
of stage Jakob number0.7 0.8 0.9 1 .0 Range of obtained at the SERI OTEC 

· interest laboratory and at the 
Jakob number Seacoast Test Facility 

it  i s  not intended that the first stage condense al l the incoming steam. Mo st 
of the data are shown for a steam loading near - 0 . 4 kg/m2s ,  and at values G1 near = 0 . 33% for noncondensable-gas concentration.  The HMTSTA data areXii 1 ' right on top · of the SERI data. The error bands show the calculated least
squares error predicted for the two faci lities . 

A l ine of constant effectiveness  i s  shown at = 0 . 95 , which fits  the dataE lwell ; thi s value i s  typical for the first stage at - 0 . 4  kg/m2 s .  Similar G1 
comparisons using fresh water at other parameter sett ings  confirm the repeata
bil ity of the fresh-water result s  between the two test facilities .. The plan
form area of the condenser stages used in the SERI laboratory i s  smaller than 
at the HMTSTA; the environment s are different ; and specific water distribut ion 
sys tems are also different , although both provide qualitatively good di stri
but ion. Because the data show such good agreement , it appears that thes.e 
parameters are not very important in the ranges - tested ,  rendering the exten
sive data set obtained at SERI appl icable to other conditions . 

Figure 7-7 shows the same kind of data obtained when operating with seawater 
at the HMTSTA, iii both side-by-side and coaxial configurat ions , at all the 
hei ghts shown in Table 7-1 , and with all the water di stributors tested . The 
data include all tested p rameters over the range of steam loading . and 
noncondensable-gas content , and show excellent repeatabil ity over the broad 
test range . Variat ions in the input parameters result only in differences 
that are within the er:ror bands ; therefore , they are difficult to separate . 
The l ines shown represent constant stage effectiveness  from 0 . 85 to the 
theoretical l imit of 1 . 0 .  

Al l coaxial data show a higher effectivenes s  ( E 1 - 0 . 95 ) than the side-by-side 
data - 0 . 90 ) ,  although both show very high effect iveness . The reason for 
thi s i s  not known , but it may result from contamination of the 
fresh water used for the wicks on the steam sensors during the side-by-side 
tes t s .  Thi s  would decrease the calculated value of the effectiveness  by about 
0 . 0 5  compared to 'the actual value . Thi s diffe-rence in calculated effe-ct ive
nes s  stems from the difference in driving potent ial ( the denominator in 
Eq . 7-1 ) if the wicks were contaminated ( see Section 7 .4 . 2 ) . The calculated 
dif ference is virtually the same as that observed between the side-by-s ide and 
coaxial data presented in Figure 7-7 . 

· 

165  



"Ill( .. 

G1 
essentia-lly 

/ . 

 

TP-3561   

0 
-

Figure 7-7 . 
Seawater results of 

percent condensed 
in first stage as 

a function of 
stage Jakob number 0.8 0.9 1 .0 

for side-by-side Range of 
interest and coaxial 

configurations First-stage Jakob nu mber 

The coaxial data at - 0 .4 kg/m2s ( symbol x )  fall virtually on the l ine ofG1constant effectivenes s  = 0 . 95 ,  as did the fresh-water resul ts  shown int 1Figure 7-6 . Therefore , given the same operating parameters (G1 , Ja1 ) ,  the 
seawater and fresh-water result s  are indistinguishable . These resul t s  might 
be so s imilar because the heat capacity and temperature - driving potent ial tend 
to compensate for each other. As suming a constant and Jal ' the liquid 
loading required in fresh water and seawater is the same , 

Ts i  - T i  0 . 28  
1. 05 , ( 7-12 ) -_ Lsw Ts i  Twi 

providing for virtually the same environment' in the structured packing o 
Despite the different mechani sms of noncondensable-gas release in fresh water 

. and seawater , thi s difference cannot be resolved in the data.  

The gas pressure drop in the first stage remains below SO  Pa over the tes ted 
range , and i s  only a wea,k function of steam loading , up to - 0 . 6  kg/m2 sG1( see Figure 7-8 ) .  Thi s  result s  in a drop of the steam saturation temperature 
through the first stage of about 0 . 5 ° C .  At the outlet o f  the first stage the 
noncondensable gases are only sl ightly concentrated (Xi i , 2  i s  about 1%-5% ) .  

The freefall length of the cocurrent stage does not show a measurable effect . 
Result s  obtained with the computer model ( see below) predict that , at lengths 
even shorter than those tested , the steam has virtual ly reached equi librium 
conditions , and that the seawater exit s  at a temperature slightly higher than 
the saturat ion temperature , as expected . 

Tests  were conducted with deaerated seawater whi le operating the cond nser in 
closed-loop mode . At G1 - 0 . 4  kg/m2 s ,  the deaerated case showed only s l ight ly 
better thermal effectivenes s  than the "normal" case . The improvement is about 
0 . 03 in first-stage effectiveness , which i s  wi thin the error band . 
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Test s  were also conducted with qualitatively "poor" water distribution ,  which.  
reduced the effectivene s s  by about 0 . 07 . When no attempt to di stribute the  

, water was made , the minimum effectiv.enes s  obs.erved was 0 • 5 5 .  Although ê.
operating with no water di s tribution i s  not suggested , it  i s  encouraging that 
the worst-c.ase l imi t . for the DCC first  stage wi th structured packing i s  in the 
range of best  performances by many other condensers and geometries . 

Tes t s  conducted to ident i fy the effects of  water type , cold seawater deaera
tion ,  inlet noncondensable-gas mas s  fraction ,  steam loading , and packing 

. length all showed results  that. . indicated very small changes in f irst-stage 
effectiveness .  I t  i s  difficult to present comparat ive test da a,  because the 
effects to be analyzed result in perfo mance variati ons of the same order as 
those caused by s light changes in operating parameter s .  They also fall within 
the experimental uncertainty. HMTSTA system conditions. could not be held 
preci sely constant during all these tests . Therefore , for ease  ' of presen
tat i on ,  the data were compared to model predictions ( validation of  the model s 
i s  di scussed below) , and th se predictions re used in Figure 7-9 to display 
the small effects of the parameters under study. The curves were generated 
us ing the cocurrent DCC computer model at constant inlet water and steam 
conditions , at the average values tested . For Ja1 = 0 . 85 al l the different .conditions change the effectivenes s  by no more than 0 . 1 .  The lalfest effect 
i s  caused by changes in steam loading , from 0 . 1  to 0 . 6  kg/m s ;  highest 
effectiveness  i s  obtained for the lowest steam loading , and increased sens i
tivity to this parameter is seen for the hi her G1 • The next largest effect 
is caused by changes in noncondensable-gas inlet concentrat ion .  Thi·s suggests  
that deaeration in  the evaporator would improve performance sl ightly if most 
of the noncondensable gases can be removed . Packing length has no effect in 
the range shown . . Deaerated cold seawater behaves ident ically to fresh water 
and very s imilarly to "normal" seawater at low inlet noncondensable-gas con
centration, suggest ing that cold-water deaeration has l i ttle potent ial impact 
on performance of the first stage . 

7 . 5 . 2  Results for the Second ( Countercurrent ) 

The second stage condenses the s team coming out of  the f irst stage and con
centrates the noncondensable gases to near the · maximum permi s s ible .  Thi s  
stage also shows. s imilar performance whether it  operates in fresh water or 
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seawater . In fresh-water operation ( Bharathan , Parsons , and Al tho£ 1988 ) ,  the 
countercurrent condenser can be characterized by a constant 98% condensed at 
any Ja2 > 1 .  Therefore , the effectiveness of thi s stage is inversely 
proport 1onal to  Ja2 • 

Compari sons of data obtained at SERI and at the HMTSTA. show excellent agree
ment . Figure 7-10 s-hows all seawater data collected for < 2 and for broad 
ranges of G2 and z.- The dashed l ines approximate the dependence of 
the data on inlet concentration for. Xi i  2 - 1% and 3% . The 
theoretical l imit of Ja2 i s  one , i f  noncondensable gas s are not present . 

·Countercurrent condensation i s  an efficient proces s  because the steam 
encounters colder water as it  proceeds through the stage . Typically for 
operation with seawater , the second stage condenses from 95% to 98% of  the 
incoming steam. -:t"herefore , the practical range of interes t  for Ja2 can . be 
maintained at about 1 . 1  to 1 . 2 .  Note that side-by-s ide and coaxial data are 
very close for the second stage . 

A conservative as sumpt ion for seawater i s  to take a constant 95% condensed . 
An effectiveness of 0 . 85 i s  readi ly obtained with seawater for Ja at about 
1 . 1 .  Because this stage must  process only a fraction of the steam t at enters 
the first s tage , it i s  smal ler than the f irst stage , and it uses less water ; 
therefore i t s  impact on overal l  effectiveness  of the DCC i s  small . 

The gas pres sure drop i s  almost  a quadratic funct ion o f  the st am loading of 
the stage . It can be maintained below 50 Pa for G2 < 0 . 3  kg/m s ,  but cl imbs 
rapidly at higher loadings ( see Figure 7-11 ) .  The approach temperature 
between steam outlet anc:i water inlet 8Tso wi 2 i s  low ,  about 0 . 5 ° C ,  as can be 
seen in Section B . 3  of Appendix B .  In f ct' thi s di fference can be negative 
( down to -0 . 28 °C )  when operat ing with seawater because of the depres sion of 
the partial pres sure . The outlet condition determines how much steam mus t  be 
exhausted with the noncondensable gases . Typically , the noncondensable gases 
are concentrated in thi s stage and are exhausted at 40% to 70% concentration .  
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7 .5 . 3  DCC Models  Validation for Seawater 

The data collected at the STF were compared to the predictions obtained from 
the model s for each s tage . The following modificat ions were made to the 
exi sting model s ( Bharathan , Parsons , and Altho£ 1988 ) :  

· 

• 	 Inclusion of seawater phys ical propert ies 
• Calculation of seawater satura ion temperature 	and pres sure 

• 	 Modification of the mass-transfer equations to account for the equilibrium 
saturation pres sure .for seawater as compared to the equi l ibrium value for 
fresh water . Thi s  requires maintaining separate ,  consi stent definitions of 
sensible heat in the liquid and vapor .  
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• 	 Modification of  the local gas friction coefficient in  the Darcy-Wei s bach 
equation--see Eqs .  2-38 and 2-39 in Bharathan , Parsons , and Altho£  ( 1988 ) -
which i s  expressed here as f = 0 . 17 1  + 3 + ( 92 . 7/Reg ) .  The factor of  three 
accounts for the additional losses incurred in a stack of packing cons i st ing 
of 0 . 15-m sect ions , instead of the 0 . 3-m sections used in the SERI ' fresh
water tes t s .  

The predictions o f  both model s  followed all the s ignificant trend's observed in 
the experiments with seawater . Compari son of the model predictions with all 
data collected yields prediction capabil i t ies as summarized in Table 7-5 . The 
predictions are not qui te as good as they were for the fresh-water tes t s  at 
SERI , mos tly because the error bands are larger for the data obtained at the 
HMTSTA. However , they are quite satisfactory for engineering des ign purposes . 

Table 7-5 . Prediction Capabilities of  
Direct-Contact Condenser Models  

Average 
Deviat ion Standard · 

Stage Parameter (model to data) Deviat ion 

Percent condensed -0 . 7% 	 ±2 . 8% Co current Pres sure drop 18 Pa ±7 .4 Pa 
Percent condensed 0 . 3% ±1 . 0% Countercurrent Pres sure -drop 19 Pa ±41 Pa 

7 . 5 .4 Overall Condenser Performance 

The data showing the combined effect of  the first and second condenser stages 
with the fixed area ratio  of 3 : 1  originally selected for the HMTSTA are shown 
in Figure 7-12 for all gas and noncondensable-gas loadings tested in the 
coaxial configuration. Most  of the points are taken at G1 "' 0 . 4-0 . 47 kg/m2 s ,  
but several are at higher s team loading . The symbol s  used in thi s f igure 
identi fy the range of condenser inlet steam temperature . An ideal condenser 
would operate at the upper right corner of  the graph, where both performance 
parameters have a value of one . A real condenser can operate wi thin 10% of 
thi s thermodynamic l imi t .  

An increas ing value o f  V represent s a reduction in steam exhausted wi th the 
noncondensable gases , implying lower exhaust power consumption .  An increasing 
value of ther.mal effectivenes s  represents a reduction of cold seawater use , 
implying lower seawater pumping power . Exhaust  and seawater pumping power 
account for the majority of parasitic  power los ses in the system. Therefore , 
the minim\un system parasitic losses occur when the system operates at the 
upper right corner ( the ideal performance limit ) .  Constant system parasitic  
losses can be represented by  a set  of  curves that encircle thi s corner , a s  
shown by the dashed l ines in  Figure 7-12 . The exact shape of the curves 
depends on the specific  performance of other system component s ,  but they tend 
to be oval as shown . Curves that are farther away from the upper right corner 
imply larg r overall parasitic  los ses , thus less  output of net power from the 
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system. By adjusting geometric and operat ing parameters of the condenser 
stages , the condense  can be des igned to operate at any point along one of 
these parasitic curve s ,  which would result in the same system ·parasitic  
los ses . Thus system analysi s  must  give the appropriate select ion of  condenser 
operating condit ions for a specific  system and application . Therefore , 

· several combinations of parameters can provide thermal effectiveness  near 
0 . 8 6 , for vent ratios near 0 . 9 .  These values were selected based on system 
modeling as  nominal points for des ign of the NPPE before the seawater tes ts  
were conducted . Further system analysi s  based on the recent resul t s  obtained 
wi th seawater can be used to refine the selection of nominal operating 
parameters during the NPPE des ign effort , i f  necessary. 

The overal l  result s  are insensitive to the steam inlet temperature for the 
range shown in Figure 7-12 . This impl ies that it  i s  pos s ibl  to adjust the 
operational parameters between the two stages so that the same overall 
behavior is observed while obtaining the required inlet steam temperature . 

Figure 7-13 compares the prediction of · the models to the calculated quantity
of steam exhaus ted from the DCC uni t ,  in terms of percent steam mas s  
uncondensed • The overall prediction i s  obtained by combining the predict ions 
for each stage , using the appropriate inlet condit ions for each. Given the 
small  quantity of steam that remains uncondensed (generally much less than 
1% ) ,  the ·agreement between the models and all the data collected i s  
remarkable.  Note that neither the data nor the model s can resolve such small 
abs olute values . For any type of condenser operat ing at these low pres sures , 
it  i s  not , possible to measure the required quant ities with accuracy sufficient 
to resolve these differences in mas s  flow rates . 

1 .0 Figure 7-12.(/)(/) Overall performanceQ) c  of two direct-contactQ) 0.9 condenser stages in>'+="0 seawater for
Q) coaxial configuration-- goal for NPPQ) 

• 1 1  .5°C < TSi :::;; 1 2.5°C 
++ 

E
o 1 2.5°C < TSi :::;; 1 3.5°CQ)..c-
+ 1 3.5°C < T8i :::;; 1 4.5°C0.6 

Q) x 1 4.5°C < TSi :::;; 1 5.5°C>0 0 .5 
0.5 0.6 0.7 0.8 0.9 1 .0  

Condenser vent ratio  
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7 . 5 . 5  Losses 

Component s  contribut ing to hydraulic  losses in the supply and di scharge water 
for the DCC stages include the piping and flow controls  to and from the sumps , 
the distributors over the packing , and the heights required for the con
densers . The static los ses occur because of the free-fall height required for 
the condensers ( see Table 7-1 ) .  The overall dynamic losses  for the low-lo s s  
water distributors (vert ical pipes and drip tray) are shown i n  Table 7-6 in 
terms of overall hydraulic  loss coefficients ( the .ratio of head los ses to the 
velocity head) , . whi ch were calculated for nominal supply pipe diameters of 
0 . 15 m ( 6  in. ) for the cocurrent stage and 0 . 07 m ( 3  in . ) for the counter
current s tage , respectively . The predictions were made us ing standard 
frictional . pressure loss  calculations for the layout at ·the STF ( Crane Co . 
1985 ) .  In both cases , ,  the dynami c  los ses measured for the DCC were lower than 
predicted . 

Table 7-6 . Overall Water-Side Dynamic Loss  Coefficients 
in Piping to Direct-Contact Condenser Stages 

Distribution Measured Predi cted Prediction 
Stage Type Coefficient Coefficient Error 

Co current Spouting 
vertical pipes 

4 . 6   26%  

Countercurrent Drip tray 4 .5 5 . 2  16%  

Measurement s  of static  heads at intermediate posit ions in the p1p1ng appeared 
to indicate that the los ses were lower than expected in the upper part s of the 
piping (lower operat ing pres sures ) .  The lower parts appeared to show los ses 
in l ine with predictions . A pos sible explanation i s  that the observed 
desorption of dis solved gases in the upper part s (near the low pres sures of 
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the DCC chamber )  caused a pumping action similar t o  that o f  an airl ift pump . 
The l i ft ' s  effect may be larger than that of the increase in .frict ional 
losses , which are expected from the bulk-veloc ity increase in the two-phase 
flow region .  

Overall ,  total hydraul ic  losses in the HMTSTA amounted t o  sl ightly more than 
the desired 2 m for NPPE nominal conditions ; however ,  the losses encountered 
in the lower sections can readily be reduced by modi fying the s ize or design 
of this piping . 

· 

7.6 COHCLUSIOHS 

Extensive test s  of  two DCC stages operating with seawater at typical OC-OTEC 
conditions were conducted between December 1988 and May 1989.  They yielded a 

·substantial data base over broad operating ranges suitable for OC-OTEC sys
tems . The data showed excellent con s i stency and variat1ons smaller than the 
predicted error est imates , giving confidence in the data collected . The data 

·confirm earlier predictions of excellent thermal , exhaust , and hydraul ic  per
formance for the DCC . Overall thermal effectiveness  above 0 . 9  has been shown 
consi stently for vent rat ios of 0 . 9 in the presence of high noncondensable-gas 
content . This indicates that the DCC unit  can operate within 10% of the 
theoretical l imi t s  for cold-water use and venting requi rement s .  Within 
experimenta:l. uncertainty , thermal performance in seawater and fresh-water 
operation cannot be dist ingui shed . Total hydraul ic  losses equivalent to less  
than 2-m heads are eas ily attainable .  Computer model s  describing the con
densation process  in the DCC stages accurately predi ct the proces s under a 
wide range of geometries and operat ing conditions . 

In all cases , confi dence in both data and computer model predict ions i s  high.  
and gives  increased certainty regarding engineering design of direct-contact 
condensers · for larger-scale OC-OTEC systems . 

7. 7 IMPACT OF RESULTS OH HPPE SYSTEM DESIGH 

The result s  obtained at the STF for seawater generally matched or surpas sed 
initial expectati ons . The only except ion concerns the quant ities  of dis solved 
gases  that are released from the water streams , about 85%-100% . Thi s  can be 
addres sed by designing the vent system to handle a larger-than-expected gas
flow. The thermal performance of the DCC observed in the coaxial configura
tion i s  better than expected ; thi s can be used to reduce the power required 
for water pumping or , for fixed cold-water flow,  to decrease the inlet steam 
temperature to the condenser , giving the turbine a lower exhaust  pres sure and 
therefore a !arger temperature difference for increased power output . 

Exhaust  venting requirement s very near the theoretical l imit were obtained . 
For s izing of a vacuum system, the l imitat ions of predict ion capabi lities and 
data resolution can be alleviated by adding a precooler just before the vacuum 
system.  Thi s  uni t  would consume very l i ttle power and cold seawater but it 
would ensure that any steam that may not be condensed in the DCC is reduced to 
equi l ibrium level , because the precooler would . condense at least 95% of the· already very small quant ity of steam potentially left over from the secop.d . 
stage . Additionally,  thi s would compres s  the gas ·slightly because of the 
lower gas temperature in the precooler . 
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7 .  8 FURTHER RESEARCH NEEDS 

The data obtained at  the STF wi th the DCC are sufficiently accurate and cover 
a sufficiently large range of pos s ible OC-OTEC operat ing conditions that 
larger systems such as the NPPE or larger may be des igned confidently. Addi
tional tests  in the larger system need to be conducted only over. a restricted 
test matrix to confirm . that result s  obtained in the HMTSTA remain 
applicable . These tests  re recommended because sl ightly different geometries 
of  the steam pas sages and water di stributors wi ll  be used in the larger 
systems , and the uni formity of these distribut ion systems needs t.o be 
tested .  However , the HMTSTA data have shown that the performance o f  the DCC 
i s  not affected very strongly by s team or cold seawater maldi s·tribution .  
Therefore only a small effect on performance i s  expected . 

Some modifications of the area ratios  , steam loadings , and water loadings 
tested in the HMTSTA wil l  be needed to accommodate different configurations . 
The computer model s  are sufficiently accurate that parametric runs can be 
conducted to identi fy the most  sui table configuration of each condenser stage 
for each particular applicat ion. 

The packing material selected for these tests showed excellent performance .  
However , even more effective packings ( e . g .  , gauze structured packing with 
even higher usable surface area per unit  volume ) have become commercial·ly
available recently. An asses sment of the potential gains might be undertaken 
with the exis ting computer model s to ascertain whether measurable advantages 
are pos s ible . 
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8 .. 1 NOMENCLATURE 

Abbrev. 

( g )  gas 
( s )  solute 
DC02 dis  solved . co2 (also known as free co2 ) ,  

. concentrat1ons of di s solved molecular 
co2( s ) ,  and carbonic acid ,  H2co3 
tota  CO? , the sum of the concentrat ions 
spec1es 1n seawater 

the sum of  the 
carbon dioxide , 

of all four co2 

partial pressure of co2 in seawater 
sal inity-normalized rco2 

Units and Conversions 

l . micromole/kg (co2 in seawater ) = 1 llM/kg = 0 . 044 ppm 
1 mole  co2 = 44 g 
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8 . 2  BACKGROUBD 

Emi s s ion of  carbon dioxide ( C02 ) from the combustion of fos sil  fuel s and the 
resulting prospect of global warming are environmental i s sues that are drawing
increas ing attention from scient i s t s  and the public (Houghton and Woodwell 
198 9 ; Schneider 1989 ) .  Although renewable energy i s  being promqted as a means 
of avoiding these emi s sions , OTEC i s  one renewable-energy technology that may
rel ease some However , the measured quantity released i s  a small fraction 
of that by conventional power plants ,  as  discus sed in thi s chapter . 

Three OTEC cycles are discussed in thi s chapter : closed cycLe ,  open cycle,  and 
hybrid cycle.  In an open-cycle system, warm seawater i s  introduced into a 
chamber in which the pres sure i s  below the seawater vapor pres sure . Flash 
evaporation of the seawater produces steam, which then pas ses through a 
turbine . The steam i s  consumed ei ther in a direct-contact condenser or in a 
surface condenser that produces  desal inated water .  Iri a closed-cycle system, 
a working fluid such as ammonia or Freon i s  circulated in a closed loop 
con s i st ing of an evaporator , a turbine , a condenser , and a feed pump . Warm 
seawater provides heat to the evaporator , and cold seawater i s  used to cool 
the condenser . A hybrid-cycle system combines the flash evaporator of the 
open cycle with a closed-cycle loop . The steam flashed from warm seawater in 
the evaporator pas ses into a surface heat exchanger that i s  a combination 
steam condenser/ammonia evaporator. In thi s manner , the condens ing steam 
provides heat to the closed-cycle loop and produces desalinated water ( Panchal 
and Bell 1987 ) .  

Two types o f  release in OTEC cycles wi ll be considered . Firs t ,  there may 
be immediate i . e . , any release from the OTEC plant i t self that occurs 
during power generation.  Second , there may be long-term release from the co2-
rich cold seawater discharged from an OTEC plant . co2 produced during plant 
constructio.n or demolition wil l  not be asses sed in tliis chapter . Immediate 
rel ease occurs in open-cycle or hybrid-cycle component s  such · as · flash 
evaporators and condensers . In these components ,  seawater i s  
exposed t o  subatmospheric pres sures that promote outgas s ing of co2 ( a s  well  as 

and o2 ) from both . warm and cold seawater . A closed-cycle plant , on theN2other hand , i s  expected to have no immediate co2 release because the warm 
seawater pas ses through surface heat exchangers .  Some immediate release i s  
pos sible i f  these heat exchangers are a t  subatmospheric pres sures , whi ch may 
occur i f  they are installed at a height above sea level ." 

Experiments at the STF early in 1989 offered an · opp rtunity ':o measure t e .release from open-cycle component s under operat ng cond t ons 
prototypical for future open-cycle OTEC plant s .  The resulting data provide a 
bas i s  for predicting immediate co2 release from open and hybrid OTEC cycles . 
The Carbon Dioxide Research Group under Dr . C .  D. Keeling at the Scripps 
Ins t itution of Oceanography ( Scripps ) in La Jolla , California , analyzed the 
co2 content of the seawater samples taken for this study . Scripps has 
10  years ' experience with the measurement of co2 in seawater us ing a cryogenic 
extraction technique . Thi s technique provides the high · resolution and 
repeatabil ity neces sary to measure potentially small changes in co2 content . 
Scri pps has also developed reliable and well-documented sampl ing methods for 
remote locations . 
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8 . 3  2 CHEMISTRY OF SEAWATER 

Carbon dioxide in seawater parti cipates in the following four react ions : 
L-

co2 (g ) + H2o ---,. co2 ( s )  + H2o ( 8-1 ) 
L-co2 < s >  + H2o ---,. H2co3 ( 8-2 ) 

,(..._. - H+H2co3 --"'7 HC03 + ( 8-3 ) 

Hco3 ---,. co -2 + H+ ( 8-4 ) 3 

where ( g )  denotes gas and ( s )  denotes solute . 

Thorough treatment s of thi s chemistry are available in numerous text s , 
including Riley and Chester ( 197 1 )  and Sverdrup , Johnson , and Fleming ( 19 70 ) .  
Because  very li ttle carboni c  aci d  i s  present in seawater , the concentrat ions 
of  di s solved molecular carbon dioxide , co2( s ) , and carbonic acid , ·  H2co3 , are 
commonly added together . Thi s  sum will  be_ called the dissolved co2 or 
"Free co2" i s  also a commonly used term for oco2 • The sum of  plus
bicarbonate ions , Hco3

- , and the carbonate ions , co3
-2 , wil l  be total 

or TC02 • The partial pressure of co2 in the seawater will be called 
Only the oco2 contributes to the PC02 in the seawater . 

The relative concentrations of these species 1n seawater can be seen 1n 
Table  8-1 ,  which gives representative data from Hawaiian waters .  Most  of  the 

in seawater exi sts  as bicarbonate ions , with only small concentrations of 
The deep cold seawater used as the heat s ink in OTEC cycles has about 

20% more TC02 than does the warm surface seawater . The higher TC02 content 
partly results  from the proces ses ·  of respirat ion by marine animals  and 
decomposition of organic matter that s inks into the ocean. In addit ion ,  thi s 
_seawater was last in contact with the atmosphere in the polar regions . The 
cold temperatures there result in an increased solubil ity of co2 compared to 
the warm surface seawater . The Tco2 concentration as a funct ion of depth for 
the .North Pacific Ocean i s  shown in Figure 8-1 (Takahashi , Broecker , and 
Bainbridge 1981 ) .  The depths of interest for supplying cold seawater to OTEC 
cycles are nominally between 0 . 5  and 1 .0  km. The natural geographic 
variabil ity of co2 content is apparent n these data . The surface seawater 
typically has a PC02 near the atmospheric part ial pres sure of co2 , currently 
about 350 ppm. The PC02 of cold seawater i s  · between three and four t imes 
higher than that of surface seawater . 

Table 8-1 . Concentrations of the Species i  ,feawater, Representative 
aData for Seawater near Hawaii (Krock 1981 ) 

- -2Sample Depth TC02 DC02 Hco3 co3(m) ( l!molelL) (llmolelL) ( l!mole/L) ( l!mole/L ) 

9 1912 7 1634 271  
687 2315 5'4 2203 58 

(a)Oahu OTEC-6 ; May 29 , 198 1 ;  Site 2 ,  Cast  3 .  
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Figure 8 1 . Total 002 concentration in the North Pacific Ocean (Takahashi , 
T. , W. s .  Broecker , and A. E.  Bainbridge , 1981 , "The Alkalinity and Total 

" Carbon Dioxide Concentration in the World Oceans , SCOPE Carbon 
edited by Bert Boli , Chichester , England: John Wiley and Sons ) 

. ·  

Seawater ·contains significantly more than any other atmospheric gas
(Table 8-2 ) ,  but the seawater content of gases i s  not indicat ive of the 
quantities that wil l  be released under vacuum;  The co2 ( s )  in seawater , along 
with the d i ssolved and should be readily released in the presence ofN2subatmospheric pressures . loss  of co2 ( s )  creates a nonequilibrium con-_ 
dit ion in the seawater which causes bicarbonate to be converted to co2 ( s )  by 
the react ions noted above . . The kinetics  of the hydration of co2 ( react ion 
8-2 )  are S\lfficiently slow that has a half  l i fe in seawater on the order · 
of minutes,,�; (Ri ley and Chester Thi s  would indicate that only a small 
fract ion of the bicarbonate - and carbonate ions wil l  be converted to co2 ( s )  and 
released in the brief time required for seawater to pas s  through an open-cycle 
system. The seawater residence time in a direct-contact condenser i s  esti
mated to be between 1 and 2 s ,  and its  res idence time in a flash evaporator is  
on the order of 1 s .  Previously, no data have been available to es tabl i sh 
that the co2 release was ,  in fact , l imited to the Dco2 • If a larger release 
of were pos s ible ,  thi s would have created environmental impact s  and_ would 
also affected the s ize and power consumption of the compres sor required 
to exhaust noncondensable gases from the condenser of an open-cycle system.  

Table 8-2. Gas Content of Seawater near Oahu, Hawaii (Krock 1981 ) 

Sample Di s so"tved Di s solved Total Di s solved 
Depths 02 N2 cot , Tco2(m) (ppm) ( ppm) 

Warm 27 - 50 6 . 4  1 1 . 1  84 . 0  
Seawater 
Cold 665 - 681 1 . 1  14.4 102 . 0  
Seawater 

(1  mole/kg co2 = 0 .  044 ppm) 
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8 . 4  DESCRIPTION OF EXPERIMENT 

8 . 4 . 1  Method 

The co2 released from the HMTSTA open-cycle evaporator and direct-contact 
condenser was measured by sampl ing the supply and discharge · seawater from 
these components and performing laboratory analysi s  for co2 content . The 
HMTSTA was maintained in steady-state operation whi le the samples were 
taken. The flash evaporator in the HMTSTA was configured with a s ingle 
20 . 3-cm-diameter vertical spout . The direct-contact condenser was 1n a 
two-stage configuration ,  as desc ibed in Chapter 7 .  The operating condit ions 
for both evaporator and condenser are shown in Table 8-3 .  The calculated 
steam flow rates , al so shown in the table ,  agree to about 1% ;  the last digit 
in parentheses i s  not significant . The configuration of these component s and 
their operating condit ions are both projected to be prototypical of future 
open-cycle OTEC power plants .  Thus , the rate of co2 release from these 
component s  should also be prototypical . 

Table 8-3 . Operating Conditions for the Evaporator and Condenser 

Flash 
Evaporator 

Inlet :: ·· 
Temp . 
( oC) 

24 . 9  

Outlet 
Temp . 
( o C )  
21 . 2  

Seawater 
Flow Rate 

(kg/ s )  

28 .9  

Liquid
Loading
( kg/m2 s )  

3 2 . 2  

Steam 
Flow Rate 

(kg / s  ) 

0 .  1 7 ( 4 )  

Direct-Contact 
Condenser 

6 . 5  13 . 8  15 . 0  24 . 3  O st stage ) 
32 . 1  (2nd stage ) 

0 . 1 7 ( 6 )  

Samples were taken from the inlet and discharge pipes o f  both the flash 
evaporator and direct-contact condenser ( see Figure 8-2) . Because the inlet 
and discharge pipes operate at less  than ambient pressures , a peristal tic  pump 
was used to draw the samples . Thi s  type of pump has a relat ively gentle 
pumping action that avoids cavitation ,  which might promote gas desorpt ion . It 
also has no rotating seals that might leak ambient air and contaminate the 
samples . 

The supply system that del ivers seawater to the experiment has three locat ions 
where the seawater is exposed to ambient air :  a pump sump , a head tank , and 
the supply sumps integral to the HMTSTA shown in Figure 8-2 . Because repeated 
exposure to ambient air was l ikely to alter the co2 content of the seawater , 
samples of the source seawater were taken as it  came from the ocean . Both the 
warm and the cold seawater were sampled in the pump station sump directly from 
the mouth of the offshore pipe ( Figure 8-2 ) .  These samples were taken with a 
3-L Ni skin bottle , a . standard device for collecting seawater samples for 
oceanographic study. 

Dupl icate samples were obtained at each location to provide a check on the  
sample integrity and on the repeatability of the measurement s .  Thus ,  
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1 2  samples were taken i n  al l ,  2 each from s ix locations . The second sample at 
a given location was taken immediately after the first . One hour and ·40 minutes were required to take all .12 samples . The HMTSTA as maintained: in 
steady-state operation for this ent ire period . The seawater temperatures 
noted for the samples were those recorded by instrument s  at the HMTSTA. 

· 

Scripps provided a sampling kit with all the equipment required to preserve , 
seal , and ship the samples . Samples were stored . in 1-L glass  bottles sealed 
with greased stoppers . The bottles were filled from the bottom and del iber
ately overfil led by at least 0 . 5  L to flush out the l iquid that was at the 
free surface in the bot tle during filling . Each sample was treated wi th 
mercuric chloride to kill  all biologic activi ty and then sealed . The 12 sam
ples were shipped immediately to Scripps , where _the analysi s  for co2 was com
pleted within nine days after the samples were taken . 

A small air-space of  about 5 cc was left in each bottle .  Thi s  a irspace i s  
required t o  allow thermal expansion and contraction of  the sample and o f  the 
bottle wi thout breaking the seal provided by the stopcock. Over time ,  thi s 
volume of air comes into co2 equi librium with the seawater sample , creat ing 

. small errors in the measurements .  However , cal culations reveal that these 
errors are at least an order of magnitude smaller than the ant icipatE;!d labora
tory experimental errors . 

The worst case i s  for the cold-water sump samples . The airspace 1n these 
samples originally had the ambient air co2 partial pres sure of 350 ppm. In 
equilibrium with the seawater sample , thi s partial pres sure increased to match 
that of the seawater , 1 134 ppm. Thi s  resulted in 7 micrograms of co2 being 
released from the l i ter of seawater to the airspac7 . The change i  TC02 of  . .the sample was 0 . 16 m1cromole/kg .  However , the ant 1c1pated systemat1c exper
imental error , noted below,  i s  more than an order of magnitude greater than 
thi s change ,.in the TC02 • Similar calculations for the other samples show that 
they have even smaller changes in TC02 • 

Header heat 
tank exchanger 

Upcomer Downcomer 

Pump station 
sump 

@Sampling location From the  
ocean  

Figure 8-2 e Sampling locations in the HMTSTA seawater supply system 
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Upon receipt of the samples , Scripps inspected the bottles for any s igns of  
leakage past  the stopcocks . Measurements of TC02 , alkal inity, and sal inity ê

phosphoric acid the carbo and bicarbonate ions dis solved  

were then made on each sample . The methods used are described below. 

A cryogenic vacuum extraction technique was 
method start s  with the acidification o f  a . 

used to measure the TC02 • known volume o f  seawater 
Thi s  
with 

to convert nate to 
molecular carbon dioxide , co2 ( s ) .  All dissolved gases are then extracted from 
the sample under vacuum. Tl:ie co2 i s  captured in a liquid-nitrogen cold trap . 
Other desorbed noncondensable gases , o2 , N2 , and r ,  pas s  through t i s  cold . _trap 1nto the vacuum pump . vapor 1 s  captured 1n an upstream dry-1ce cold 
trap . The resulting sample co2 i s  further puri fied by repeated sequences 
of  dry-ice and l iquid-nitrogen cold traps to ensure that all water vapor and 
other gases have been removed. The sample i s  then introduced into a preci s ion 
manometer of known volume in a temperature-controlled enclosure . Using a 
virial equation of  state to account . for · nonideal gas behavior , the number of  
moles of co2 i s  determined from the volume , temperature , and pres sure . A 
high-preci s ion mercury manometer i s  used as a primary pres sure standard . 

Scripps has demonstrated repeatabil ity of 0 . 8  micromote/kg (one standard 
deviation) in the measurement of T 02 in seawater . Given that the - object ive 
i s  to detect changes in Tco2 , repeatabil i ty i s  the first concern . However , 
accuracy i s  of interest as well . Scripps estimates that the accuracy i s  
within ±2 . 0  micromole/kg based primarily on cal ibrat ions wi th measured 
quantities of carbonates . 

The salinity was measured with a Hytech inductive salinometer . The measure
ments were made with reference to Wormley standard seawater . The repeat
ability of thi s measurement is 0 . 00 1  ppt (one standard deviation ) , and the 
accuracy 1 s  ±0 . 0 1  ppt . 

Total alkal inity was measured via potentiometric acid titration .  An aliquot 
of  seawater was t itrated with HCl to obtain a curve of vol tage (measured wi th 
a glas s electrode ) vs . volume of added acid .  Thi s curve was analyzed wi th a 
nonlinear fitt ing rout ine to determine the endpoint . The repeatability of  
thi s measurement is  est imated to . be ±1 . 5  microequivalent/kg (one standard 
deviation) , and the accuracy i s  estimated to be 1 . 5  microequivalent/kg .  

Calculat ions o f  several additional parameters including PC02 and nco2 were 
made using the three measured parameters and appropriate thermodynamic con
stants .  Finally, the Tco2 and the alkalinity were normalized to cons tant 
sal inity and des ignated STco2 and SALK , respect ively . STC02 was calculated : 

STC02 = TC02 x ( Sinitial /Sfinal ) 

where 

S = initial salinity init ial 
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Thi s  was done t o  remove changes i n  TC02 result ing solely from subtraction or 
addition· of pure water from . or to the seawater during evaporat ion and conden
sati on• SALK was calculated in the same manner .  The warm-water samples were 
normalized against the warm-water sump salinity, and the cold-water samples 
were normalized against the cold-water sump salinity. Normalizing · against the 
source seawater was convenient to show changes in C02 content as the seawater 
flowed through the experiment . The full data set received from Scripps i s  
presented i n  Table 8-4 . 

8 .  5 KXPERIMEHTAL RESULTS 

·Upon initial inspection ,  scripps di scovered that one sample bottle , P3231 ,  
appeared to have an air leak past the stopcock. The leak was sealed and the 
sample was analyzed along with the _ others . That sample , from the cold-water 
sump , had a lower co2 content than did the duplicate cold-water sump sample ,  
ind i cating that some loss o f  co2 may have occurred . Al so , thi s pair of 
samples had a di stinctly l arger residual ( the difference between the pair of 
mea surements )  than did any other pair of samples . For these reasons , the data 
from the sample that leaked have not been included in the following result s .  

The data from the remaining 1 1  samples are shown in Table 8-5 . For those five 
sampling locations where there are pairs of samples , the data have been aver
aged to give one set of data for each locat ion .  The standard deviation o f  the 
res idual s for the pairs of TC02 measurements was 1 . 15 micromole/kg .  Thi s  i s  a 
good result compared to the measurement repeatability of 0 . 8  micromole/kg 
noted above . The measurement repeatabi lity reflects  the random 'error in 
mea surement s  of identical samples , i . e • .  , samples taken from the same Ni skin 
bot tle.  The current data are expected to have some additional random e ror 
because the samples were taken from a flowing system and , thus , are not 
identical samples . 

The values obtained for TC02 and oco2 1n both the warm and cold seawater 
coming from the ocean ·are consi stent wi th other sources of co2 data previous ly 
not ed in Tables 8-1 and 8-2 and in Figure 8-1 .  The warm seawater i s  
326 . 7  ppm, just below the atmospheric partial pres sure of co2 , which i s  
350 ppm. The cold seawater PC02 i s  more than three t imes higher at .1 133 . 7  ppm. The values for and PC02 in the evaporator and condenser 
downcomers must  not be to reflect the actual conditions in tho se 
components .  The seawater just leaving the evaporator and condenser should be 
low in oco2 i f ,  in fact , some or all of the has been desorbed . The 
seawater would not be at equil ibrium because the slow reaction kinetics  
not ed previously. Not enough t ime would have pas sed to allow the conversion 
of bicarbonate ions to replace the released However , in the nine - days
between sampl ing and analysi s ,  the samples have come to equilibrium wi th . 
a replenished content of oco2 • 

Table 8-5 includes "calculated sal inity" data,  to be distinguished from the 
measured salinity reported in Table 8..,.4 . Thi s salinity was calculated from 
the operating condit ions of the evaporator and condenser . Temperature changes 
and flow rates in these components  were used to calculate the steam flow 
rat e .  Thi s ,  in turn , was used to calculate a sal inity change in the seawater 
pas sing through these components .  The calculated salinities for the upcomers . were assumed to be the same as for the sumps . This may not be strictly true , 
but it i s  a reasonable as sumpt ion because sal inity changes in the seawater 
suppl ies are expected to be small .  
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Table 8-5 . llesul ts of co2 Measurements in Warm'. and Cold Seawater Samples 

Cal culated  
Salinity  

( ppt )  
STCO (d )

2Temperature  
( o C )  ê

TCO  
(lJmole kg)  

DCO  
(lJmole kg ) ê

PCO  
Source of Sample  (lJmole/kg )  .  

Warm-water sump  1928 .6   9 . 4   1928 .6   34 . 35 1   

Evaporator upcomer 24 .9  1931 .2  9 . 3  323 . 7  1931 . 2  34 . 35 1  .  

!-' Evaporator downcomer 2 1 . 2  1929 .9 8 . 8< c >  279 .8 ( c )  1918 . 3  (a ) 
00 
....... 

Cold-water sump . 6 .5 2320 . 1  5 6 . 2  1133 . 7 2320 . 1  34 . 402 

Condenser upcomer 6 . 5 2308 . 6  5 3 . 0  1072 . o  2308 .6  34 .402 

Condenser downcomer 13 . 8  2228 .3  36 . o( c )  925 .3  ( c )  2254 .5  (b)  34 . 003 

(a )Normalized to the sal inity in the warm-water sump . ê
(b )Normali zed to the sal inity in the . cold-water sump . ê
( c )These data may not .reflect actual condi tions in the experiment . ê
(d )Normali zed wi th the cal culated salini ty.  ê
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I 

w 
VI 
0\ 
....... 



TC02 cnange 

co2 

co2 • 
HC03

- co2 {s ) 
the 

co2 
tor 

TP-3561   

There was not complete agreement between these two determinat ions of sal ini ty. 
First , the measured sal inity change in the evaporator is much smaller than the 
calculated change . Second , the measured salinity change between the cold· water sump and the condenser upcomer i s  unexpectedly large . It appears
unl ikely that condensation of atmospheric moi sture could be the sole cause of 
thi s change i  the cold seawater , because the resulting cold-seawater 
temperature ri se would be large , about 1 . 7 ° C .  Note that the overall cold
seawater salinity change , sump to downcomer , is es sentially the same for the 
two methods .  The STC02 data noted in Table 8-5 have been normalized by the 
calculated sal inity because thi s method indicates a larger co2 release from 
the evaporator . 

The data show a slight gain in between the warm-water sump and the 
evaporator upcomer . However , the i s  about the same s ize as the 
repeatability of the measurement s .  A gain in TC02 i s  reasonable because the 
warm seawater i s  not saturated with co2 and the seawater i s  exposed to ambient 
air in the supply system.  In the flash evaporator i t self , only a small drop
in STC02 , 1 2 . 9  micromole/kg ,  occurs . Thi s  i s  39% greater than the 
9 . 3  micromole/kg of dissolved co2 in the evaporator upcomer . This indicates 
that all of the nco2 in the seawater was released and that a small additional -quantity of Hco3 , 3 . 6  mic omole/kg ,  was cox;tvert7d to DC02 and r leased as . .. .well ; Th1. s l.S cons:1.'stent w1.th the slow react1.on k1.net1.cs  noted prev1.ously.  

There i s  a drop in TCO between the cold-water sump and the condenser upcomer . 
Some co2 release to t e atmosphere i s  expected because the cold seawater i s  
supersaturated wi th co2 and the open-air sumps - and tanks i n  the supply system 
provide exposure to the atmosphere . The TC02 may al so be reduced because of 
condensation of atmospheric moi s ture , which dilutes the seawater . In the 
direct-contact condenser , there i s  a drop in STC02 of 54 . 1  micromole/kg .  Thi s  
i s  2% greater than the nco2 in the seawater coming into the condenser.  Thi s  

-result i s  similar t o  that for warm seawater , although the quantity o f  Hco3that i s  converted to nco2 and subsequently released i s  smal ler , 
1 . 1  micromole/kg . 

8e6 CONCLUSIONS 

8 . 6 . 1  Immediate Release 

These experiments confirm that very l i ttle co2 i s  released in open-cycle  OTEC 
evaporators and direct-contact condensers , even though the total co2 content , 
TC02 , of seawater i s  high compared to that of other d i ssolved gases . As was 
expected ,  all of the nco2 in the incoming seawater was released . There was ,  
however , only a modes t  additional release of Thi s  confirms that the 
reaction kinetics  for conversion of to are _ sufficiently slow that 

- · 
through these component s .  
very l i ttle Hco3 i s  released from seawater during i t s  brief pas sage 

Wi th thi s data set , the emi s sions from future open-cycle  OTEC plant s can 
be estimated. As sumptions seawater requirements  for plants of commercial 
s ize are based on a ·  system model developed at SERI . for a land-based iO-MW 
open-cycle plant . Thi s  model predicts  that 5710 kg/ s-MW of warm seawater ana 
2580 kg/ s-MW of cold seawater wi ll  be needed for plant operation .  The flow 
rates for a given plant may, of course , · be different than these as sumptions 
depending on many factors including the type of cycle , the avai lable 
temperature difference , the length of the cold-water pipe , and so on. 
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Future OTEC plants may or may not be designed wi th seawater supply systems 
that expose the seawater to the atmosphere , as was the case during the 
experiment . For thi s reason , the largest  ,emi s s ions from the data set. have 
been used in these projections . For the warm seawater , the larges t  release of 
co2 is between the evaporator upcomer and downcomer , 12 . 9  micromole/kg .  For 
the cold seawater , the release from the cold-water sump to the condenser 
downcomer has been used , 65 . 6  micromole/kg .  The resul ting emi s s ion rate 
is 3 8 . 5  g co2/kWh for the plant , with most  of the co2 being from the 
cold seawater ( see Table 8-6 ) .  

Table 8-6. Projected Immediate co2 Emissions from a Land-Based  
Open-Cycle OTEC Plant Using Direct-Contact Condensation  

co  Specific  co2· 

Emi s S lons Flow Rate Emis s ion Rate . 
-C02 Source (lJmole/kg ) ( kg/ s-MW) (g  co2/kWh) · 

Warm seawater 12 . 9  571:0  1 1  . 7  
Col d  seawater 65 . 6  2580 26  . 8  

TOTAL 38 . 5  

Marland (1983 ) has determined average co2 emi s sion rat s from the burning of 
natural gas ,  fuel oil , and coal . The rates shown in Table 8-7 include co2emi s sions result ing from production of these fuel s .  For natural gas , the 
emi·ss ions during delivery to the consumer are included as well . For delivered 
fuel oil and coal , the co2 emi ssion rates are actua,lly somewhat higher than 
those shown.. These emis s ions are relatively constant for various heat ing 
values of the fuel s .  

Table 8-7 .  co2 Emission Rates From Fossil Fuel-Fired Elec.tric Power Plants 

Fuel  

Natural gas  
(Delivered to the customer )  

Fuel oil  
(At the refinery)  

Coal  
(At the minehead )  

co2 Emis sion Rate ê
for Burning( b )   
(kg C02/ 109J )  ê

60 . 0  

81  . 7  

90 . 4  

(a ) EPRI 1986 . (b )Marland 1983 . ê

Plant  
Heat Rate(a)  ê

(kJ/kWh)  

8 , 865   

8 , 900  

10 , 340 

co2 Emi s s ion ê
Rate for Power  

Production  
( g  co2 /kWh ) ê

730   

934  
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co2 emi s s ions from fos sil-fuel electric power plant s vary with the heat rate 
of the individual plant . The Electric Power Research Institute ( 1986 ) gives  
nominal heat rates for current-technology power plant s for each of  the three 
types of fuel . These heat rates are presented in Table 8-7 along wi th " the 
calculated co2 emi ssions for the three fuels per kilowatt hour of electricity.  
The emi s s i6ns from the fos s il-fuel plant s are substantially greater than are 
the projected emis sions from an open-cycle OTEC plant . The OTEC emi s s ions are 
only 7 . 3% of those from a gas-fired plant and 4 . 1% of those from a coal-fired 
plant . 

The OTEC emi s sion rates just mentioned apply to an open-cycle plant in whi ch 
all of the condensation i s  direct contact . If the open-cycle plant i s  
designed for coproduction of  desalinated water a s  wel l a s  electricity, some or 
all -of the cold seawater wil l  be routed to a surface condenser or heat 
exchanger . Thi s  seawater wil l  not be exposed to the low pres sures of the 
direct-contact condenser and wil l  release little i f  any co2 • Thus , 
coproduction of electricity and desal inated water wi ll  reduce the co2 
emis sions of an open-cycle plant . A hybrid-cycle plant has a flash evaporator 
that will  produce co2 emi s s i ons from he warm seawater . As suming a s imi lar 
speci fi c  flow rate , the emi s sions wil l  be 11 . 7  g co2 /kWh , or 2 . 2% of the 
emis s ions of a gas-fired power plant . A closed-cycle plant i s  expected to 
have l ittle or no immediate release of co2 because both the warm and cold 
seawater pas s  through surface heat exchangers .  A compari son of the co2· 

emi ssion rates for OTEC and fossi l-fueled cycles i s  found in Figure 8-3 . 

The pos s ibil ity that subatmospheric pres sures can occur in surface heat 
exchangers located abo.ve sea level was noted earl ier . Thi s appl ies to any
OTEC cycle with a surface heat exchanger : closed..:cycle or hybrid-cycie 
systems , or open-cycle systems that have surface condensers for producing 
desal inated water . For example,  a heat exchanger located 4 . 6  m ( 15 ft ) above 
sea level might have pres sures as low as 55 kPa (8 psia ) .  The actual pres sure 
varies with many factors  including elevation of the heat exchanger , flow rate , 
pump head and location , and throttl ing with valves . Subatmospheric pres sures 

Figure 8-3 . 1 000 934 
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may encourage some release of dis solved gases into bubbles in  the seawater . 
These bubbles may collect in high point s in the heat exchanger or piping and 
require removal wi th . a vacuum pump . Thi s  type of release i s  expected to be . 
very small , especially if  the heat-exchanger pres sures are near atmospheric 
pres sure . No release  of this ty_pe was note.d during operat ion of  Mini-OTEC in 
1979 (Owens and Trimble 1980 ) .  

In summary, all OTEC plants ,  whether closed cycle , hybrid cycle ,  or open
cycle,  wil l  operate with significantly lower immediate co2 emi s s ions than 
fos s il-fueled electric power plant s .  The immediate co2 emis s 1ons generated by 
a land-based open-cycle plant ill  be 15 to 25 t imes smaller than those  from 
fos s il-fueled plants of equal s ize . 

8 . 6 . 2  Release 

The cold seawater discharged to the ocean from any OTEC plant , whether open , 
hybrid , or closed cycle,  will  have a higher part ial pressure of co2 than the 
atmosphere , creating the pos s ibility of long-term co2 release . However , thi s 
release · can be avoi ded by plant design that incorporates subsurface mixed 
discharge of the warm and cold seawater . Thi s  i s  illustrated in Figure 8-4 , 
which · shows the co2 concentrat ion vs . depth for seawater near Oahu, Hawai i .  

·Thi s  site,. has 1910 micromole/kg Tco2 in the warm seawater and 
2315  micromole/kg in the cold seawater at a depth of 700 m. Based on the data 
in Table 8-5 and the specific  flow rates in Table 8-6 , an OC-OTEC plant at 
this site would produce a mixed discharge with TC02 of 200 7 .  Seawater with 
the s e i s  found a  a depth o  195 m, as shown in Figure 8-4 . Di scharge 
at th1s or lower w1 ll  result 1n no long-term co2 release . 

Figure 8-4 . Total co2 
concentration vs . depth

1 00  · near Oahu, Hawaii 
(Krock 1981 ) 

300 Mixed discharge 

2007 Jlmole/kg 
1 95 m  

= a.. 500
Q)0 
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1 800 1 900 2000 21 00 2200 2300 2400 
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These depths are also  below the surface mixed layer of  the ocean in  relat ively 
stable layers that have virtually no contact with the ·atmosphere . The surface 
mixed layer has an average depth of only 75 m,  which varies wi th location and 
season (Riley and Chester 1971 ) .  Because the di scharge i s  below the mixed 
layer , the ecology of the surface mixed layer is not di sturbed , and the warm 
seawater supply temperature to the plant i s  not affected •

. 

Subsurface dis
charge also avoids adding nutrients from the cold seawater to the euphotic 
zone , where i t  could promote algae blo.oms . The euphot ic  zone i s  that part of 
the upper ocean which has adequate sunlight to support plant growth.  Thi s  
zone extends t o  a depth of at least 8 0  m ( Sverdrup et al . 1970 ) .  

The cold seawater from an OTEC plant may be used for maricul ture instead of 
being discharged directly into the ocean . Thi s  seawater wil l  be low in oxygen 
and will  like y require reaeration before it  can be used to grow marine 
animal s .  Such use could result in extended exposure to the atmosphere and 
some long-term release of co2 • As for maricul ture of marine plant s ,  the cold 
seawater discharge wil l  be d1rectly usable . It  still  has a large . co2 content , 
as  these data indicate . However , the excess co2 i s  likely to be rapidly con
sumed by the cultured plants ,  thus limit ing i t s  release into the atmospher . 

8 . 7  APPLICABILITY TO THE NPPE 

The results  of thi s experiment should be directly appl i cable to the NPPE.  The 
HMTSTA evaporator and direct-contact condenser are the prototypes for the NPPE 
evaporator and condenser in terms of both configuration· and operat ing 
conditions . For the NPPE flow rates of 620 kg/ s  warm seawater and 421 kg/ s  
cold seawater , t e co2 release wi ll  be 35 . 6  mil l imole/a or 1 . 57  g/ s .  

8 .  8 FURTBEJl RESEARCH NEEDS 

Additional experiments are recommended to resolve the anomalies noted earl ier 
between the measured and calculB.ted salinit ies . Experiments under a variety 
of operating conditions in both the evaporator and the direct-contact . con
denser would add confidence to the conclus ions , which are based on a s ingle  
operat ing point . Such experiments have been conducted using a mas s  spec
trometer to characterize the contents of the steam and noncondensable gases in 
the HMTSTA. These data , obtained by researchers from the Univers ity of 
Hawaii , have not been documented at the time of writing . Further analys i s  and 
experiments wil l  be necessary to quanti fy the long-term co2 emi s s ions from 
OTEC plant discharges and the emi s s ions that wi ll  occur during plant 
construction and demolition .  
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Tes t s  conducted in the HMTSTA as ses sed the heat- and mas s-transfer performance 
of all key open-cycle OTEC components except the turbine , us ing seawater as 
the working fluid.  The results  provide a sound technical bas i s  for under
standing. and predicting with confidence the performance of these components  at 
larger scales . 

Tes t s  on the spout evaporator concluded that the principal parameter affecting 
evaporator thermal effectivene s s  i s  the l iquid loading , both for s imple spout s 
and for mul tiple spout s .  Within experimental uncertainty, the seawater and 
fresh-water results  are the same . Superheat and spout height have les s of  an 
effect . Superheat above 2 ° C .  i s  required to achieve high thermal effectiveness  
us ing s ingle spouts .  A spout height of 0 . 5  m and spout diameter of 0 . 25 m are 
adequate .  Mul tiple spout s show a lower effectivenes s  than s ingle spout s ,  but 
both  can be designed to attain thermal effectivenes s  of 0 . 9  or above , indi
cating that warm seawater requirements are within 10% of the theoretical 
minimum . No water or steam instabilities were observed . 

Based on the available l iterature and prior studies , · selection of a nii st 
el iminator to achieve a speci fied performance is straightforward . Per£ormance 
of a · candidate mist  eliminator was verified at the HMTSTA, yielding a low 
pres sure-drop penal y and removing more than enough droplet s from the steam to 
result in desalinated wate  qual ity wel l  al::love standards for drinking water . 
A suitable commercially available mi st  el iminator can be selected when speci
fications are defined of  drop"tet carryover requirement s with respect to 
turbine operat ions . 

Seeping test s  on Marm seawater predeaeration have shoWn that · the fraction of 
oxygen desorbed ranges from 0 . 07 to 0 . 6  for predeaeration pres sures between 9 
and 35  kPa . The scatter of data was large because of difficul ties and uncer
t.aint ies in field measurements of di s solved oxygen concentration .  These 
difficul ties and changes in operating conditions did not al low conclus ive 
def inition of the dependence of desorpt ion on seawater flow rate . Oxygen i s  .
observed t o  desorb from the seawater a s  bubbles , but these bubbles are not 
completely . released in the pas s ive predeaeratiori c·hamoer and some are carried 
into the evaporator . However ,  the bubbles were shown to . be ea·s ily removed 
from the water in a separator , indicat ing future direct ions in predeaeration 
methods . System model simulation predicts  potential reduction of pumping 
power for gas removal by 25% ,  resulting in a potential increase in system net 
power of about 2% if warm water predeaeration were incorporated . Total 
observed release of oxygen from the warm water was 75% to 95% of the dis solved 
content , implying that equivalent rates are to be expected for the overall  
noncondensable gas release from the warm seawater . · 

Resul t s  of surface condenser tests  va idated the computer model that predicts  
performance of a cros s-flow, unenhanced parallel-plate condenser geometry.  
Thi s  geometry was used as the main condenser and showed small steam pres sure 
drop and no observable buildup of noncondensable gas in confined areas of the 
main condenser . The vent condenser performed poorly, resul ting in. 
dif f i culties in calculation of the overall condens.er mas s  balance . However , 
it i s  bel ieved that unc rtainties caused 

. 
by difficulties wi th the vent 

.condenser had minimal effects  on the analysi s  of the main condenser . 
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Data obtained wi th two direct-contact condenser stages us ing structured 
packings showed excellent consi stency and confirmed earl ier predict ions of 
superior thermal , exhaust , and hydraulic  performance for the DCC . Overall 
thermal effect ivenes s  above 0 . 9  has been shown consistently for vent ratios of  
0 . 9  in the presence of high noncondensable-gas content . Thi s  indicates that 
the DCC uni t  can operate with only 10% more than the theoretical minimum for 
cold water use and venting requirement s .  Within experimental uncertainty-, 
thermal performance in seawater and fresh-water operation cannot be d i st in
gui shed . Total hydraulic  losses equivalent to less  than 2-m heads are easi ly 
attainable .  Computer models describing the condensation process i n  each o f  
the DCC stages have been validated and accurately predict the proces s  under a 
wide range of geometries and operat ing condit ions . 

Very little carbon dioxide i s  released during open-cycle OTEC system opera
tion ,  although the amount released i s  virtually the total dis solved quant ity . 
Immediate emi s s ion from open-cycle OTEC plant s amount s to 15 to 25 times less  
than the emi s s ions generated by foss i l-fueled electric power plant s .  Long
term carbon dioxide release could be sl ightly higher and wil l  depend on 
discharge des ign or types of downstream appl i cations of the spent seawater . 

Tests  at the HMTSTA on heat exchanger components were conducted in the param
eter range for NPPE operation . In all cases , the seawater test result s  con
firm or surpas s  the p rformance obtained in fresh water and predicted by the 
analytical model s for the components to be used in the NPPE . Valuable exper
ience was al so gained in operation of the HMTSTA test facil ity .that wi ll be 
reflected in improved design of the layout and operational procedures in the 
NPPE facility.  There now exists  a good bas i s  to design the NPPE with confi
dence that the expected performance will  be achieved . 

198  



APPEBDIX A  

ERROR ANALYSIS  



Description 

TP-3561  

NOMENCLATURE 

Abbrev. 	 Units 

specific heat 
generic function 
error on F 

i 	 integer from 1 to n 
mas s  flow of warm seawater kg/ s  Qww 

X generic variable NA 
X 	 error on X NA 

temperature of incoming seawater 
temperature of outgoing seawater 

Note :  	 The nomenclature used in Table A-2 follows the use selected by ea h 
principal investigator for the four main components tested : spout 
evaporator , warm-seawater deaerator , surface condenser , and direct
contact condenser . The respective nomenclatures used for each com
ponent can be found . at the beginning of each related chapter and i t s  
data appendix.  

zoo  
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Thi s appendix present s summaries of primary instrument and derived performance 
parameter pretest error est imates . (An example of a derived performance 
parameter is evaporator effectiveness ,  Eq . 3-1 , calculated from measured water 
and steam temperatures . )  Actual errors from particular experiments are di s
cussed in appropriate component sections . 

The instrumentation error estimates ( Table . A-1 )  . combine all ant icipated errors 
from instrumentation and · s ignal conditioning spec ifications . The derived 
parameter error est:Lmates (Table A-2 ) result from the instrumentation mea
surement errors and other values used in equa.t ions . Thi s  analysi s  was per
formed before the test s  ( Parsons et al . 1989 ) and i s  summarized here for com.pleteness  and because  several values were updated from those presented in the 
test plan . 

The error estimates are useful for 

• 	 a s sessing suitabil ity of instrumentation and signal conditioning hardware 
prior to test . 

• 	 asses s ing different methods of calculating a given performance parameter .
f rom alternative , redundant instrumentati on 

• 	 providing an indicator of the quality of data obtained in a test . 

Ass e ssment of hardware suitability was performed during the HMTSTA design 
phase  . 

The result s  of alternative methods of  calculat ing performance parameters are 
summarized in Table A-2 of thi s appendix . For example , evaporator effective
nes s  can be evaluated in three ways. ( second , third , and fourth block of  
Table  A-2 ) .  Estimated maximum expected errors on the ·effectivenes s  parameter 
bas ed on the three methods are 144% , 18% , and 7% . . The error us ing differ
ent i al sensors and steam pres sure i s  estimated to be lowest . Thi s  kind of 
ass e ssment allows the princi pal investigator to choose the most suitable type
of data analysi s . 

By plotting two ways of calculat ing performance parameters against one another 
for a given test set , the qual ity of the data can be asses sed . For example , 
see Figure 7-4 , where two methods of calcufating DCC overal l thermal effec
tivenes s  are plotted .  One standard deviation of the expected error est imates ,  
from the analysi s  of Table. A..;2 , i s  al so plotted in the figure . If  da a 
deviate from the parity l ine by more than the error est imates , they are 
suspect , and resul t s  should be carefully examined and retesting considered . 
Conversely, data compari sons which fal l  ins ide the estimated error bands 
indi cate that internal data are consi stent and that no better refinement can· 
be expected with the given instrumentat ion .  Another . source o f  data lying 
out side expected error bands i s  violat ion of assumptions in the equations--for 
example ,  assuming s ingle-phase flow to calculate liquid velocities and head 
los ses . The swmnary of derived parameter error estimates provides the tool 
for these types of compari sons . Actual compari sons are di scussed in each of 
the component performance sections by the principal investigators . 
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A. l UHCER.TAIRTY IH PRIMARY MEAsUREMENTS 

Table A-1 lists  the final result s  of the end-to.;..end pretest error estimates 
for all the instrument s  used in HMTSTA tests . The first column refers to the 
sections in the HMTSTA test plan ( Parsons et al . 1989 ) that descr{be how the 
final number was obtained for each sensor . Several values shown here for 
pressure and differential pres sure measurement s  have been updated from tho se 
shown in the test plan , based on more recent information from the sensor 
manufacturer . 

A. 2 UHCER.TAIRTY IH CALCULATED PARAMETERS 

Table A-2 lists  the various methods of calculating the performance parameters 
based on a selection of primary measurements ,  the error contribution from each 
primary measurement ,  and the total root-mean-square (RMS ) uncertainty ' for each 
calculation method . 

The table i s  divided into blocks . Each block contains the calculated param
eter , the equation used to determine this parameter , and i t s  · nominal value 
( top of each ·block) . Below thi s i s  a short table describing the primary mea
surement , related property , or function calculation used in the equation ,  as 
appropriate.  This short table also pro ides the nominal value of each primary 
quantity and its  individual error contribution .  The rightmost  column provides 
the partial error contribution from each primary quanti ty to the . performance 
parameter · that i s  being calculated . The total uncertainty i s  shown as the 
last row of each block. 

For each performance parameter that can be calculated by mult iple methods , the 
method with uncertainty i s  presented first . 

Table A-2 i s  divided into the four main component s tested , and u presented in 
the same order as they appear in the text : 

• Spout evaporator 
• Warm-seawater deaeration 
• Surface condenser 
• Direct-contact condenser . 

The terminology used in each block pertaining to · the four above-mentioned 
component s  follow.s the use selected by each principal investigator . The 
respective nomenclature used for each component can be found at the beginning 
of each related chapter and its  data appendix.  

The primary quantities  can also be i dentified by inspect ion of the equat ion 
used to calculate the performance parameter and by inspection of  their uni t s . 

A.J CALCULATION METHODOLOGY 

Thi s sect ion describes · the calculation method for the error analys i s  for 
derived component and system performance parameters ( Parsons et al . 1989 ; 
Measurement Uncertainty Handbook 1980 ; ANSI /ASME 1986 ) .  Errors for the evapo
rator and direct-contact condenser are calculated at the design point for the 
planned net power-producing experiment (NPPE ) .  Errors for the surface con
denser experiments util ize data from Tes t  Run 880706 . 008 , run near the rated 
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conditions o f  the main condenser . The individual instrument measurement 
errors  are taken from  the summary in Table A-1 .  

As sume the function 

where Xi i s  a primary instrument measurem nt parameter and F i s  an arbitrary 
derived performance parameter . 

Then  
n  

= [ I (! !!... axl. ) 
2 ] 1 /2 dF 

F F axl· i=l 

aF/F i s  the resulting most  probable fractional error in the derived paramet r 
resulting from instrument mea.surement errors , axi . 

For the following summary tables (A-2 ) the er or contribution of each 
parameter i s  the partial derivative ,  aF/ aXb times the instrument measurement 
error divided by the performance parameter . The total probable error on a 

· derived parameter i s  the root-mean-square (RMS ) of  the individual parameter 
contributions . 

For example , the first block of Table A-2 describes the calculations for the 
evaporator heat load us ing a differential temperature measurement , where 
DT-ww = i s  the difference between incoming and outgoing warm-seawater 
temperatures ,  a warm-water mas s  flow Qww = 5 1 . 7  kg/ s ,  and specific heat of. 

·the warm seawater Cp . 

Functi<m F .::, Heat Load = Qww Cp (Twi-Two > 
'"·'· 

1 aF 1 1 1- -- =· . Cp (Twi-Two > = = 0 . 0193 F aQww QwwCp (Twi-Two > Qww 5 1 . 7  

1 aF 1- -- = = 0 . 2506 F acP 

1 1 = = = 0 .  285 7 
Wl WO Wl WO 

aF + ( 0 . 2506 * 0 . 0 192 )F 

= 0 . 0369 = 3 . 69% 

·Not e  that in cases in which the expected value i s  close to . the calculated 
mea surement error , the partial mult iplier 1/F  aF/ aXi can be quite large , 
resulting in high percentage error of the derived parameter . 
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Table A-1 .  Summary o f  Pretest Measurement Uncertainties  

Sectio * 

A.2 . 1  
A. 2 . 1  
A . 2 . 2  
A . 2 . 2  
A .2 . 3  
A . 2 . 4  

A .2 . 4  
A . 2 .4 

A . 2 . 5:t: 
A . 2 . 6:t: 

A. 2 . 7:t: 
A . 2 . 8  
A . 2 . 9  

A . 2 . 10 
A . 2  . 11 
A. 2 . 12 
A . 2 . 13 
A . 2 . 14 
A . 2 . 15 
A 2 . 16 
A . 2 . 17 
A. 2 . 18 
A . 2 . 19 

.1\. 2 . 20:1: 

A. 2 . 21:f: 
A . 2 . 22 
A. 2 . 23 

Measurement 

Absolute temperature (water )  
Absolute temperature ( steam)  
Differential temperature (water)  
Different ial temperature ( steam)  
Absolute pressure ( steam, .evaporator)  
Absolute pres sure (water , supply;   

coarse vacuum) 
Absolute pressure ( boiling refrigerant ) 
Absolute pressure (compres sed 

refrigerant 
Abs olute pres sure ( gas , predeaerator ) 
Pressure difference ( predeaeration 

baffle , DCC stages ) 
Pressure difference (mi s t  eliminator ) 
Pres sure difference (evaporator spout ) 
Flow rate ( seawater , evaporator , and 

1 s t-stage condenser ) 
Flow rate ( seawater , 2nd-stage condenser ) 
Flow rate (condensate ) 
Flow rate (refrigerant ) 
Flow rate (exhaust  gas ) 
Level ( inlet , outlet tanks ) 
Level ( predeaeration chamber )  
Oxygen content ( inlet water ) 
Salinity, absolute ( inlet water ) 
Sal inity, absolute ( condensate) 
Conduct ivity,  ratio ( inlet /outlet 

warm water ) 
Absolute pressure ( steam, 

evaporator , condenser s )  
Level (discharge pool ) 
Flow rate (DCC stages ) 
Wet-bulb temperature (surface 

condenser inlet and outlet ) 

Error 

±0 . 25 5 ° C  
±0 . 259 °C  
±0 . 056 °C  
±0 . 060 °C  

±26 Pa 

±0 . 9  kPa 
±12 . 0  kPa 

±18 . 0  kPa 
±544 Pa 

±9 . 1  Pa 
±19 . 1  Pa 
±300 Pa 

±1 . 7  kg/ s  
±0 . 3 7  kg/ s  
±1 . 1 1 miJ./ s 
±0 . 024 IJ. / s  
±0 . 06 m3/ s

±6 . 4  mm 
±3 . 6  em 

±0 . 28 ppm 
±10 . 6  ppm 
±44 . 6  ppm 

±18 . 3  

±117  Pa 
±520 Pa 

±0 . 01 1  m/ s 

*These are sections in the HMTSTA test plan ( Parsons et al .  

%FS 

±0 .26  
±0 . 26  
±0 . 19  
±0 . 20  
±0 . 75  

±0 .87  
±0 .87  

±0 .87   
±0 .49 "   

±3 . 6   
. ±3 . 2   
±0 . 87   

±0 . 92  
±0 . 80  
±0 . 10  
±0 . 8   

±0 . 26  
±1 . 5   
±0 . 15  
±0 . 15  
±0 . 15  

±5 .4  

±1 . 9   
±0 . 87  

. ±0 .58  

±0 .44 

1989 )  that 
describe the detai l s  of how the . f inal number was obtained . Several entries 
were updated ( see· next footnote ) .  

:f:Error recalculated from test plan estimates to include sensor six-month 
s tability and temperature effect specifications . 
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
SPOUT EVAPORATOR 

Heat load (warm) 	 • Qww * Cp * DT-ww - 722 . 0  kW 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Oww 5 1 . 70 1 . 700 kqls 13 . 97 3 . 29  
Cp 3 . 99 0 . 019 kJikq-C 180 .95 0 . 48  

DT-ww 3 . 50 0 . 056 c 206 28 1 . 60  

Total heat load error % (RMS) • 3 . 69 

Effectiveness (method a) • DT ww I ( (Twi1+Twi2 ) 12 - Tsat (Pst-evap) ] 

0 .897 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

DT-ww 3 . 50 0 .056 c 0 . 2562 . 1 . 60 

Twil 2 6 . 00 0 . 255 c 0 .0104 0 . 29 

Twi2 2 6 . 00 0 .255 c 0 . 0104 0 . 29 

saturated curve, 	 Tsat • 4026 . 98 I { 1 8 . 478  - ln ( (Pst-evap - 3 . 738) 1161.75] ) - 234 . 738 + 0 . 3  

Pst-evap 2612 900 Pa 

Tsat (Pst-evap) 22 . 10 5 . 639 c 0 . 2297 144 . 4 6  

Total effectiveness (a) error % (RMS) • 144 . 47 

Effectiveness (method b) • DT-ww I ( (Twi1+Twi2) 12 - Tsat (Pst evap) ]  

0 .  897 

Partial 

J?rimary Partial Error 

Measurement Value Error Derivative Contribution % 

DT-ww 3 . 50 0 .056 c 0 . 2562 1 . 60 

Twil 2 6 . 00 0 . 255 c 0 . 0104 0 .29 

Twi2 2 6 . 00 0 . 255 c 0 . 0104 0 . 29 

saturated curve, 	 Tsat • 4026 . 98 I {18 .478 - ln ( (Pst evap - 3 .738) 1161 .75] ) 234 . 738 + 0 . 3  

Pst evap 2612 117 Pa 

Tsat (Pst evap) 2 2 . 10 0 .733 c 0 . 2297 18 . 78 

Total effectiveness (b) error % (RMS) • 18 . 85 
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Table A-2. 	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
SPOUT EVAPORATOR (Continued ) 

Effectiveness (method c) - DT-ww I { (Twi1+Twi2) 12 - Tsat [Psat (Tst-me) + DP-me]  
where Tst-me - (Twi1 + Twi2 ) 12 - (DT-wls-me1 + DT-wls-me2 )  

effectiveness (c) - 0 . 897  

Partial  
Primary Partial Error  

Measurement Value Error Units Derivative · Contribution %  
-------------------------------. --------------------------------------------------------. 

steam temp . above mist eliminator - (Twil + Twi2 ) 12 - (DT-wls-me1 + DT-wls-me2 ) 12 

Twil 2 6 .00 0 .255 c 0 . 50 0 . 59 
· Twi2 2 6 .00 0 . 255 c 0 . 50 0 . 59 

DT-wls-me1 4 . 4  0 .0 60 c 0 . 50 0 . 14 
DT-wls-me2 4 . 4  0 . 060 c 0 . 50 0 . 14 

Tst-me 2 1 . 6  0 . 185 c 	 0 . 86 

saturated curve, 	 Psat (Tst-me) • 161 . 757 * exp [ l8 . 478 - 402 6 . 97I (Tst-me + 234 . 738) .] + 3 . 738 

Psat (Tst-me) 2581 2 9 . 3  Pa 0 . 006 0 . 83  
DP-me 31 1 9 . 1  · Pa 0 . 006 0 . 54  

0 . 99 

saturated curve, 	 Tsat - 402 6 . 98 I { 1 8 . 478 - ln [ (Psat (Tst-me + DP-me - 3 . 738) 1161 . 75 ] 1 - 234 .738 + 0 . 3  

Tsat.(Psat+DP ) 22 . 10 0 .2 1 9  c 0 . 230 5 . 61  
DT-ww 3 . 50 0 . 056 c 0 .256 1 . 60  
Twil 2 6 . 00 0 . 255 c 0 . 115 3 . 27  

Twi2 2 6 . 00 0 . 255 c. 0 . 115 3 . 27  

Total effectiveness (c) error % (RMS) • 7 . 44 

Steam flow rate • heat load IHfq (heat of . vap . )  • 0 . 264 kqls 

· Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

heat load 722 . 0  2 6 . 6  kW 0 . 0004 3 . 69 
Hfq 274 0 . 0  4 .0 kJikq 0 . 0001 0 . 15 

•Total steam flow rate error % ( ) 3 . 69 

2	 3m2 , mA2 = m m3 , m . = m 
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
SPOUT EVAPORATOR (Continued ) 

Liquid loading • 	 Qww I e-x area 57 . 8  kg/m"'2-s • 

Partial · 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Vessel dia . 1 . 07 0 . 006 m 
e-x area 0 . 894 0 . 010 m"'2 64 . 7  1 . 12 

Qww 5 1 . 7  1 . 7  kg/s 1 . 12 3 . 2 9  

Total liquid loading error % (RMS) - 3 . 48 

Mist elim . loss 	 factor DPlme/ [ 0 . 5  * Qww2/ (C-X area"'2 * density) ] - 1 3 . 7• 

density curve, rho-st • [Psat (Tst-me) + DP-me] * 18 . 0153/ { 8 . 3143* [ 27 3 . 15 + Tsat (Psat+DP ) ] }  

Partial 
Primary Partial Error 

Measurement Value Error Units Derivativ  Contribution % 
. . 

Psat (Tst-me) 2581 2 9 . 3  Pa 0 . 00000734 1 . 12 

DP-me 31 1 9 . 1  Pa 0 . 00000734 0 . 73 
Tsat (Psat+DP) 22 . 10 0 . 2 1 9  c 0 .  00000006 0 . 00 

stm. density 0 . 0192 0 . 00026 kg/m"'3 	 1 . 34 

DP-me 31 1 9 . 1  Pa 0 . 44 1  61 •. 61 
Qst 0 . 2 6  0 . 010 kq/s 103 .80 7 . 38 

e-x area 0 . 894 0 .0 10 m"'2 9 . 021 0 . 66 
stm. density 0 . 0192 0 . 00026 kg/m"'3 7 13 . 4 1  1 . 34 

Total mist eliminator loss factor error % (RMS) • 62 .08 

Mist elim . exit mass flow liquid/mass flow steam • Fend * Sc/ (Si-Sc) • 0 . 000023 . 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Sc 0 001 0 .0446 ppt 0 . 0232 4460 . 1 3  

Si 34 . 5  0 . 0106 ppt 0 . 000001 0 . 03 

Fend 0 . 8  0 . 0232 0 . 000029 2 . 90 

Total m . e .  mass flow ratio error % (RMS) • 4460 . 13 

2	 3m2 , m/\2 = m m3 , m  = m  
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
SPOUT EVAPORATOR ( Concluded ) 

---------------------------------- --------------------------- ------------------------
Water supply and discharge pressure loss coefficients were found by solving  
OP-ww • (K-spt * rho-sw • · v-sptA2 I 2) + (K-dis * rho-sw * V-disA2 I 2 )   

for different spout diameters, assumming K s  are constant .   
OP-ww I (rho-sw * v-sptA2 I 2 )  - K-spt + K-dis * A-sptA21A-disA2 

5 . 9  

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qww 5 1 . 7  1 . 7  kqls 0 . 0193 3 . 2 9  
dia-spt 0 . 254 0 . 0025 m 7 .  8533 2 .  00 
rho-sw 1023 1 kglmA3 0 . 0007 0 .  07 

v-spt 1 . 00 0 . 038 mls 3 . 85 

( rho*VA2/2) 508 . 8  3 9 . 2  Pa 0 .  012 7 .  70 

dia-spt 0 .  254 0 . 0025 m 
dia-dis 0 .  305 0 . 0025 m 

A-spt21A-dis2 0 .  482 0 . 037 

OP-ww 3000 300 Pa 0  0020 10 .00 

Total pressure loss coefficient sum error % (RMS) • 12 . 62 

by assuming the error on each loss coefficient is equal, the discharge and 

spout K-factor error is estimated to be 0 . 4 8  

or 15 . 9  % for the spout 
7 .  8 % for the discharge 

m2 , m./\2 = 2 m m3 , m  = m3 
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
WARM SEAWATER DEAERATION 

The errors for dissolyed oxyqen online measurements are discussed extensively 
in section D . 2 . 4  of Appendi  D, and the derivation will not be repeated here . 
Warm seawater dissolved oxyqen typical values and rrors are summarized here 
for completeness . 

Fraction of D . O .  · Released in Predeaeration Section • Fpd • (DOin - DOspt ) /DOin 
0 . 424 

Partial 

Primary Partial Error 
Measurement Value Error Units Derivative Contribution % 

DO in 6 . 6  0 . 35 mq/1 0 . 0872 7 . 20 
DOspt 3 . 8  0 . 35 mq/1 0 . 1515 12 . 50 

Total predeaeration fraction released error % (RMS) - 14 . 42 

Total Fraction of D . o .  Released in Evaporator - Ft - (DOin - DOout) /DOin 

0 . 894 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

DOin 6 . 6  0 . 35 mq/1 0 . 0161 

Doout 0 . 7  0 . 35 mq/1 0 . 1515 5 . 93 

Total predeaeration fraction released error % (RMS) • 5 . 97 

2 1 0   
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Te ts :  
SURFACE CONDENSER 

First-staqe condenser heat load • Qc • Qcw * Cp * Delta-T • 591 . 8  kW 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw 4 5 . 5  1 . 700 kq/s 1 3 . 0 1  3 . 7 4  

Cp 3 . 99 0 .019 kJ/kq-c 148 . 33 0 . 48 

Del ta-T 3 . 2 6  0 . 056 c 181 . 55 1 . 7 2  

Total heat load error % ( RMS )  • 4 . 14 

First-staqe condenser heat load • Qcw * Cp * (Two, av-Twi, av) 
552 . 5  kW 

Partial 

Primary Partial ' Error 
Measurement Value Error Units Derivative contribution % 

Two1 1 1 . 7 3  0 . 255 c o . s  1 . 09  

Two2 1 1 . 65 0 . 255 c 0 . 5  1 . 09  

Two,av 1 1 . 69 0 . 1275 c 177 . 56 3 . 83  

Twil 8 . 55 0 . 255 c o . s  1 . 4 9   

Twi2 8 . 60 0 . 255 c o . s  1 . 4 9   

Twi , av 8 . 58 0 . 1803 c 177 . 5 6  5 . 4 1  

Qcw 44 . 5  1 .700 kq/s 12 . 65 3 . 63 

Cp 3 . 99 0 .019 kJ/kq-C 14 i . 11 0 .  45 

Tqtal heat load error ' (RMS) • 7 .  57 

oc = c 

2 1 1   
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Table A-2. 	 Derived Parameter Error Estimates for HMTSTA Component 'fests : 
SURFACE CONDENSER (Continued ) 

First-staqe condenser heat load • Qs • Mend * h·fq + Msi * ('l'si-'l'so) * Cp, qas 
568 . 8  kW 

Primary Partial  

Measurement Value Error Units Derivative  

Mend 0 . 229 0 . 001 kq/s 2469 

hfq 2469 0 . 34 9  kJ/kq 0 . 22 9  
Msi 0 . 271 0 . 010 kq/s 1 3 . 0 1  

'l'si 20 . 44 0 . 259 c 0 . 499 
Tso 13 . 37 0 . 259 c 0 . 499 

Cp,qas 1 . 84 0 . 00 9  kJ/kq-C 1 . 916 

Total heat load error % (RMS) • 

Inlet steam mass 	 flow • Q-Staqe1/hfq + Q-Staqe2/hfq + Msexh 

Primary 
Measurement 

Q-Staqe1 
o-staqe2 

hfq 
Tso 

Mexh 

0 . 27 5  

Value Error Units 

569 4 3 . 1  kW 
104 5 . 6  kW 

2469 0 . 34 9  kJ/kq 
13 . 37 0 .  259 c 

0 . 00285 0 . 00074 kq/s 

kq/s 

Partial  
Derivative  

0 . 0004 

0 . 0004 

0 . 0001 
o . o  

1 

'l'otal steam flow error % (RMS) • 

First staqe condenser fraction of steam condensed • (Q-Staqe1/hfq) /Msi • 

Primary 

Measurement Value 

o-staqe1 569 
hfq 2469. 
'l'so 13 . 370 
Msi 0 .  275 

Error 

4 3 . 062 
0 . 34 9  

0 . 259 
0 .018 

Fraction of 

Partial 

Units Derivative 

kW 0 . 0015 
kJ/kq 0 . 0003 

c 

kq/s 	 3 . 0420 

steam condensed error % ( ) 

Partial  
Error  

contribution %  

0 . 43 
0 . 01 
0 . 02 
0 . 02 
0 . 02 

0 .  003 

0 . 436 

Partial  
Error  

Contribution %  

6 . 34 
0 . 83 

0 . 01 

0 . 27 

6 . 40 

0 . 837 

Partial  

Error  

Contribution %  

0 . 01 

6 . 40 

9 . 91 

212   
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Table A-2. 	 Uerived Parameter Error Estimates for HMTSTA Component Tests :  
SURFACE CONDENSER ( Continued ) 

Second-sta_ge condenser heat load - Qr - Mr * rho * (hvo-hli) 
103 .53 kW 

where 
rho • 1'6 . 0184 6 * ( 9 1 . 2-0 . 1575* (Trl * 1 . 8+32 ) +0 . 000625* (Trl*1 . 8+32 ) "2 kg/m"3 
hvo - 2 . 326* (77 . 02+0 . 1175* (Tsa*1 . 8+32) -0 . 0001766* (Tsa*1 . 8+32 ) "2+0 . 107* (Tsvo-Tsa) -0 . 00017* 

(Tsvo - Tsa) "2)  
hli • 2 . 3-26* (8 . 5389+0 . 21331* (Trl*1.8+32 ) +0 .000121* (Trl* 1 . 8+32 ) "2)  
Trs • (437 9 . 06/ ( 1·2 . 0708-loq (Prs/6 . 894757) ) / 1 . 8-27 3 . 1 6 
  

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

TRL 24 . 5 6  0 . 255 c 

PRI 309 . 6  12 kPa 0 . 06429 0 . 28 
PRO 303 . 9  12 kPa 0 . 06540 0 . 29 

TRSI 0 . 08 0 .77 c 0 . 50000 0 . 14 
TRSO -0 . 4 9  0 . 78 c 0 . 50000 0 . 14 
TRSA -0 . 20 0 . 55 c 

TVO 12 . 5  0 . 255 c 

HLI 	 5 9 . 3 1  0 . 13 kJ/kq 789 0 . 10 
HVO 190 . 4 8  kJ/kq 789 3 . 62 . 
Mr 0 . 59 0 .024 1/s 174037 4 . 03 

rho 1327 0 . 449 kq/m"3 78 0 . 03 

Total error in heat load % (RMS) • 	 5 . 4? 

Xnert gas flow rate - Mq 
• 2 9 . 2 *Qexh*Pexh/ (273 . 16+Texh) * (1-Ps (Tci8w) /Pso2) • 0 . 00149 kg/s 

where PS (Tdew) • 133 . 322*10" ( 7 . 89182..;2 967 . 7731/ (378 . 4 + (TDEW*1 . 8+32 ) ) )  

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qexh 0 . 389 0 . 028 m"3/s 0 . 0038318 7 . 20 
Pexh 1376 117 Pa 0 . 0000011 8 . 50 

Texh 33 . 92 0 . 2 55 c 0 . 0000049 0 . 08 
Tdew 8 . 8  0 . 22 c 18 . 4996377 0 . 36 

PS (TDEW) 1133 4 Pa 0 . 0000041 1 . 12 

PS02 1497 117 Pa 0 .0000031 24 . 28 

Total error in gas flow rate % (RMS) 2 6  .74  

2	 3m2 , m"'Z = m m3 , m""3 = m 

213  
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Table A-2.  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
SURFACE CONDENSER ( Continued ) 

Exhaust-steam flow • Msexh 
• 18*0exh*Pexh/ (273 . 1 6+Texh) *Ps (Tdew) /Pso2 • 0 . 00285 kq/s 

where PS (Tdew) • 133 . 322*10A (7 . 89182-2967 7731/ (37 8 ,4+ (TDEW*1 . 8+32 ) ) )  

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

oexh 0 . 389 0 . 028 mA3/s 0 . 0073392 1 3 . 7 9  
Pexh 1376 117 Pa 0 . 0000021 1 6 . 2 9  

Texh 33 . 92 0 . 255 c 0 .0000093 0 . 16 
Tdew 8 . 8  0 . 2 2  c 18 . 4996377 0 . 36 

PS (TDEW) 1133 4 Pa 0 . 0000025 0 . 69 

PS02 1497 117 Pa 0 . 0000019 14 . 97 
------.----

Total error in exhaust steam flow % (RMS) 2 6 .07 

First-staqe condenser inlet steam fraction • Msi \ (Msi + Mq) 	 0 . 9946 • 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Msi 0 . 2752 0 .018 kq/s 0 . 01 0 . 01 

Mq 0 . 0015 0 . 00040 kq/s 3 . 59 0 . 14 

Total steam fraction error % (RMS) 	 0 . 14 

m2 , m"2 =  2 ê 3 êm  =  m  
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Table A-2. 	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
SURFACE CONDENSER ( Cont inued ) 

First-stage condenser outlet steam fraction • Mso \ (Mg + Mso) .• 0 . 9678 
where Mso • Msexh + Q Stage2/hfg 

Primary 
Measurement Value Error Units 

Partial 
Derivative 

Partial 

Error 
Contribution % 

Msexh 
Q-Stage2 

hfg 

Tso 

0 . 00 2 9  
104 

2469 

13 . 37 

0 . 001 
5 . 61 

0 . 34 9  

0 .259 

kg/s 
kW 

kJ/kq 

c 

1 
0 . 00041 
0 . 00002 

1 . 66 
5 . 08 
0 . 01 

Mso 0 . 0448 0 . 002 kq/s 5 . 34 

Mg 

Mso 

0 . 0015 

0 . 04 4 8  

0 .  00040 

0 . 002 

kg/s 

kq/s 

20 . 91 

0 .  70 

0 . 86 

0 . 17 

Total steam fraction error ' (RMS) 0 .  88 

First-stage inlet steam saturation temperature 	 1 3 . 590 c 

Tsi • ( (2967 . 7731/ ( 7 . 89182-LOG10 (Psi*Ysmi/0 . 133322 )  ) -378 . 4 ) -32) / 1 . 8  

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

--- ' 
Ysi 0 . 9946 0 . 0014 wt frcn 0 . 6190 0 . 089 

Psic 1 . 592 0 . 117 kP.a 0 . 5  3. •  75 

Psih 1 . 531 o . il7 kPa 0 . 5  3 . 7 5  

Ysmi 0 , 9 967 0 . 0009 mole frcn 1 5 . 42515 0 . 101 

Psia 1 . 5615 0 . 0827 kPa 9 . 84555 5 . 994 

-Total error for 	 inlet steam temperature % (RMS) 5 . 99 

LOGl O  = LOGl O  

2 1 5   
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
SURFACE CONDENSER ( Cont inued ) 

First-stage outlet steam saturation temperature 1 3 . 4 62 c  

Tso - ( (2967 . 77311 (7 . 8 9 182-LOG10 (Pso*Ysmol0 . 133322 ) ) -378 . 4 ) -32 ) 1 1 . 8   

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Yso 0 .  9678 0 . 0085 wt frcn 0 .  6320 0 . 548 
Psic 1 . 592 0 .  117 kPa 1 7 .  31 

Psih 1 . 531 0 . 117 kPa 1 7 .  55 
Dpsc -0 . 008 0 . 019 kPa 1 

Dpsh -0 . 019 0 .019 kPa 1 

Psoc 1 . 600 0 .  1 17 kPa 0 . 5  3 .  7 1  
Psoh 1 . 550 0 . 117 kPa 0 . 5  3 . 7 1  

Ysmo 0 . 97 9 9  0 . 0054 mole frcn 15 . 672 0 . 63 
Psoa 1 . 575 0 . 0827 kPa 9 . 751 

Total error for 	 outlet steam temperature % ' (RMS) - 6 . 03 

First-stage condenser overall heat transfer coefficient 2 . 12 kWim"'2 C 

Q-stage1 I LMTD Ao 

LMTD ( (Tso - Twia) - (Tsi - Twoa) ) /ln ( (Tso-Twia) I (Tsi-Twoa) )  

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Tsi '13 . 5 90 0 . 815 c 1 . 000 42 . 84 
Two, av 11 . 689 o . i28 : c 1 . 000 6 . 7.0 

Tso 13 . 4 62 0 . 811 c 1 . 000 16 . 60 
Twi, av 8 . 577 0 . 180 c 1 . 000 3 . 69 

Deltl 4 . 885 0 . 83 1  c 0 . 7026 18 . 4 6  
Delt2 1 . 902 0 . 825 c 0 . 3738 9 . 7 5  

Ln (Delt-112) 0 . 943 

L-M Temp . Diff . 3 . 16 0 . 66 c 0 . 66 89· 20 .88 
Q-stage1 552 . 5  41 . 8  kW 0 .0038 

Ao 82 . 6  0 . 1  m"'2 0 . 0256 0 . 12 

Total overall heat transfer coefficient error % (RMS) - 22 . 2 1  

m2 , m-'2 = m2 m3 , m"3 = m 3 
LOGlO = LOG1 0  
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
SURFACE CONDENSER (Cont inued ) 

Second-stage steam inlet mass flow O-Staqe2/hfq + Msexh 0 . 0446 kq/s 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

o-staqe2 103 . 53 5 . 61 kW o . ooo4o 5 . 08 
hfq 2479 0 .  297 kJ/kq 0 . 00002 0 . 01 
Tso 8 . 81 0 . 22 c 

Msexh 0 .  00285 0 . 000744 kg/s 1 1 . 67 

-----------

Total error for steam inlet mass flow % (RMS) 5 . 34 

-- --------------------------------------------------------------------------- ----------
Second-stage inlet steam mass fraction - Msi/ (Msi+Mg) 	 0 . 9677 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Msi 0 . 04461 0 . 00238 kq/s 0 . 701 0 . 17 

Mg 0 . 00149 0 . 00040 kg/s 2 0 . 990 0 . 86 

.Total error for inlet steam fraction % (RMS) 	 0 . 88 

·

Second-stage outlet steam mass fraction - Msi/ (Msi+Mg) 0 .  6570 

Partial · 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

.Msexh 0 . 00285 0 . 00074 kg/s 78 . 935 . 8 . 94 
Mg 0 . 00149 0 . 00040 kq/a 151 . 18 6  9 . 17 

Total error for outlet steam fraction % (RMS) 	 12 . 8 1  

217   



-----------------------------------------------------------------------------------------

---------

TP-356 1   

Table A-2. Derived Parameter Error Estimates for HMTSTA Component Tests : 
SURFACE CONDENSER (Concluded ) 

Second-staqe inlet saturation temperature • 12 . 601 . c 
_ . 

'lsi • ( (2 967 . 773l/ (7 .89182'-LOG10 (Psi*Ysmi/0 . 133322 ) ) -378 . 4 ) -32 ) /l . 8  

Partial 
Primary Partial Error 

Measurement Value Error units Derivative Contribution % 

Ysi 0 . 9677 0 . 00853 wt frcn 

Ysmi 0 . 9798 0 . 0054 mole frcn 15 . 56 0 . 67 

Psi 1 . 489 0 . 117 kPa 10 . 24 9 . 51 

Total error for outlet steam saturation temperature % (RMS) • 9 . 53 

Second-staqe condenser thermal effectiveness • 0 . 30 
('lsi - Tso) /  (Tsi - Trsa) 

Partial 

Primary Partial Error 

Measurement Value Error ·Units Derivative Contribution % 

Tsi 12. 601 1 . 201 c 0 . 0550 2 2 . 27 
Tso (Tdewo) 8 . 80 6  0 .220 c 0 . 0781 5 . 80 

Trsa -0 . 202 0 . 550 c 0 . 0232 4 . 30 

Total error for thermal effectiveness % (RMS) 23 •.4 1  

Second staqe R-12 vapor superheat 
- Tvo - Trso - 12 . 9 9  c 

Partial 

Primary Partial Error 

Measurement value Error Units Derivative Contribution % 

Tvo 12 . 502 0 .255 c 1 1 . 96 

Trso -0 .486 0 . 785 c 1 6 . 04 

Total error for vapor superheat % (RMS) 6 . 35 

LOGl O = LOG1 0 

218  
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
DIRECT-CONTACT CONDENSER 

Cocurrent-staqe heat load - Qcw, l * Cp * DTcw, l - 832 . 8 9  kW 

Partial 
Primary Partial Error 

Measurement. Value Error Units Derivative Contribution % 

Qcw, l 38 . 80 0 .  190 kq/s 2 1 . 5  0 . 4 9  

Cp 3 .  99 0 . 019 kJ/kq-c 208 . 7  0 . 48 

DTcw, l 5 . 38 0 . 056 c 154 . 8  1.04 

Total cocurrent 	 heat load error % (RMS) 1 . 2 4  

Countercurrent-staqe heat load • Qcw, 2 * Cp * DTcw, 2 • 172 .2 1  kW 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw, 2 1 0 . 4 0  0 . 190 kq/s 16 . 6  1 . 83 

Cp 3 . 99 0 . 019 kJ/kq-c 4 3 . 2  0 . 4 8  

DTcw, 2 4 . 15 0 . 056 c 4 1 . 5  1 . 35 

Total countercurrent heat 'load error % <RMSr - 2 .  32 

Total heat load • heat load co + heat load cc • 1005 . 10 kW 

Partial 

' Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Heat load co 832 . 9  10 . 37 kW 1 . 0  1 . 03 
Heat load cc 172 . 2  4 . 00 kW 1 . 0  0 . 40 

Total direct contact heat load error % (RMS) l o ll 

2 1 9   
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
DIRECT-CONTACT CONDENSER (Cont inued) 

Effectiveness (method 1) • (Two , av - Twi, av) I (Tsil - Twi,a.v) • 0 . 898  
where Two, av [Qcw1 * (DTcw1+Twil )  + Qcw2 * (DTcw2+Twi2) ) I (Qcw1 + Qcw2 )  • 

and Twi, av • (Qcw1 * Twi1 + Qcw2 * Twi2 ) I (Qcw1 + Qcw2) 

l.'artial 
l'rimary l.'artial Error 

Measurement Value Error Units Derivative contribution % 

DTcw1 5 . 38 0 .056 c 1 . 0  0 . 4 9  

Twil 6 . 1  0 . 255 c 1 . 0  2 . 22 

Two1 	 l l . 48 0 . 2 6 1  c 2 . 27 

DTcw2 4 . 15 0 . 056 c 1 . 0  0 . 55 
Twi2 6 . 1  0 .255 c 1 . 0  2 . 4 9  

Two2 	 10 . 25 0 . 261 c 2 . 55 

Qcw1 38 . 8  0 . 19 kqls 0 . 005 0 . 01 

Qcw2 10 . 4  0 . 19 kqls 0 . 020 0 . 03 

Two1 1 l . 4 8  0 . 261 c 0 . 789 1 . 84 

Two2 10 . 25 0 . 2 6 1  c 0 . 2ll 0 . 4 9  

Two, averaqe ll . 22 0 . 2 1  c 0 . 1754 4 . 16 

Qcw1 38 . 8  0 . 190 kqls o . oooo o . oo 
Qcw2 1 0 . 4  0 . 190 kqls 0 . 0000 o . oo 
Twil 6 . 1  0 .255 c 0 .7886 3 . 30 

Twi2 6 . 1  0 . 255 c 0 . 2ll4 0 . 88 

Twi, averaqe 6 . 1  .0 . 2 1  c 0 . 0179 0 . 4 1  

Tsi1 1 1 . 8  0 . 259 c 0 . 1576 

Total thermal eff ctiveness error % (RMS) • 6 . 18 
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Table A-2. 	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
DIRECT-CONTACT CONDENSER (Cont inued ) 

Effectiveness (method 2 )  • (Two , av - Twi, av) I (Twi, av - Tsi1) • 0 . 898  
where Two, av  (Qcw1 * Two1 + Qcw2 * Two2) I (Qcw1 + Qcw2 )  

and Twi, av • (Qcw1 * Twi1 + Qcw2 * Twi2) . .  I (Qcw1 + Qcw2 )  

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw1 38 . 8  0 . 190 kqls 0 . 0053 0 . 01 
Qcw2 10 . 4  0 .190 kqls 0 . 0197 0 . 03 

Two1 11 . 4 8  0 . 255 c 0 . 7886 1. 7 9  
Two2 10.25  0 . 255 c 0 . 2114 0 . 48 

Two, averaqe 1 1 . 22 0 .208 c 0 . 1754 4 . 07 
Twi, averaqe 6 . 1  0 . 2 1  c 0 . 0179 0 . 4 1  

Tsi1 u.s 0 . 259 c 0 . 1576 4 . 54 

-Total thermal effectiveness error % (RMS) 6 . 11 

Effectiveness (method 3) ·(Qcw1 * DTcw1 + Qcw2 * DTcw2 ) I (Qcw1 + Qcw2 ) I DTsiwil• 

0 . 898 

Partial 
Primilry Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw1 38 . 8  0 . 2  kqls 0 . 0009 0 . 02 

Qcw2 10 . 4  0 . 2  kqls 0 . 0035 0 . 07 
DTcw1 5 . 38 0 . 056 c 0 . 1384 0 . 86 
DTcw2 4 . 15 0 . 056 c 0 . 0371 0 . 23 

DTsiwiL 5 . 70 0 . 060 c 0 . 1576 1 . 05 

Total thermal effectiveness error % (RMS) • 1 . 38 
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Table A-2.  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
DIRECT-CONTACT CONDENSER (Continued ) 

Vent ratio • [Pi, 1-DP1-DP2-Psat (Tso2 )  ) * (Twi, av+273 . 15 ) / [Pi, 1-Psat (Twi, av) ] / (Tso2+273 . 15) 
0.764  

where Tso2 • DTsowi2 + Twi2  
and Psat (T) • 161 .757 * exp [ 18 . 478 - 402 6 . 98/ (234 . 7 38+T) ) + 3 . 7383
  
(Note : a factor of 0 . 9816 is applied to the above equation for seawater saturation) 

Partial 
Primary Partial ·Error 

Measurement Value Error Units Derivative Contribution % 

DTsowi2 -0 . 1 1  0 . 059 c 1 . 0  0 . 98 
Twi2 6 . 1  0 . 255 c 1 . 0  4 . 2 6  

0 . 262 c 0 . 0027 0 . 09 Tso2 

Psat (Tso2) 16 . 9  Pa 0 . 0022 4 . 82 

0 . 208 c 0 . 0027 0 . 07 Twi, av 6 . 1  

Psat (Twi, av) 924 . 1  13 . 3  Pa 0 . 0017 2 . 89 

Pil 1384 117 . 0  Pa 0 . 0005 7 . 85 
DP1 43 9 . 1  Pa 0 0022 2 . 59 
DP2 55 . 3  9 . 1  Pa 0 . 0022 2 . 59 

-Total overall vent ratio error ' (RMS) 10 . 33 . 

Interstaqe steam temperature • Dtsiso2 + DTsowi2 + Twi2 1 1 . 2 9  c 

Partial 

Primary Partial Error 
Measurement value Error . . Units Derivative · Contribution % 

Twi2 6 . 1  0 . 255 c 1 . 0  2 . 2 6  

DTsowi2 -0 . 1  0 . 05 9  c 1 . 0  0 . 52 
0 . 060 c l . O 0 , 53 DTs1so2 

-Total interstaqe temperature error ' (RMS) 2 . 38 
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Table A-2. 

Interstaqe steam temperature - Tsi1 - DTsiso2 • 1 1 . 3  c 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

Tsi1 1 1 . 8  0 . 259 c 1 . 0  2 . 2 9  
DTsiso1 0 . 5  0 . 060 c 1 . 0  0 . 53 

Total interstaqe temperature error % (RMS) - 2 .  35 

---------------------------------------- -------------------------- --------------
Cocurrent inlet temp . from pressure, Tsat (Pin, 1) • 1 1 . 80 c 

where Tsat (P)  • 4026 . 976 I ( 18 . 478 - ln [ (P-3 . 7383 ) /161 .757 ] } - 234 . 738 

(assumes the measured pressure is saturation pressure) 

Partial 
Primary Partial Error 

Measurement value Error Units Derivative Contribution % 

Pil 1384 117 Pa 0 . 0109 10 . 84 

Total cocurrent inlet saturation temp . error % (RMS) • 10 . 8 4  
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
DIRECT-CONTACT CONDENSER ( Continued ) 

-------------------------------------------------------------- ---- --------------
Exhaust steam flow rate - Qso2 - Qexh*Pexh*Psat (Tso2 )  *18 I (Po2* (Texh +27 3 . 15) *8314 ] 

0 . 00240 kqls 
where Psat (T) • 161. 757 * exp ( 18 . 47 8  - 4026. 98/ (234 . 7 38+'1') ] + 3 .7383 
and Po2 • Pi1 - DP1 - DP2 

Partial 
Primary Partial Error 

Measurement . Value Error Units · Derivative Contribution % 

Pil 1384 117 Pa 1 . 0  9 . 10 
DP1 9 . 1  Pa 1 . 0  0 7 1  
DP2 55 . 3  9 . 1  Pa 1 . 0  0 . 7 1  

Po2 1285 . 7  117 . 7  Pa o . ooooo19 9 . 15 

Qexh 0 . 389 0 . 02 1  m"31s 0 . 0062 5 . 35 

Pexh 1100 117 Pa 0 . 0000022 1 0 . 64 

Texh 7 . 5 0 . 259 c 0 .0000085 0 . 09 
Psat (Tso2) 934 . 3  1 6 . 9  Pa 0 . 0000026 1 . 81 

Total exhaust steam flow rate error % (RMS) - 15 . 13 

Mass flow of steam condensed in cocurrent staqe - Qcwl * Cp * DTcw1 I hfq 
0 . 3372 kqls 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw1 38 . 80 0 . 19 kqls 0 . 00869 0 . 4 9  
D'l'cwl 5 .38 0 . 056 c 0 .06268 1 .04 

Cp 3 . 99 0 . 019 kJikqC 0 . 08451 0 . 48 
Hfq 2470 3 . 00 kJikq 0 . 00014 0 . 12 

Total cocurrent 	 steam condensed error % (RMS) - 1 . 25 1  

m2 , m"2 = m 2 m3 , m"'3 = m 3 
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA ·component Tests : 
DIRECT-CONTACT CONDENSER (Cont inued ) 

Mass flow of steam condensed in countercurrent stage • cw2 * Cp * DTcw2 I hfg  
0 . 0697 kg/s  

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw2 10.40  0 . 190 kg/s 0 . 00670 1 . 83 

DTcw2 4 . 15 0 .056 c 0 . 01680 1 . 35 

Cp 3 . 99 0 .019 kJ/kgC 0 . 01747 0 . 4 8  

Hfg 2470 3 . 00 kJ/kg · 0 . 00003 0 . 12 

Total countercurrent steam condensed error % (RMS) - 2 . 32 

Mass flow of steam at inlet of cocurrent stage Qsc1 + Qsc2 + Qs, exh • 

0 .409 kg/s 

Partial 

Primary Partial Error . 
Measurement Value Error Units Derivative Contribution % 

Qs, exh 0 . 00240 0 . 00036 kg/s 1 . 0  0 . 0 9  

Qsc1 0 . 337 0 . 00422 kg/s 1 . 0  1 . 0 3  

Qsc2 0 . 070 0 . 00162 kg/s 1 . 0  0 . 40 

Total steam flow at cocurrent inlet error (RMS) • 1 . 11 

:Mass flow of steam at inlet . of countercurrent stage - Qsc2 + Qs, exh 
0 . 072 kg/s 

Partial 

Primary . Partial Error 
· Measurement Value Error Units Derivative Contribution % 

Qs, exh 0 . 00240 0 . 00036 kg/s 1 . 0  0 . 50  

Qsc2 0 . 07 0  0 . 00162 ·kg/s 1 . 0  2 . 25  

Total steam flow at countercurrent inlet error % (RMS) • 2 . 30 
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Table A-2 .  Derived Parameter Error Estimates for HMTSTA Component Tests :  
DIRECT-CONTACT CONDENSER (Continued ) 

Fraction condensed in cocurrent stage • Qsc1 I Qsi1 • 0 . 824 

Primary 

Measul'ement Value Error Units 

Partial 

Derivative 

Partial 
Error 

Contribut.ion % 

Qsc1 
Qsil 

0 .  3372 
0 .  4093 

0 . 0042 
0 . 0045 

kgls 
kgls 

2 .  4431 
2 .  0126 

1 .  25 
1 . 11 

Total fraction condensed, cocurrent stage error % (RMS) •. 1 . 67 

Fraction condensed in countercurrent .stage . • Qsc2 I Qsi2 • 0 . 967 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qsc2 0 . 06 97 0 . 0008 13 . 8661 1 . 11 

Qsi2 0 . 0721 0 . 0017 kgls 1 3 . 4050 2 . 30 

Total fraction condensed, countercurrent stage error % . (RMS) • 2 . 55 

overall fraction condensed • (Qsc1 + Qsc2) I Qsi1 • 0 . 994 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

Qsc1 
Qsc2 

Qsil 

0 . 3372 
0 . 0697 

0 . 4093 

0 . 0042 
0 . 0008 

0 . 0045 

kgls 
kgls 

kgls 

2 .  4431 
2 . 4431 

2 .4288 

1 .  04 
0 .  1 9  

1 .  11 
----------

Total overall fraction condensed error % (RMS) - 1 . 53 
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Table A-2 . 	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
DIRECT-CONTACT CONDENSER ( Cont inued ) 

Jakob number of 	cocurrent staqe • Qcw1 * Cp * DTsiwi1 I Qsi1 I htq 0 . 873 • 

Primary 

Measurement 

Qcw1 
Cp 

DTsiwi1 
Qsil 

Hfq 

akob number 

Primary 
Measurement 

Qcw2 

Cp 
DTsiso2 
DTsowi2 

Qsi2 
Hfq 

Value Error Units 

38 . 80 0 . 19 kqls 
3 . 99 0 . 01 9  kJ(kqC 
5 . 70 0 .060 c 

0 . 4093 	 0 . 00453 kqls 
2470 3 . 00 kJikq 

Total cocurrent Jakob number 

Partial  
Derivative  

0 . 0225 
0 . 2187 
0 . 1531 
2 . 1323 

0 0004 

error % (RMS) 

of' countercurrent staqe • Qcw2 * Cp * (DTsiso2 - DTsowi2 ) 
1 . 51 

Value Error Units 

1 0 . 4 0  0 . 19 kqls 

3 . 99 0 . 019 kJikqC 
6 . 0  0 .060 c 
0 . 5  0 .060 ' c 

0 . 0721 	 0 . 00168 kqls 
2470 3 .00 kJikq 

Total countercurrent Jakob number 

Partial  
Derivative  

0 . 1456 

0 . 3795 

0 . 2330 
0 . 2330 

20 . 9958 
0 . 0006 

error % (RMS) 

Partial  
Error  

Contribution %  

0 . 49 
0 . 48 
1 . 05 
1 . 11 

0 . 12 

• 1 . 68 

I Qsi2 I htq 

Partial 
, Error 

contribution % 

1 . 83 

0 . 48 

0 . 92 
' 

0 . 92 

2 . 32 
0 . 12 

• 3 . 14 
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Table A-2.  Derived Parameter Error Estimates for HMTSTA Component Tests :  
DIRECT-CONTACT CONDENSER (Cont inued ) 

Cocurrent-stage steam loading • 

l?rimary  
Measurement  

0Dia1  
IDia1  

Acx1  

Qsil  

Countercurrent 

l?rimary  
Measurement  

0Dia2  
IDia2  

Acx2  
Qsi2  

Value 

1 . 33 
0 . 68 

1 . 02 

0 . 4093 

Gl • Qsil I Acxl • 

Error Units 

0 . 00 6  m 
0 . 006 m 

0 . 015 m"2 

0 . 0045 kgls 

Total cocurrent steam loading 

stage steam loading • G2 • Qsi2 I Acx2 • 

Value Error Units 

0 . 67 0 . 00 6  m 

0 . 089 0 . 003 · m 

0 . 34 0 . 007 m"2 
0 . 0721 0 . 0017 kgls 

Total countercurrent steam loading 

0 . 40 

l?artial 

Derivative 

2 .  084 
1 . 068 

0 . 3935 

0 .  9805 

error % (RMS) 

0 . 2 1  

l?artial 
Derivative 

1 . 048 
0 . 140 

0 .  6112 
2 . 9112 

error % (RMS) 

kglsm"2 

l?artial  
Error  

Contribution %  

1 . 30 
0 . 67 

1 . 4 6  

1 . 11 . 

1 . 83 

kglsm"2 

l?artial  
Error  

Contribution %  

1 . 94 

0 . 13 

1 . 94 
2 . 32 

3 . 0 3  

-----=----------------------------------------------------------------------------

Cocurrent-stage liquid loading - L1 - Qcw1 I Acxl 3 8 . 04 kglsm"2• 

l?artial 

l?rimary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qcw1 38 . 8  0 . 19 kgls 0 . 9805 0 . 4 9   
Acx1 1 . 020 0 . 015 m"2 37 . 3035 1 . 4 6   

Total cocurrent liqtiid loading error % (RMS) • 1 .54 

m2 , m"2 = m2 m3 , m"3 = m 
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Table A-2 .  	 Derived Parameter Error Estimates for HMTSTA Component Tests :  
DIRECT-CONTACT CONDENSER (Cont inued ) 

Countercurrent stage liquid loading - L2 - Qcw2 I Acx2 30.28 kglsm"'2 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivativ  Contribution % 

Qcw2 1 0 . 4  0 . 19 kgls 2 . 9112 1 . 83  
Acx2 0 . 344 0 .007 m"'2 88 . 1390 1 . 94  

· Total .countercurrent liquid loading error % (RMS) - 2 . 67 

Exhaust noncondensable gas mass flow rate - Qi, exh 

- 2 9 . 6  * Pexh * Qexh I 8314 I (Texh+273. 15) * [ 1  - Psat (Tso2) 1Po2] 0 . 00148 kgls 
where Po2 - Pi1  DP1 - DP2 as in exhaust steam flow rate 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Pexh 1100 117 Pa 0 . 0000013 10 . 64  

Qexh 0 . 389 0 . 021 m"'31s 0 . 00381 5 . 35  
· Texh 0 . 259 c 0 . 0000053 0 . 0 9  

Psat (Tso2) 934 .3 1 6 . 9  Pa 0 .  0000043 4 .  88 
Po2 1285 .7 117. •7 Pa 0 . 0000012 9 . 15 

----------
'Total exhaust noncondensable gas flow rate error (RMS) - 1 5 . 7 9  

. 	 ' . 
Exhaust noncond. gas mass fraction (method 1) - Xio, exh - Qi, exh I (Qi, exh +Qs, exh·) 

0 . 382 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qi, exh 0 . 0015 0 . 0002 kgls 159 . 17 9 . 8   
Qs, exh 0 . 0024 0 . 0004 kgls 98 . 4 6  9 . 3   

Total exhaust noncondensable gas mass fraction error % ( RMS )  - 1 3 . 5 1   

3m3 , m"'3 = m 
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Table A-2.  	 Derived Parameter Error Estimates for HMTSTA Component Tests : 
DIRECT-CONTACT CONDENSER (Cont inued ) 

Exhaust noncond. 	 qas mass fraction (method 2) • Xio, exh 
• 1 I { 1  + Psat (Tso2) * Mwt, s I [Po2-Psat (Tso2 )  ] I Mwt, i }  0 . 382 

Partial 

Primary Partial Error 
Measurement Value Error Units Derivative Contribution % 

Psat ·(Tso2 ) 934 .27  1 6 . 92 Pa 0 . 0009 4 .  09 

Po2 1285 . 7  117 . 7  Pa 0 . 0007 2 0 . 69 

Mwt, s 18 0 . 015 kqlkq-mole 0 . 0131 0 . 05 

Mwt, i 2 9 . 6  0 . 2  kqlkq-mole 0 . 0080 0 .  42 
----------

Total exhaust noncondensable qas mass fraction error % - 2 1  . 10 

Countercurrent inlet noncondensable qas mass flow rate • Qii2 
- Qi, exh - Qcw2 * 1 9 . 4lle6 • 0 . 0013 kqls 

(assumes 100% release from cold seawater) 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

' 
Qi, exh 0 . 0015 0 . 0002 kq/s 1 18 . 28 

Qcw2 10 . 4  0 . 1 9  0 . 0000194 0 . 2 9  

Countercurrent inlet noncondensable qas flow rate error % ( RMS )  - 1 8 . 2 8  

Countercurrent inlet n9ncond. qas mass fraction • Xii, 2 • Qi2 I (Qi2 +Qsi2 ) 

1 0 . 0 17 

Partial 

Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qi2 0 . 00 13 0 . 0002 kqls 1 3 . 3 9  18 . 0  
Qsi2 0 . 0721 0 . 0017 0 . 24 2 . 3  

Countercurrent inlet noncond. qas mass fraction error % (RMS) • 18 . 1 1  
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Derived Parameter Error Estimates for HMTSTA Component Tests :  Table A-2 . 
DIRECT-CONTACT CONDENSER (Cone 1 uded ) 

Cocurrent inlet noncondensable qas mass flow rate • Qi1 
• Qi2 - Qcw1 * 1 9 . 4/1e6 • 0 . 0005 kq/s 
(assumes 100% release from cold seawater) 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative contribution % 

Qi2 0 . 0013 0 . 0002 kq/s 1 44 . 2 9  

Qcwl 38 . 8  0 . 19 kq/s 0 . 0000194 0 . 70 

Cocurrent inlet noncondensable qas flow rate error % (RMS) - 4 4 . 30 

Cocurrent inlet noncond. qas mass fraction - Xii, 1 - Qi1 I (Qi1 +Qsil) 
0 . 00129 

Partial 
Primary Partial Error 

Measurement Value Error Units Derivative Contribution % 

Qil 0 . 0005 0 . 0002 kq/s 2 .  44 4 4 . 2  
-Qsi1 0 . 4093 0 .  0045 kq/s 0 . 00315 l . 1  

Cocurrent inlet noncond. qas mass fraction error % (RMS) - 44 . 2 5  
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Nomenclatures are provided within each of  the three sections of data . 
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B . l  EXPERIMENTAL DATA OH EVAPORATOR AND MIST ELIMINATOR 

Table B:..1 summarizes the experimental data gathered at  the HMT.STA. Single 
spouts with diameters of 0 . 13 ,  0 . 20 , and 0 . 25 m and a set of three pouts each 
0 . 1 1  m in diameter were tested . 

For the 10-in .  spout , data with seawater flow variat ion only were obtained . 
Influences of  spout height and superheat were not investigated . 

Tabie B-1 contains nine columns . Column 1 represents a serial number . Al l 
data are sorted according to the major influencing parameter , such as l iquid 
loading , spout height , and superheat .  

Column 2 represent s an average seawater inlet temperature to the evaporator . 

Column 3 represents the seawater l iquid loading at the evaporator inlet ; thi s 
parameter i s  defined as the inlet seawater mass  flow rate divided by the 
evaporato·r chamber tros s-:sectional area , expressed as kg/m2 s .  

Column 4 represents the evaporator chamber pressure , expressed i n  kPa . 

Column 5 represents the spout height , namely the distance between the water 
drain pool and the top of the vertical tube used as the spout . 

Column 6 l i s t s  the superheat ,  expressed as the temperature difference between 
the inlet seawater and the exit seawater which would be in equil i brium at the 
imposed evaporator chamber pres sure . 

Column 7 shows an average measur-ed temperature difference between inlet and 
exi t  seawater . 

Column 8 l i s t s  thermal effectivenes s .  

·Column 9 identifies which spout geometry was used for the test s .  For further 
expl anation , see footnotes . 

Mis t  eliminator pressure-loss data are presented in the accompanying 
Table B-2 . Thi s table contains five columns whose headings adequately 
describe the data . 
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Table B-1 . 	 Experimental Data for Evaporation of Seawater Using Vertical 
Spouts* 

Water Water 
Serial Inlet Liquid Evaporator Spout super Temperature Thermal Spout 
Number Temperature Loading8 Pressure Heiqht heat Drop Effectiveness Identifierb 

( C) (kq/m2s )  (kPa) (m) (' C)  (---) 

Influence of Liquid Loadinq 

1 2 5 . 80 	 27 . 3  2 . 77 0 . 59 2 .7 2  2 . 69 0 . 99 
2 25 . 9 1  28 . 0  2 . 7 6  0 . 45 2 . 89 2 . 72 0 . 94 3-L 
3 25 . 37 2 9 . 6  2 . 67 0 . 44 2 . 91 2 . 70 0 . 93 
4 2 6 . 12 37 . 2  2 . 80 0 . 4 6  2 . 90 2 . 7 3  0 . 94 
5 25 . 4 0  4 6 . 5  2 . 64 0 .4 7  3 . 12 2 .77 0 . 89 3-L 

6 25 . 85 4 9 . 9  2 . 73 0 .5 9  3 .04 2 .7 5  0 . 91 3-L 

3-L 

7 2 5 . 4 5  57 . 7  2 . 63 0 . 45 3 . 24 2 .72 0 . 84 

8 2 5 . 4 8  67 . 8  2 . 59 0 . 4 6  3 . 51 2 . 78 0 . 7 9  
9 2 5 . 8 8  6 9 . 9 2 . 67 0 . 53 3 . 40 2 . 68 0 .7 9  

10 25 . 59 77 . 0  2 . 59 0 . 4 6  3 . 62 2 .7 3  0 . 7 5  
ll 2 5 . 88 84 . 8  2 . 62 0 . 34 3 .  72 2 . 68 0 . 72 
12 2 5 . 8 9  85 . 1  2 . 62 0 . 48 3 . 72 2 . 7 1  0 . 7 3  
13 25 . 74 85 . 4  2 . 57 0 . 4 6  3 . 90 2 . 75 0 . 7 0  
14 2 5 . 8 5  94 . 9  2 . 65 0 . 4 6  3 .52 2 . 7 3  0 .7 8  

3-L 

15 2 5 . 61 30 . 9  2 .7 0  0 . 48 2 . 95 2 . 7 9  0 . 94 10-L 

16 25 . 65 4 6 . 1  2 .7 1  0 . 45 2 . 96 2 . 74 10-L 
17 25 . 71 	 68 . 0  2 . 70 . 0 . 47 3 . 08 2 . 69 0 .87 10-L. 
18 25 . 77 88 . 0  2 . 65 0 . 45. 3 . 42 2 . 7 5  0 . 81 iO-L 
19 25 . 78 107 . 9  2 . 64 0 . 30 3 . 4 9  2 . 4 0  10-L 

20 25 . 63 3 6 . 4. 2. • 73 0 . 4 2  2 .78 2 .7 0  0 . 97 8-L 

23 

2 5 . 64 3 6 . 5  2 . 74 0 . 60 2 . 77 2 . 7 1  0 . 98 8-L 
25 . 62. 54 . 1  . .  2. 70 0 . 43 2 . 97 2 . 72 0 . 92 8-L 
25 . 63 72 . 2  2 . 68 0 . 41 3 . 13 2 . 7 1  0 . 87 8-L 
25 . 6 1  9 0 . 7  2 . 62 0 .4 2  3 . 43 2 .·71 0 .7 9  8-L 

25 25 . 82 13 . 8  2 . 68 0 . 47 3 . 31 3 .046 0 . 92 5-L 
26 2 5 . 5 1  2 2 . 4  2 . 62 0 . 47 3 . 37 3 . 07 3  0 . 91 5-L 

27 25 . 48 2 9 . 0  2 . 63 0 . 47 3 . 2 9  2 . 953 0 . 90 5-L 
28 25 . 63 35 . 8  2 . 64 0 . 47 3 . 3 6  3 . 00 4  0 .8 9  5-L 
29 25 . 52 42 . 3  2 . 61 0 .4 7  3 .4 2  3 . 037 0 . 89 5-L 

Influence of Spout Heiqht 

30 2 6 . 00 67 . 2  2 . 62 0 .04 3 . 86 2 .7 4  0 .7 1  
31 2 6 . 03 7 2 . 5  2 . 66 0 . 04 3 . 62 2 . 68 0 . 7 4  3-H 

25 . 56 7 0 . 4  2 . 58 0 . 0 5  3 . 68 2 . 68 0 . 7 3  3-H 

34 

2 5 . 8 9  5 1 . 0  2 . 65 0 . 11 3 . 55 2 . 7 0  0 .7 6  

25 . 57 7 0 . 4  2 . 57 0 . 15 3 .7 6  2 . 6 9  0 . 72 

25 . 88 5 1 . 0  2 . 65 . 0 . 18 2 . 66 0 .75 

36 25 . 96 67 .7 2 . 6 1  0 . 18 3 . 86 2 . 7 1  0 . 7 0  

2 5 . 5 6  70 . 4  2 . 56 0 . 25 3 . 77 2 .7 2  0 .72 

2 5 . 88 51 . 0  2 . 66 0 . 27 2 . 7 1  0 .7 8  

25 . 57 70 . 3  2 . 59 0 . 35 3 . 58 2 . 7 3  0 . 7 6  3-H 

25 . 56 6 6 . 4  2 . 61 0 . 37 3 . 47 2 . 7 4  o .  7 9  
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Table B-1 . 	 Experimental Data for Evaporation of Seawater Using Vertical 
Spouts* (Continued ) 

Water 	 Water 
serial Inlet Liquid Evaporator Spout super Temperature Thermal Spout  

a 
· Number Temperature Loading Pressure Height heat Drop Effectiveness Identifierb 

( C) (kq/m2s )  (kPa) (m) ( C)  (---) 

41 2 5 . 97 6 8 . 1  2 . 66 0 . 37 3 .5 9  2 . 70 0 . 75 
42 2 5 . 80 5 1 . 2  2 . 70 0 . 40 3 . 16 2 . 70 0 . 8 6  
43 2 5 . 5 6  6 6 . 5  2 . 63 0 . 4 6  3 . 32 2 . 68 0 . 8 1  
44 2 5 . 5 6  7 0 . 3  2 . 62 0 . 4 7  3 . 38 2 . 7 1  0 . 80 3-H 

45 2 5 . 82 5 1 . 3  2 .72 0 .4 9  3 . 05 2 . 70 0 . 89 3-H 

46 2 5 . 9 6  6 9 . 0  2 . 69 0 .52 3 . 39 2 . 70 o . so 3-H 

47 2 5 . 5 6  7 0 . 3  2 . 62 0 . 57 3 . 42 2 . 72 0 . 7 9  3-H 
48 2 5 . 57 67 . 1  2 . 63 0 .58 3 . 36 2 .7 1  0 . 8 1  3-H 
49 2 5 . 7 8  5 1 . 1  2 . 73 0 . 63 2 . 98 2 .70 0 . 91 3-H 

50 2 5 . 80 6 9 . 8  2 . 60 0 .0 9  3 . 7 6  2 . 7 1  0 . 72 8-H 
51 2 5 . 75 7 0 . 6  2 . 65 0 .20 3 . 40 2 . 73 0 . 80 8-H 

.52 2 5 . 85 	 7 0 . 0  2 . 69 0 . 2 9  3 . 23 2 . 71 0 . 84 8-H 
53 2 5 . 8 1  7 0 . 2  2 . 6 9  0 . 32 3 . 2 1  2 . 7 1  0 . 84 8-H 

· 54 2 5 . 7 9  	 68 . 8  2 . 70 0 . 4 0  3 . 12 2 . 7 1  0 . 87 8-H. 
55 2 5 . 6 5  73 . 0  2 . 67 0 . 43 3 . 19 2 . 7 1  o . 85 8-H 
56 2 5 . 8 4  70 . 5  2 . 7 1  0 . 4 6  3 . 10 2 . 70 0 . 87 8-H 

57 2 5 . 8.6 7 0 . 7  2 . 73 0 . 4 6  3 . 04 2 . 67 0 . 88 8-H 

51_1 2 5 . 7 4  7 1 . 5  2 . 7 1  0 . 48 3 .00 2 . 70 0 . 90 8-H 

59 2 5 . 4 3  28 . 9  2 . 60 0 . 15 3 .4 2  2 . 961 0 . 87 5.:H 
60 2 5 . 5 1  27 . 9  2 . 64 0 . 20 3 .24 2 . 947 0 . 91 5-H 

61 2 5 . 53 2 8 . 0  2 . 64 0 . 20 3 .24 2 . 97 4  0 . 92 5-H 
62 2 5 . 4 2  28 . 9  2 . 5 9  0 . 2 9  3 . 44 2 . 953 0 . 8 6  5-H 
63 25 . 54 27 . 9  2 . 63 0 . 3 6  3 .3 1  2 . 947 0 . 89 5-H 

64 2 5 . 5 1  2 8 . 0  2 . 63 0 . 37 3 . 28 2 . 978 0 . 9 1  5-H 
65 2 5 . 4 2  2 9 . 3  2 . 5 9  0 . 4 0  3 .!1 6  2 . 962 0 . 86 5-H 

66 2 5 . 4 5  2 8 . 0  2 . 63 0 . 53 3 .2 4  2 . 947 0 . 91 

2 5 . 4 7  2 8 . 0  2 . 63 0 . 84 3 . 2 9  2 . 957 0 . 90 

c 
.Influence of Superheat 

68 2 6 . 08 5 1 . 3  2 . 95 0 . 4 8  1 . 95 0 . 6 1  3-S 

73 

2 5 . 83 5 1 . 0  2 .8 9  0 . 4 9  2 .05 1 .2 1  0 . 5 9  3-s 

2 6 . 04 5 1 . 3  2 . 92 0 . 4 8  2 . 08 1 . 74 0 . 84 3-s 

2 6 . 00 5 5 . 2  2 . 91 0 . 51 2 . 11 1 . 2 1  0 . 58 3-S 
2 5 . 84 50 . 9  2 . 88 0 . 50 2 . 12 1 .84 0 . 87 3-S 
2 6 . 04 5 1 . 6  2 . 84 0 . 4 7  2 . 57 2 . 2:1 0 . 8 6  3-S 

75 
2 6 . 04 5 1 . 8  2 . 83 0 . 4 7  2 . 5 9  2 . 23 0 . 8 6  3-S 
2 5 . 85 5 1 . 1  2 . 77 0 . 4 9  2 . 78 2 . 4 6  0 . 88 3-S 

2 6 . 05 54 . 4  2 . 74 0 . 4 6_ 3 . 14 2 . 69 0 . 8 676 

77 2 6 . 02 . 53 . 9. 2 .7 4  0 . 47 3 . 16 2 . 7 3  0 . 86 3-S 

2 5 . 88 5 1 . 1  2 . 67 Oo48 3 . 43 0 . 8 9  3-S 

0 . 88 3-S79 2 5 . 87 5 1 . 0  2 . 5 6  0 . 47 4 . 12 
0 . 8 9  3-s2 5 . 88 5 1 . 1  2 . 55 0 . 47 4 . 14 

2 5 . 8 6  51 . 1  2 . 55 0 .4 7  4 o l6 3 o 65 0 . 88 3-s 

2 6 . 0 2  5 3 . 5  2 . 57 0 . 4 6  4 . 19 . 0 . 87 3-S 

2 6 . 04 5 3 . 0  2 . 56 0 . 4 6  4 .2 8  " 3 . 72 0 . 87 3-S 
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Table B-1 .  	 Experimental Data for Evaporation of Seawater Using Vertical 
Spouts* (Concluded ) 

Water · Water 
Serial Inlet 
Number ·Temperature 

Liquid
Loadinga Evaporator 

Pressure 
Spout 

Heiqht 
Super

heat 
Temperature 

Drop 
Thermal 

Effectiveness 
Spout

Identif ierb 
• ( C) (kq/m2s )  (kPa) (m) ( C)  ( C) (---) 

-------------------------------------- ----------------------- -------------------------------
a4 25 . a7 5 1 . 1  2 . 4 6  0 . 4a 4 . 77 4 . 17 o . a7 3-S 
a5 2 6 . 03 52 . 0  2 . 3a 0 . 45 5 . 4a 4 . 7 3  o . a6 

a6 2 6 . 4 7  64 . 4  3 . 05 0 . 48 1 . 77 0 . 9 1  0 . 51 3-S 
25 . 7a 67 . 5  2 . a5 0 4 4  2 .2 3  1 . 32 0 . 59 3-S 

a a 2 5 . 7 6  67 . 5  2 . a5 0 . 45 2 . 24 1 . 7 6  0 . 7 a  3-S 
25 .52 7 0 . 3  2 . 7 9  0 . 4 a  2 . 32 1 . 24 0 . 53 3-S 
25 . 55 70 . 2  2 . 7 9  0 . 4 a  2 . 34 1 . 7 4  0 . 74 

91 25 . 73 	 67 . a  2 . 75 0 . 45 2 . 7 6  2 . 23 o . a l  3-S 
92 2 5 . 5 6  	 6a . 3  2 .72 0 . 4 6  2 . ao 2 . 22 0 . 7 9  3-S 
93 2 5 . 7 0  	 6a . 1  2 . 65 0 . 21 3 . 39 2 . 25 0 . 66 3-S * 
94 25 . 53 6a . 4  2 . 60 0 . 32 3 .4 9  2 . 6 9  0 . 77 
95 2 5 . 7 0  67 . 0  2 . 56 0 . 4 6  3 . 90 3 . 2 0  o . a2 

2 5 . 56 70 . 3  2 :53 0 . 47 3 . 95 3 . 16 o . ao 
2 5 . 7 1  6 6 . 5  2 . 50 0 . 4 6  4 . 31 3 . 51 o . a 1  3-S 
2 5 . 7 5  6 6 . 3  2 . 45 0 . 4 6  4 . 72 0 . 82 3-S 
2 5 . 7 5  6 5 . 6  2 . 3a 0 . 4 7  5 . 14 4 . 2 1  o . a2 3-s 

100 25 . 55 7 4 . 0  2 . a3 0 . 50 2 . 11 1 . 36 0 . 64 a-s 
101 25 . 5a 7 3 9  2 . a2 0 . 4 9  2 .22 0 . 74 0 . 33 .a-s 
102 25 . 55 7 3 . 2  2 . 79 0 . 4 5  2 . 36 1 7 0  0 .72 a-s 
103 25 . 5a 7 4 . 0  2 . 7 5  0 .4 9  2 . 62 1 . 01 0 . 3a a-s 
104 25 . 53 7 2 . 6  2 .72 0 .4 4  2 . 7 3  2 . 05 0 . 75 a-s 
105 25 . 55 73 . 9  2 . 60 0 . 47 2 . 74 0 . 7a a-s 
106 25 . 52 7.4 . 0  2 . 53 0 . 4 7  3 . oa 0 . 7 9  8-S 
107 25 . 52 7 3 . 9  2 . 37 0 . 4 6  5 .02 3 . 94 0 . 7a a-s 

10a 2 5 . 4 a  2 9 . 0  2 . 99 0 . 4 7  1 . 12 0 . 757 0 . 6a 5-s * 

109 2 5 . 4a 2 9 . 2  2 . 97 0 . 47 l . 2a 0·. 2aa 0 . 23 5-s 
110 25 . 54 2 9 . 3  2 . aa () . 4 7  La1 1 . 30a 0 . 7 2  5-S 
111 25 . 4 9  2a . 9  2 . a4 0 . 47 2 . 00 1 . 563 0 . 7a 5-s 
112 25 . 4 9  2 9 . 0  2 . 7 6  0 . 4 7  2 . 4 6  2 .034 o . a3 5-s 
113 25 . 44 2 9 . 0  2 . 60 0 . 47 3 . 43 2 . 9a 6  o . a7 5-s 
114 2 5 . 4 a  2.9 . 0  2 . 45 0 . 4 7  4 . 43 4 .065 0 . 92 
115 2 5 . 5 1  2 9 . 1  2 . 2 9  0 . 47 5 . 52 5 . 037 0 . 91 5-s 

*The data are sorted by the major influencinq factor . Please note that certain cross-couplinqs 
exist because of difficulty in maintaininq all other parameters constant while varyinq one . 

a .  Liquid loadinq i s  based o n  the cross-sectional area of the evaporator vessel of o . a9 4  m2 . 
b .  Spout identifiers : 3 - three spouts; 5, a, 10 - spout nominal diameters of 5n, an and 

10 , respectively; L - liquid loadinqi H - spout heiqht; S - superheat . 

c .  Variation o f  thermal effectiveness with superheat exhibits hysteresis, with effective
ness laqqinq behind .the chanqes in superheat . 
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Table B-2. Experimental Data for Pressure Loss in the Mist Eliminator 

Measured 
Steam Steam Mist-
Inlet Inlet El iminator 

Serial Steam Saturat ion Dynamic Pres sure 
Number Flow Temperature Pres sure Los s  

( kg/ s )  ( oC)  (Pa)  (Pa)  

1 0 . 0 4 2 4 . 0 5 0 . 0  0 
2 0 . 0 6 2 3 . 4 2 0 . 1  0 
3 0 . 0 7 2 3 . 1 8 0 . 2 1 
4 0 . 0 9 2 3 . 8 2 0 . 3  2 
5 0 . 0 9 2 3 . 4 7 0 . 3 8
6 0 . 1 0 2 2 . 7 3 0 . 3  2 
7 0 . 1 0 2 3 . 5 9 0 . 3  2 
8 0 . 1 1 2 2 . 7 7 0 . 3  3 
9 0 . 1 1 2 1 . 8 4 0 . 4  1 

1 0  0 . 1 1  2 2 . 7 1 0 . 4  3 
1 1  0 . 12 2 2 . 15 0 . 4  2 
1 2  0 . 1 3 22 . 3 5 0 . 5 ,  3 
1 3  0 . 1 3 2 1 . 9 9 0 . 5 2 
1 4  0 . 1.3 2 1 . 97 0 . 5  2 
1 5  0 . 1 3 2 1 . 9 0 0 . 5  3 
1 6  0 . 1 3 2 1 . 8 8 0 . 5 2 
1 7  0 . 1 3 2 1 . 93 0 . 5 2 
1 8  0 . 1 3 2 2 . 6 6  0 . 5 1 0  
1 9  0 . 1 3 2 1 . 7 1 0 . 6  2 
2 0  0 . 1 3 2 1 . 92 0 . 6  2 

0 . 6  

0 . 6  

2 1  0 . 1 3 2 1 . 6 8 2 
4 
3 

2 2  0 . 1 3 2 3 . 6 6  
2 3  0 . 1 3 2 1 . 6 6 
2 4  0 . 1 3 2 1 . 8 9 0 .  6 - 3 
2 5  0 . 1 4 2 1 . 7 1 0 . 6  3 
2 6  0 . 1 4 2 3 . 4 1 0 . 6  3 
2 7  0 . 15 2 2 . 5 5 0 . 7  5 
2 8  0 . 15 2 2 . 9 1 0 . 7  2 
2 9  0 . 1 5 2 2 . 5 7 0 . 7 ·  5 
3 0  0 . 1 7 2 3 . 1 6 0 . 8  5 
3 1  0 1 7 2 1 . 97 0 . 9  5 
3 2  0 . 1 7 2 3 . 1 4 0 . 9  5 
3 3  0 . 1 7 2 3 . 1 3 0 . 9  4 
3 4  0 . 1 8 2 3 . 2 1 1 . 0  7 
35  0 . 1 8 2 0 . 7 5 1 . 1  5 
3 6  0 . 1 9 . 2 2 . 3 9 1 . 1  5 
3 7  0 . 1 9 2 2 . 7 6 1 . 1  5 
3 8  0 . 1 9 2 1.. 9 8  1 . 2  5 
3 9  0 . 2 0  2 1 . 8 0 1 . 3  6 
4 0  0 . 2 0  2 2 . 0 2 1 . 3  6 
4 1  0 . 2 0 2 2 . 5 0 1 . 3  7 
42 0 . 2 0  22 . 8 8 1 . 3  5 

4 4  
0 . 2 0  2 2 . 1 0 1 . 3  5 
0 . 2 0  2 2 . 5 0 1 . 3  6 
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Table B-2 .  

Measured 
Steam Steam Mi st-
Inlet Inlet Eliminat or 

Serial Steam Saturat ion Dynami c Pres sure 
Number Flow Temperature Pres sure Loss 

( kg/ s )  (OC) (Pa)  (Pa)  

4 5  0 . 2 0 22 . 0 4 1 . 3  9 
4 6  0 . 2 0 2 2 . 3 4 1 . 3  5 

0 . 2 1 2 2 . 4 6  1 . 3  6 
4 8  0 . 2 1 22 . 6 0 1 . 4  6 
4 9  0 . 2 1 2 2 . 55 1 . 4  7 
5 0  0 . 2 2 2 2 . 34 1 . 5 9 
5 1  0 . 2 2 22 . 6 6 1 . 5  8 
5 2  0 . 2 2 1 9 . 6 9 1 . 8  8 

5 6  

0 . 2 2 22 . 4 9 1 . 6  6 
0 . 2 3 2 2 . 4 6 1 . 7  6 
0 . 2 4  22 . 1 4 1 . 8  8 
0 . 2 4 2 1 . 9 0  1 . 8  8 

5 8  
0 . 2 7 2 1 . 94 2 . 3  1 1  
0 . 2 7 2 2 . 2 7 2 . 4  1 2  

5 9  0 . 2 7 2 1 . 7 8 2 . 4  1 1  
6 0  0 . 2 7 2 2 . 0 7 2 . 4  1 1  
6 1  0 . 2 7 22 . 32 2 . 4  9 
62 0 . 2 7 2 1 . 90 2 . 4  1 1  
6 3  0 . 2 8 2 1 . 7 4 2 . 5 1 1  
6 4  0 . 2 8 2 1 . 4 4 2 . 6  1 1  
65 0 . 2 8  2 1 . 4 0 2 . 6  1 1  
6 6  0 . 2 8 22 . 3 6  2 . 5 1 3  
6 7  0 . 2 8  2 1 . 6 6 2 . 6  1 1  
6 8  0 . 2 8 2 1 . 5 3 2 . 6  1 3  
6 9  0 . 2 8 2 2 . 3 1 2 . 5 12  
7 0  0 . 2 8  2 1 . 4 3 2 . 7  12  
7 1  0 . 2 8  2 2 . 1 8 2 . 6  1 2  
7 2  0 . 2 8 22 . 3 0 2 ). 6 1 3  
7 3  0 . 2 9 2 1 . 4 9 2 . 7  2 5  
7 4  0 . 2 9  2 1 . 8 8 2 . 7  1 3  
7 5  0 . 2 9  2 1 . 8 4 2 . 7  
7 6  0 . 2 9 2 1 . 4 6  2 . 8  

0 . 2 9  2 2 . 0 4 2 . 7  1 4  
7 8  0 . 2 9 2 1 . 7 5 2 . 7 1 4  
7 9  0 . 2 9 2 1 . 6 8 2 . 7  1 3  
8 0  0 . 2 9  2 2 . 52 2 . 6  1 3  
8 1  0 . 2 9  22 . 4 3 2 . 7 1 3  
8 2  0 . 2 9  2 2 . 1 5 2 . 7  8 
8 3  0 . 2 9  22 . 1 9 2 . 8  1 3  

8 5  
0 . 3 0 22 . 4 3 2 . 8  1 2  
0 . 3 1  2 1 . 3 1 3 . 2  2 0  

8 6  0 . 3 2 2 1 . 6 6 3 . 4  
8 7  0 . 32 2 1 . 4 9  3 . 5  1 4  
8 8  0 . 3 2 2 0 . 7 9 3 . 6  1 5  
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Table B-2 . Experimental Data for Pressure Loss  in the Mist Eliminator 
(Concluded ) 

Measured 
Steam Steam Mi st

Inlet El iminator 
Serial Steam Saturat ion Dynami c Pres sure 
Number Flow Temperature Pres sure Loss( oC )( kg/ s )  (i?a)  (Pa)  

0 . 3 3 2 1 . 3 0 3 . 7  ˜
. 0 .  35  2 1 . 1 0 4 . 1  ˜

9 1  0 . 35 2 1 . 8 7 4 . 1  3 0  
0 . 3 6 2 0 . 2 5 4 . 5 
0 . 3 6  22 . 0 5 4 . 3  2 1  
0 . 3 7 2 0 . 7 3 4 . 7  2 7  

95 0 . 4  0 2 0  . 3 1 5 . 7  4 4  
9 6  0 . 4 4 2 0  . 2 0 7 . 0  5 8  

Note : Mi st e l iminator planform area was 0 .  8 94 m2 . 
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B . 2  EXPERIMENTAL DATA OH SURFACE COHDEHSER 

Table B-3 summarizes the measured and calculated parameters for the vent 
( second-stage ) condenser . Each test is  presented on one l ine and ident i f ied 
with the file  name and test number.  The headings of the remaining data 
columns are shown below in the order in which they appear in the table . 

NOMENCLATURE (Vent Condenser, Table B 3 ) 

Abbrev. Uni t s  

Mr Refrigerant mass  flow rate kg/ s  
Tri l  Refrigerant temperature before expansion o c  
Tri Inlet refrigerant temperature o c  
Tro Outlet refrigerant temperature o c  
Pri Inlet refrigerant pressure kPa 
Pro Outlet refrigerant pres sure kPa 
Psi In+et steam pres sure kPa.
Pso Outlet steam pressure kPa 
Pexh Inlet s team pressure to vacuum pump kPa 
Tsi Inlet steam temperature o c  
Tso Outlet s team temperature o c  
Twbi Inlet wet-bulb temperature o c  

( located at main . condenser outlet ) 
Tdewo Steam dewpoint at outlet 
Tsri Inlet saturation temperature for refrigerant 
Tsro Outlet saturat ion temperature for refrigerant 
Tsuper Refrigerant vapor super heat at outlet 
Qr Rate of  heat transfer for vent condenser 

(based on refrigerant heat balance )  
Msi Inlet steam mas s  flow rate kg/ s  
Mg Noncondensable gas mas s  flow rate kg/ s  
Ygi Gas concentration at inlet % by wt 
Ygo Gas concentration at outlet % by wt 
Tss i  Inlet saturation temperature for steam/gas o c  
Tss o  Outlet saturation temperature for steam/gas o c  
Eff Thermal effect ivenes s  for vent condenser 
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Table B-3 .. Data Summary for Vent Condenser Tests 

Measured Parameters 

Data ·File Test Mr Tril Tri Tro Pri Psi Pso Pexh Tsi Tso Twbi Tdewo 
No kq/s c c c kPa kPa kPa Kpa c c c 

880708 . 007 SC4 . 1  0 . 34 1 8 . 880 5 . 248 11 . 7 93 370 . 4  364 . 4  1 . 48 1 . 37 17 .438 1 1 . 198 12 . 832 9 . 675 
· 	 880708 .008 SC4 . 2  0 . 43 2 0 . 47 9  5 . 332 12 . 2 63 3'70 . 3  364 . 8  1 .50 1 . 53 1 . 40 17 . 665 1 1 . 2 1 9  1 3 . 3 69 9 . 4 9 9  

880708 . 009 SC4 . 3  0 . 4 9  2 1 . 567 5 . 090 12 . 475 367 . 6  361 . 7  1 . 53 1 . 56 1 . 43 17 . 750 11 . 22 9  1 3 . 659 9 . 5 62 
880708 . 010 SC4 . 3R 0 . 88 27 . 689 5 . 238 14 .480 368 . 7  360 . 9  1 .81 1 . 81 1 . 67 1 8 . 697 1 3 . 189 1 6 . 305 12 . 701 
880711 . 002 SC4 . 4  0 . 50 2 1 . 810 7 . 556 14 . 114 396 . 4  391 . 2  1 . 67 1 . 70 1 . 55 20 . 336 12 .753 14 .871 1 1 . 870 
880711 . 003 SC4 .4R 0 . 34 17 . 162 7 . 42 6  6 . 895 398 . 1  392 . 8  1 . 83 1 . 89 NA 21 . 090 9 . 569 15 . 787 11 . 692 
880711 . 004 SC4 .4R 0 . 5 0  22 . 673 4 . 97 6  1 3 . 595 365 . 2  359 . 9  1 . 65 1 . 67 NA 1 9 . 544 12 . 068 14 . 681 1 1 . 505 
88071 1 . 005 SC4 . 4R 0 . 61 2 3 . 10 9  5 . 050 13 . 396 366 . 4  360 . 6  l .  70 1 . 74 NA 1 9 . 696 . 5 . 916 15 . 085 10 . 27 9  
880711 , 006 SC4 . 4R 0 . 68 23 . 427 2 . 422 1 3 . 472 336 . 4  330 . 3  1 . 67 1 . 70 N A  1 9 . 3 63 '4 . 402 14 . 9 10 10 . 401 
8807 1 1 . 008 SC4 . 4R 1 . 11 27 . 890 2 . 134 9 . 027 333 . 5  323 . 8  1 . 50 1 . 47 1 . 35 17 . 363 9 . 837 13 . 908 10 . 165 
880712 . 001 SC4 . 4 R  1 . 25 2 9 . 828 3 . 4 60 5 . 64 1  347 . 2  336 . 7  1 . 4 9  1 . 45 1 . 32 17-.229 9 . 695 14 . 2 64 9 . 668 

8807 1 3 . 001 SC5 . 1  0 . 66 23 . 670 5 . 548 12 . 883 372 . 0  365 . 9  1 .58 1 .59 1 .4 6  18 . 638 1 1 . 002 14 .238 10 . 4 98 
880713 .P03 sc5 . 2  0 . 5 9  2 1 . 82 1  5 . 324 12 . 364 369 . 9  363 . 7  1 . 48 1 . 50 1 . 37 1 9 . 012 9 . 873 1 3 . 094 a. • 757 
8807 1 3 . 004 SC5 . 3  0 . 57 2 1 . 616 1 . 591 1 1 . 832 327 . 7  3 2 1 . 5  1 . 46 . 1 . 47 1 . 35 18. 203 9 . 4 67 12 . 981 8 .843 
880713 . 005 SC5 . 4  0 . 4 6  20 . 988 7 . 740 . 1 1 . 913 398 . 8  393 . 5  1 . 48 1 . 51 1 . 39 1 8 . 102 10 .076 13 . 059 9 . 701 
880713 . 006 SC5 .4R 0 . 30 20 . 633 9 . 2 9 9  1 3 . 453 418 . 6  4 1 4 . 1  1 . 67 1 . 72 1 . 58 1 9 . 230 1 1 . 889 1 4 . 7 6 6  12 . 07 1  
8807 1 3 . 007 sc5 . 6  o . aa 2 6 . 470 8 . 048 9 . 367 402 . 1  395 . 7  1 . 74 1 . 75 1 . 61 1 9 . 495 12 . 6 9 9  1 5 . 678 12 . 381 
8807 13 . 008 SC5 . 7  1 . 24 30 . 891 3 . 891 4 . 194 352 . 0  3 4 1 . 7  1 . 62 1 . 59 1 . 47 1 8 . 394 10 . 697 1 5 . 1 6 6  10 . 670 

880715 . 005 SC6 . 1  0 . 4 5  2 0 . 686 7 . 308 7 . 887 394 . 0  388 . 0  1 . 4 9  1 . 52 1 . 40 1 8 . 4 94 10 . 12 9  1 3 . 170 8 . 608 
880714 . 002 SC6 . 2  0 . 44 2 1 . 259 4 . 672 12 . 228 3 6 1 . 7  355 6 . 7  1 . 45 1 .4 7  1 .35 17 . 99 6  1 0 . 020 12 .843 9 . 10 1  
880714 . 007 SC6 . 3  0 . 34 19 . 72 9  6 . 793 12 . 224 386 . 9  382 . 0  1 . 4 6  1 .50 1 . 38 18.751 10 . 777 12 . 980 9 . 964 
880714 . 009 SC6 . 3R 0 . 40 2 0 . 228 6 . 92 6  11 . 874 388 . 8  383 . 9  1 . 45 1 . 4 8  1 . 36 1 8 . 4 7 9  1 0 . 5 9 9  12 . 887 9 . 674 
880714 . 003 SC6 . 5  0 . 6 6  24 . 654 4 . 397 1 3 . 804 357 . 8  352 . 3  1 . 70 1 .70 1 . 57 1 8 . 7 99 12 . 7 14 1 5 . 2 90 12 .258 
88071 5 . 002 SC6 . 5R 0 . 90 2 6 . 315 8 . 013 1 1 . 682 402 . 1  395 . 0  1 . 68 1 . 70 1 . 56 2 1 . 199 13 . 541 15 .386 11 . 882 
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Table B-3 . Data Summary for Vent Condenser Tests ( Concluded )  

Calculated Parameters 

Test Tsri Tsro Tsuper Qr Msi Mq Yqi Yqo Tssi Tsso Eff . .
No c c c kW kq/s kq/s c c 

SC4 . 1  5 . 17 6  6 . 6 17 4 8 . 1  0 . 01 9 6  0 . 00117 0 . 044 0 . 247 12 . 024 9 . 645 0 . 443 
s.C:4 . 2  5 . 689 5 . 2 1 8  7 . 045 5 9 . 5  0 . 0242 0 . 00143 0 . 047 0 . 299 12 . 564 9 . 460 0 . 504 
SC4 . 3  5 . 455 4 . 945 7 . 530 67 . 2  0 . 0273 0 . 00152 0 . 045 0 . 315 12 . 892 9 . 517 0 . 499 
SC4 . 3R 5 . 553 4 . 87 9  9 . 60 1  117 . 6  0 . 0478 0 . 00142 0 . 027 0 . 27 1  15 . 62 6  12 . 661 · 0 . 335 
SC4 . 4R 7 . 888 7 . 456 6 . 658 6 9 . 7  0 . 0283 0 . 00126 0 .036 0 . 246 14 . 331 1 1 . 842 0 . 430 
SC4 . 4R 8 . 026 7 . 5 9 6  -0 .701 47 . 3  0 . 0192 0 . 00060 0 .026 0 . 350 1 5 . 812 1 1 . 610 0 . 528 
SC4 . 4R 5 . 251 4 . 7 9 1  8 . 804 68 . 6  0 . 02 7 9  0 . 00105 0 .032 0 . 258 14 . 167 1 1 . 47 1  0 . 337 
SC4 . 4 R  5 . 34 9  4 . 850 8 . 54 6  83 . 4  o .o339 o . ooo57 o . 016 o . 382 14 . 800 9 . 97 6  o . 4 94 
SC4 . 4R 2 . 655 2 . 107 1 1 . 3 65 92 . 8  0 . 0377 0 . 00051 0 .012 0 . 34 6  14 . 54 9  10 . 30 9  0 . 368 
SC4 . 4R 2 . 386 1 . 467 7 . 560 144 . 2  0 . 0586 O . Q0096 0 . 017 0 . 252 12 . 862 1 0 . 134 0 . 325 
SC4 . 4  3 . 4 60 2 . 782 2 . 859 156 . 9  0 .0638 0 . 00103 0 . 017 0 . 284 12 . 805 9 . 637 0 . 425 

SC5 • 1  5 . 835 5 . 315 7 . 568 8 9 . 7  0 .0365 0 .00137 0 .033 0 . 285 13 . 517 10 . 4 6 1  0 .4 4 5  
SC5 . 2  5 . 659 5 . 1 1 6  7 . 248 81 . 6  0 . 0332 0 . 00151 0 . 038 0 . 331 1 2 . 425 8 . 757 0 . 583 
SC5 . 3  1 . 840 1 . 261 1 0 . 5 7 1  7 5 . 5  0 . 0307 0 . 00138 . 0 . 038 0 . 315 12 . 277 8 . 813 . 0 . 371 
SC5 . 4  8 . 082 7 . 850 4 . 063 62 . 8  0 . 0255 0 . 00135 0 . 04 0  0 . 275 12 . 472 9 . 661 0 . 675 . 
SC5 . 4 1  9 . 667 9 . 496 3 . 957 4 1 . 6  0 .0169 0 . 00131 0 . 053 0 . 236 14 . 207 12 . 036 0 . 529 
SC5 . 6  8 . 353 7 . 851 1 . 516 114 . 5  0 .04 65 0 . 00126 0 . 024 0 . 252 1 5 . 050 12 . 345 0 . 450 
SC5 . 7  4 . 078 3 . 160 1 . 034 153 . 7  0 .0625 0 . 00128 0 . 020 0 . 298 14 .019 10 . 632 0 . 405 

sc6 . 1  7 . 687 7 . 194 0 . 693 · 61 . 4  0 . 0250 0 . 0015l 0 . 054 0 . 350 12 . 378 8 . 562 0 . 832 
sc6 . 2  4 . 942 4 . 501 7 . 727 60 . 3  0 . 0245 0 . 00126 0 . 044 0 . 29 1  12 . 070 9 . 067 0 . 474 
SC6 . 3  7 . 100 6 . 687 . 5 . 537 47 . 9  0 .0195 0 . 00143 0 . 043 0 .240 12 .226 9 . 934 0 . 513 
sc6 . 3R 7 . 255 6 . 847 5 . 027 54 . 8  0 . 0223 0 . 00106 0 .040 0 .253 12 . 138 9 . 644 0 . 570 
SC6 . 5  4 . 397 4 . 114 9 . 690 90 . 1  0 . 0366 0 . 00115 0 .028 0 . 235 14 . 658 12 .229 0 . 278 
sc6 . 5R 8 . 34 9  7 . 943 3 . 739 118 . 5  0 .0482 0 .00122 0 . 02 3  0 . 253 14 . 570 11 . 847 0 . 4 98 
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Table B-4 summarizes the measured and calcillated parameters for the main 
( first-stage ) condenser . Each test i s  again presented on one line and 
identi fied wi th the file name and test number . The headings of the remaJ.nJ.ng 
data columns are shown below in the order in which they appear in he table.  

NOMENCLATURE (Main Cond nser, Table B-4 ) 

Abbrev. Uni t s  
---

Qcw 
Twi 

Two 

Del ta-T 
Psi  
Del ta-Ps 
Tsi  
Tso 
Pexh 
Tdew 
Msi  
Mg
Ygi 
Ygo
Tss i  
.Ts'SO 
Qe 
Qc 

Cold water flow rate 
Inlet temperature for cold water 

(average of two sensors ) 
Out let temperature for cold water 

(average of two sensors ) 
Change in water temperature 
Inlet steam pressure 
Steam-side pres sure drop 
Inlet steam temperatur·  
Out let steam temperature 
Steam pressure at vacuum pump inlet 
Dewpoint of steam/gas at outlet of vent condenser 
Inlet steam mas s  flow rate 
Noncondensable gas flow rate 
Gas cbncentration at inlet . 
Gas concentration at out let 
Inlet steam saturation temperature 
Outlet steam saturation ·temperature 
Rate of heat trans fer for evaporator 
Rate of heat transfer for main condens r 

kg/ s  
o c  

o c  

o c  
kPa 
kPa 
o c  
o c  
kPa 
o c  
kg/ s  
kg/ s  
% by wt 
% by wt 
o c  
o c  
kW 
kW 

Qs 
( based on water-s ide heat balance)  

Rate of heat transfer for main condenser kW 

Qr 
( based on steam-s ide heat balance) 

Rate of heat transfer for vent condenser kW 

Uo 
hw 
hs 

( based on refrigerant-side heat balance )  
Overall heat trans fer coefficiency 
Water-s ide heat transfer coefficient 
Steam-s ide heat transfer coefficient 

kW/m2K 
kW/m2K 
kW/m2K 
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Table B-4. Data SUIID8.ry for Surface Condenser Tests , Main Condenser 

Measured Parameters 

Test Qcw Twin Twout Delta-T Psin Delta-Ps Tsin Tsout Condensation Rate ml/s Pexh Tdew 
Data File No kg/s c c c kPa Pa c c Total Cold Warm Warm kPa c 

+Mid +Cold +Mid 
880502 . 001 SC1 . 1  2 1 .24 7 . 334 1 1 . 7 1 6  4 . 52 1 . 50 -3 . 6  18. 757 11 . 970 150 99 
880505 . 001 SC1 . 2  32 . 68 7 . 534 10 .226 2 . 81 1 . 35 -4 . 3  1 9 . 752 10 . 696 141 114 94 81 1 . 27 8. 927 
88050 9 . 00 1  SC1 . 3  44 . 97 7 . 57 3  9 . 558 2 . 07 1 . 30 -4 . 4  19 .081 10 . 023 144 
880509. 002 SC1 . 4  5 1 . 54 7 . 562 9 . 084 1 . 67 1 . 2 6  -3 . 6  18. 957 9 . 597 128 105 84 75 1 . 20 7 . 468 

880630 .002 SC1 . 1R 1 9 . 7 3  8 • 479 1 3 . 358 4 . 98 1 . 65 NA 1 9 . 664 14 . 404 192 169 128 93 1 . 43 10 . 721 
880630 . 003 SC1 .2R 32 . 07 8 . 652 1 1 . 699 3 . 13 1 . 50 NA 1 8 . 812 1 2 . 868 204 163 131 108 1 . 28 9 . 306 
880630 . 004 SC1 . 3R 4 6 . 10 8 . 62 9  10 . 7 97 2 . 24 1 . 4 3  NA 1 8 . 357 12 . 027 199 163 134 116 1 . 20 8 . 225 
880630 .005 SC1 . 4 R  52 . 61 8 . 399 10 .292 1 . 98 1 . 38 NA 1 8 . 034 1 1 . 7 10 204 156 136 118 1 . 15 7 . 639 

88050 6 . 007 SC1 . 5  2 0 . 33 7 . 312 14 . 909 7 .  72 1 . 93 -5 . 8  20. 129 1 5 . 588 253 202 165 136 1 . 84 1 5 ; 150 

880506 . 002 SC1 . 6  33 . 14 7 . 300 12 . 002 4 . 85 1 . 64 -8 . 4  1 9 . 7 17 13. 199 251 191 164 139 1 . 57 11 . 944 
1 . 52 -8  1 1 9 . 24 9  12 . 148 246 188 160 141 1 . 44 10 . 199 

' 
88050 6 . 003 SC1 . 7  4 5 . 39 7 . 383 10 .783 
880506 . 004 SC1 . 8  51 .22 7 . 180 10 . 242 3 . 20 1 .48 -7 . 4  1 8 . 7 2 1  11 .736 252 191 166 150 10 . 146 

880524 .001 SC2 . 3  4 5 . 18 7 . 262 10 . 927 3 . 7 8  1 . 55 -9 . 2  1 9 . 113 12 . 574 267 201 172 151 1 . 47 8 . 660 
880524 . 002, SC2 . 4  . 4 5 . 50 7 . 2 10 1 1 . 437 4 . 2 6  1 . 97 -6 . 8  1 9 .226 14 . 560 293 225 194 173 1 ;91 1 5 . 2 14 

880706 . 00 9  SC2 . 1R 4 3 . 7 6  8 . 627 1 1 . 667 3 . 18 1 .53 -14 . 7  2 0 . 187 13 . 174 205 167 136 103 1 . 26 6 . 600 
880706. 008 SC2 . 2 R  4 4 . 50 8 . 577 11. 688 3 . 20 1 . 5 6  -13 . 8  20.445  13 . 37 5  225 1 63 145 125 1 . 38 8 . 806 

-17 .i 2 0 . 518 13 . 906 245 191 15988070 6 . 007 SC2 . 3R 44 .82 8 . 556 1 1 . 936 1 . 63 139 1 . 50 10 . 563 
20 . 4  2 1 . 192 1 6 . 260 269 199 184880706 . 010 SC2 . 4 R  4 4 . 04 8 . 593 12 .529 2 .0 6  160 1 . 97 15 . 752 

880524 . 003 SC2 . 7  32 . 63 7 . 349 12 . 205 4 . 95 1 . 67 -8 . 3  1 9 . 361 1 3 . 403 256 . 195 165 144 1 . 60 9 . 520 
880524 .004 SC2 . 8  32 . 70 7 . 657 12 . 956 1 . 81 -7 . 5  19 .562 14 . 4 17 280 210 180 161 1 . 74 1 3 . 533 

880707 . 008 SC2 . 5R 
880707 . 00 9  SC2 . 6R 
880707 .010 SC2 . 7 R  
880707 .011 SC2 .8R 

32 .75 
32 . 4 1  
32 . 53 
32 . 6 6  

8 . 4 4 6  
8 . 442 
8 . 525 
8 . 442 

12 .519 
12 . 787 
13.044 
13 . 67 1  

4 . 19 
4 . 43 
4 . 60 
5 . 2 9  

1 . 63 

1 . 68 
1 . 7 4  
2 . 15 

-12 . 2  
-12 . 8  
-13 .  6 

-16 .·8 

20 . 374 13. 113 
2 0 . 57 5  1 3 . 4 93 
2 0 .786 13. 890 

2 1 . 365 . 1 6 . 007 

260 
284 
288 

339 

222 
228 
250 

260 

182 
190 
208 

235 

140 
171 
175 
207 

1 . 34 
1 . 49 
1 . 58 
2 . 06 

7 . 087 
10 . 318 
1 1 . 642 
16 . 686 

880707 . 002 SC2 . 9  
880707 . 005 SC2 . 10 
880707 .006 SC2 . 1 1  

54 .SO 
54 . 07 
56 .08 

8 . 493 
8 .  667 
8 . 518 

1 1 . 992 
12 . 404 
12.734 

3 . 57 
3 . 83 
4 . 25 

1 . 65 

1 . 7 3  

2 . 2 6  

-17 . 9  
-19 . 1  
-20 . 6  

1 9 . 583 
19 .586 
20. 314 

1 3 . 372 
13 . 986 
16 . 670 

358 
411 
419 

304 
315 
330 

250 
273 
312 

221 
245 

267 

1 . 40 
1 . 54 

2 . 18 

8 . 594 
10 . 425 

17 . 4 97 

880518. 002 SC3 . 1  

880516 .001 SC3 . 2  
880516 . 002 SC3 . 3  

880516 . 003 SC3 . 4  

44 . 7 9  

4 5 . 11 
4 5 . 38 

45 .51 

7 . 634 

7 . 881 
7 . 87 5  

7 . 621 

12 . 240 

12 . 595 
12. 565 

12 . 025 

4 . 75 

4 . 98 

4 . 88 
4 . 57 

" 

1 . 8 1  

1 . 8 8  
1 . 7 9  

1 . 68 

-10 . 8  

-9 . 5  
-10 . 1  

-8 . 1  

1 6 . 17 8  

20 . 44 7  
1 9 .727 

1 8 . 2 60 

14 . 520 

14 . 914 
14 .523 

13 . 730 

342 

347 
350 

332 

260 

263 
270 

263 

229 

228 
228 

214 

200 

195 
199 
191 

1 . 72 

1 . 80 
1 . 72 
1 . 59 

12 . 753 

12 . 847 
1 3 . 309 
13 . 140 

880516 . 004 SC3 . 5  4 5 . 2 1  7 . 067 9 . 60 1  2 . 7 4  -4 . 5  1 8 . 834 10 .889 178 129 109 105 1 . 40 3 . 323 
-4 . 8  1 9 . 514 10 . 61 6  158 129 113 102 1 . 35 7 . 489 880510 .001 SC3 . 6  44 .89 7 . 138 9 . 446 2 . 52 

880509 .004 SC3 . 7  

880509 .003 SC3 . 8  

44 . 94 

4 4 . 93 

7 . 34 3  

7 . 371 

9 . 568 

9 . 6.2 

2 .4 1  

2 . 50 
1 . 36 

1 . 35 

-3 . 9  

-4 . 7  

1 9 . 7 6 9  

19 .595 

10 . 4 6 1  

10 . 4 9 6  

163 

170 

122 

130 

111 

114 

94 

101 

1 . 2 9  

1 . 2 9  

. 
8 . 113 

8 . 446 

880706 . 001 SC3 . 5R 
880706 . 003 SC3 . 6R 

88070 6 . 004 SC3 . 7 R  
880706 . 005 SC3 .8R 

44 .06 
4 4 . 4 5  

4 5 . 13 
4 4 . 15 

8 . 614 
8 . 538 

8 . 594 
8 . 441 

10 . 7 90 
10. 67 1  

10 .705 
10 . 637 

2 . 25 
2 . 21 

2 . 20 
2 . 30 

1 . 4 8  
1 . 44 

1 . 44 
1 . 4 2 .  

-15 . 2  

-14 . 6  

-18 . 4  
-15 . 6  

2 0 . 4 2 6  

2 0 . 288 

20 . 132 
19 . 564 

12 .455 

12 . 337 

12 .291 
11 . 852 

156 Data 

155 

158 
153 

Unreliable 1 . 35 

1 . 32 
1 . 30 
1 . 27 

7 . 109 

8 . 545 
9 . 042 

9 . 033 
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Table B-:-4 . Data Summary 

( Concluded ) 
for Surface Condenser Tests , Main Condenser 

Calculated Parameters 

Fraction 
Test 

No 
Condensation Rate ml/s MSi 

Total Cold Mid Warm kq/s 
Mq

kq/s . 
Yqi 

' 
Yqo 

' 
Tssin 

c 
Tssou Qe 

C kW 
Qc 
kW 

Qs 
kW 

Qr 
Kw 

Steam 
Con

Uo 
kW/m2K 

hw hs 

by wt . by Wt . densed 

SC1 . 1  155 78 48 29 0 . 183 0 . 00106 0 . 576 3 . 167 12 . 982 ***** 399 372 367 75 0 . 82 6  1 . 58 2 . 80 5 . 04 
SC1 . 2  144 67 46 31 0 . 161 0 . 00090 0 . 555 4 . 427 1 1 . 347 ***** 378 352 340 41 0 . 888 2 . 05 3 . 73 7 . 05 
SC1 . 3  147 64 48 35 0 .  167 0 00110 0 . 65 6  4 . 804 10 .782 ***** 396 357 357 47 0 . 869 2 . 25 4 . 62 6 . 68 
SC1 . 4  136 58 44 34 0 .142 0 . 00102 0 . 7 1 1  6 . 332 1 0 . 331 ***** 342 313 316 30 0 . 896 2 . 23 5 . 06 5 . 83 

SC1 . 1R 159 84 48 27 0 . 216 0 . 00114 0 . 526 1 . 883 14 . 488 '*** 528 385 376 139 0 . 724 1 . 6  . 2 . 7 1  6 . 28 
SC1 .2R 1 6 6  7 9  53 34 0 •.214 0 . 00096 0 . 4 4 6  1 . 667 13 .021 ***** 507 391 399 133 0 . 742 1 . 93 3 . 74 5 . 87 
SC1 .3R 175 78 57 41 0 . 2 19 0 . 00095 0 . 432 1 . 65 6  12 .216 ***** 525 399 378 132 0 . 740 2 . 17 4 . 7 6  5 . 85 
SC1 . 4R 173 75 56 42 0 . 2 16 0 . 00092 0 . 425 1 . 67 4  1 1 . 7 64 ***** 529 398 378 127 0 . 7 4 9  2 . 22 5 . 19 5 . 58 

scl . 5  256 115 80 47 0 . 2 6 1  0 . 00096 0 . 367 9 . 943 1 6 . 915 ***** 642 618 620 10 0 . 962 1 . 65 •  2 . 77 6 . 00 
SC1 . 6  248 113 80 55 0 . 27 1  0 . 00111 0 . 408 5 . 66 6  14 . 351 ***** 644 623 617 34 0 . 934 1 . 84 3 . 80 4 . 97 
SC1 . 7  257 111 84 62 0 . 266 0 . 00122 0 . 456 6 . 93 9  1 3 .  165 ***** 638 615 608 32 0 . 939 2 . 06 4 . 68 5 . 22 
SC1 . 8  2 6 6  112 87 67 0 . 261 0 . 00106 0 . 405 10 . 968 1 2 . 7 4 6  1 1 . 7  642 627 624 31 0 . 976 . 2 . 22 5 . 06 5 . 74 

SC2 . 3  2 7 9  119 91 68 0 . 30 1  0 . 00182 0 . 602 5 . 36 6  1 3 . 489 ***** 705 662 659 72 0 . 894 2 . 02 4 . 66 4 . 94 
SC2 . 4  291 129 94 68 0 .  320 0 . 00110 0 . 34 3  15 .595 17 . 197 ***** 717 769 719 3 0 . 97 6  1 . 34 4 . 70 2 . 19 

SC2 . 1R 215 95 70 50 0 . 2 93 O .Q0176 0 . 597 2 .223 1 3 . 306 ***** 683 532 538 185 0 . 738 2 . 23 4 . 62 6 . 53 
SC2 .2R 203 91 66 47 0 . 27 1  0 . 00148 0 . 544 3 . 102 1 3 . 590 ***** 690 553 565 107 0 . 829 2 . 12 4 . 67 5 . 60 
SC2 . 3R 262 114 85 63 0 . 270 0 . 00135 0 . 498 5 . 097 1 4 . 286 ***** 699 606 605 54 0 . 912 2 . 00 4.70 4 . 78 
SC2 . 4R 279 125 90 64 0 . 288 0 . 00109 0 . 377 16 . 62 1  1 7 . 925 ***** 687 693 659 2 0 . 97 8  1 . 30 4 ;66 2 . 10 

SC2 . 7  2 66 120 86 60 0 . 286 0 . 00204 0 . 708 6 . 548 14 . 62 1  ***** 695 634 630 64 0 . 901 1 . 82 3 . 7 6  4 . 88 
SC2 . 8  2 7 6  128 89 60 0 . 287 0 . 00116 0 . 402 13 . 92 3  1 5 . 886 ***** 707 693 688 8 0 . 981 1 . 82 3 . 7 6  4 . 85 

SC2 . 5R 220 102 7 1  47 0 . 277 . 0 . 00197 0 . 705 3 . 14 2  14 .244 ***** 727 533 505 144 0 . 782 1 . 65 3 . 7 9  5 . 8 3  
SC2 . 6R 2 3 6  109 76 51 0 . 268 0 . 00150 0 . 556 4 .040 14 . 753 ***** 723 563 566 107 0 . 854 1 . 87 3 . 78 5 . 24 
SC2 .7R 249 114 80 55 0 . 27 1  0 . 00138 0 . 507 4 . 152 1 5 . 2 6 6  ***** 723 588 538 70 0 . 882 1 . 7 9  3 . 80 4 . 60 
SC2 . 8R 269 128 85 56 Q . 284 0 . 00104 0 . 365 15 . 236 18 . 64 1  ***** 734 683 674 2 0 . 977 1 . 2 5  3 . 82 2 .  16 

SC2 . 9  315 133 103 78 0 . 37 6  0 . 00184 0 . 487 2 .732 14 .423 *****1000 767 7 14 155 0 . 829 2 . 38 5 . 38 6 . 44 
SC2 . 10 3 3 9  · 143 111 85 0 . 379 0 . 00173 0 . 454 3 . 248 1 5 . 2 13 **** *1003 808 837 119 0 . 866 2 . 24 5 . 35 5 . 52 
SC2 . 11 4 0 4  173 132 100 0 . 392 0 . 00181 0 . 460 23 . 02 3  1 9 . 452 ***** 995 945 855 2 0 . 980 1 . 52 5 . 4 9  2 . 53 

SC3 . 1  3 6 3  154 119 90 0 . 361 0 . 00202 0 . 55 6  7 .093 1 5 . 888 ***** 856 825 845 55 0 . 929 1 . 85 4 .  68 4 . 02 
SC3 . 2  3 50 155 114 81 0 . 369 0 . 00174 0 . 4 6 9  6 .8 4 6  1 6 . 4 55 ***** 862 850 852 4 9  0 . 936 1 . 81 4 . 72 3 . 8 9  
SC3 . 3  349 154 113 8 2  0 .3 60 0 . 00117 0 .324 7 .958 15 .726 ***** 872 8 5 1  8 6 0  23 0 . 960 2 . 11 4 .73 5 .44 
SC3 . 4  3 2 9  144 107 78 0 . 340 0 . 00073 0 . 214 5 . 4 62 14 .713 * **** 807 801 816 21 0 . 957 2 . 22 4 . 72 6 . 28 

SC3 . 5  182 78 59 45 0 . 215 0 . 00298 1 . 366 9 . 127 12 . 284 ***** 465 458 439 68 0 . 866 1 . 58 4 . 63 2 . 98 
SC3 . 6  . 170 75 55 40 0 . 183 0 . 00163 0 . 884 9 . 95 1  1 1 . 787 ***** 427 414 413 29 0 . 919 1 . 67 4 . 60 3 . 3 1 
SC3 . 7  
sc  . a  

1 67 
170 

73 
74 

54 
55 

40 
. 41  

0 .  183 
0 . 1 9 1  

0 . 00122 
0 . 00108 

0 . 66 1  
0 . 562 

5 . 293 
4 . 534 

11 .423 
1 1 . 34 0  

***** 
***** 

418 400 403 
428 417 420 

47 
49 

0 . 888 
0 . 887 

1 . 82 
2 . 01 

4 . 61 
4 . 62 

3 . 95 
4 . 97 

SC3 . 5R 0 .  180 0 . 00186 1 . 022 6 . 943 12 . 7 4 1  ***** 481 383 384 55 0 . 865 1 . 70 4 . 61 3 . 4 3  
SC3 . 6R 0 . 17 6  0 . 00125 0 . 706 5 . 34 6 12 . 387 ***** 454 379 382 47 0 . 875 1 . 82 4 . 64 3 . 94 
SC3 . 7 R  0 . 17 9  0 . 00102 0 . 568 4 . 120 1 2 . 333 ***** 4 60 3 H l  389 51 0 . 865 1 . 86 4 . 6 9 4 . 09 
SC3 . 8R 0 .  185 0 . 00088 0 . 474 3 .018 1 2 . 096 ***** 4 4 9  389 63 0 . 852 1 . 99 4 . 61 4 . 84 
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B .3 EXPERIMEHTAL DATA OR DIRECT-CONTACT CONDENSER 

Table  B-5 summarizes the experimental data gathered a t  the HMTSTA i n  the two 
direct-contact condenser (DCC ) configurations tested . The data are divided by 
geometry of the two DCC stages and :are shown chronologically wi thin each 
set . Coaxial configuration test s ,  more typical of NPPE concHtions , are shown ' 
firs t .  

The second part o f  this table ( last four pages )  contains data collected early 
in the DCC test series . · In some cases , variations in data were observed 
out s ide the predicted error margins for those measurement s .  Therefore , these 
data should only be used for general reference .  Many of the tests conducted 
during this period were repeated and are shown in the - front part of the table .  

The data selected for this table provide sufficient information t o  calculate 
the performance parameters . The table does not contain all the data collected 
for redundant measurements  and calculations . All different ial temperature and 
pressure readings have been corrected for zero offset , which was measured 
daily  and i s  s tored in the first data file collected for each test sequence . 
The table consists  of measured parameters such as temperature , pres sure , and 
flow rates , as wel l  as calculated operating and performance parameter s .  
Eleven temperatures are presented for . the evaporator and for the two DCC 
condenser stages . Note that some system temperatures are obtained by adding 
( or subtract ing ) a different ial temperature measurement to ( or from) an 
absolute measurement . 

_ Five pres sures are shown . Because the pres sure drop in the DCC stages is  very 
small ,  the data are presented in Pa , and the absolute pressure i s  shown in.
kPa . Three water · flow rates for the evaporator and the two DCC stages are 
shown . The flow rate for the first condenser stage i s  corrected from that 
shown in the raw data file , based on factory and field cal ibration during the 
experiments .  The leakage into the system i s  · calculated as described in 
Section 2 . 3 . 8  in Chapter 2 .  The single values shown apply for the entire set 
of data below each entry.  

The remainder of the table contains noncondensable gas mas s  concentrat ion in 
and out of the DCC stages , the Jakob number and percent steam condensed for ·. each stage , and the steam and liquid loadings for each. 

The last five columns describe overall DCC performance . "Error Heat" shows 
the percent di screpancy in the heat balance between evaporator and DCC .  
"Error NC" shows -the percent discrepancy between the amount o f  noncondensable 
gas - exhausted from the system as compared to an assumed 90% release from the 
warm seawater plus 100% release froin the cold seawater plus the leak. Vent 
rat i o ,  overal l  thermal effectiveness , and overal l percent steam condensed are 
. calculated · as described in Chapter 7 • . 

Tables B-6 and B-7 show a few data points for each DCC stage indicating the 
influence of major parameters . The ful l data set for each point can be found " 
in Table B-5 under the same data file name . For the cocurrent s tage , Table B-6 
shows that Jakob number and steam loading have the greatest influence . Note ' that the data shown for steam loading effects are taken from the side-by-side 
tes t s , where the stage effectivenes s  is  consistently less than that for the 
coa ial configuration .  This has been attributed to seawater contamination of 
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the water reservoirs for the wicks covering the steam sensors . For the 
countercurrent stage , Table B-7 shows that the Jakob number and the freefall 
height have the greatest influence .  

It  i s  very difficult to reset the HMTSTA system to achieve preci sely the same 
conditions . Thi s  is  especially true for the two DCC stages because of cro s s
coupling effect s . Therefore , there are small variations in each parameter 
within each set . 

Several entries 1n these tables show repeatability for various test cases on 
different days . 

NOMENCLATURE (Table B-5 ) 

Abbrev. Units 

Twwi Warm water inlet temperature 
Tcwi , l  Cold water inlet temperature , cocurrent stage 
Tcwi , 2  Cold water inlet temperature , countercurrent s tage 
Tsi , l  Steam inlet saturat ion temperature , .cocurrent stage 
DTww Warm water temperature difference , measured across 

evaporator
DTcw, l Cold water temperature difference ,  measured across 

cocurrent stage
DTs i ,wi , l  Temperature difference between steam inlet and 

water inlet , cocurrent stage 
DTsi , so , l  Steam temperature difference measured acros s  

cocurrent stage 
DTcw, 2  Col d  water temperature difference , measured across 

countercurrent stage 
DTso ,wi , 2  Temperature difference between steam outlet and 

water inlet for countercurrent stage 
DTs i., so , 2  Steam temperature difference measured across  

countercurrent stage 
Pevap Evaporator pressure kPa 
Pi , l  Inlet . pres sure , cocurrent stage kPa 
DPl Pres sure difference measured across  cocurrent stage Pa 
DP2 Pres sure difference measured acros s  countercurrent Pa 

stage 
Pexh Pres sure at the inlet to the vacuum exhaust system kPa 
Qww Warm water volumetric flow rate 1 / s
Qcw, l Cold water volumetric flow rate ,  cocurrent stage l i s  
Qcw , 2  Cold water volumetric flow rate,  countercurrent 1 / s  

stage 
Leak Leak rate mg/ s  
Xii , l  Inert gas mas s  fract ion ,  measured at inlet to % 

cocurrent stage 
Xi i , 2  Inert gas mass  fract ion,  measured. at inlet to % 

countercurrent stage 
Xio Inert gas mas s  fraction,  measured at outlet of  % 

countercurrent stage 
Jal Jakob number ,  cocurrent stage 
F1 Percent condensed ,  cocurrent stage % 
Ja2 Jakob number , cocurrent stage 
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Abbrev. 

F2 
Gl 
G2 
Ll 

Errorheat 
ErrorNC 

Vent Ratio 

Efftot 
Ftot 

Percent condensed , cocurrent stage 
Steam loading , cocurrent stage 
Steam loading , countercurrent stage 
Liquid loading , cocurrent · stage 
Liquid loading , countercurrent stage 
Error in heat balance between DCC and evaporator 
Error in noncondensable gas mas s  flow rate between 

vacuum exhaust system calculations and release 
rate predictions [ negat ive numbers imply gas 
release i s  less than the as sumed 90% from warm 
water , and 100% from coid water (plus air leak) ] 

Ratio of ideal to actual exhaust gas volumetric 
flow rate 

Overall  DCC thermal effect iveness  
Overall percent . condensed in  the DCC 

2 3m2 , m" 2 = m m3 , m" 3 = m

TP-3561  

Uni t s  

% 
kg/m2 s 
kg/m2 s 
kg/m2 s 
kg/m2s 
% 
% 

% 
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Table B-5 . Data Summary for Direct-Contact Condenser Tests 

Identifier Twwi Tcwi, 1 Tcwi1 2 Tsi1 1 DTWW DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 DP2 Pexh 
(C) 1 1 1 2 2 2 (kPa) (Pa) 

Coaxial Stages (#)  Area, 1• 1 . 021 H1 1• 1 . 02 Hpk, 1• 0 . 61 Area, 2•0 . 343 H, 2• 1 . 04 Hpk, 2• 0 . 61 

890306 . 004 24 . 6  6 . 3  6 . 06 12 . 3  3 . 42 4 . 85 6 . 01 0 . 44 4 . 63 0 . 67 4 . 8 2 . 34S 1 . 47 4 . 4  2 9 . 4  1 . 39 
890306 .005 24 . 7  6 . 2  5 . 97 12'.7 4 . 13 6.3 6 . 47 0 . 16 5 . 36 1 . 19 5 . 1  2 . 251 1 . 4 97 2 . 8  27 .7 1 . 3 93 
89030 6 . 006 24 .7 6 . 3  6 . 02 12 . 9  4 . 12 6 . 36 6 . 54 0 . 14 5 . 11 0 . 52 5 . 81 2 . 251 1 . 50 6  1 . 7  27 . 8  1 . 243 
89030 6 . 007 24 .7 6.4 6 . 07 12 . 9  4 . 07 6 . 36 6 . 53 0 . 12 5 . 11 0 . 57 5 . 81 2 . 25 1 . 511 3 . 3  47 . 1  1 . 249 
890306 . 008 24 . 5  6 . 1  5 . 82 13.2 . 98 6 . 8  7 .07 0 . 16 2 . 98 0 .03 6 . 92 2 . 235 1 . 535 -1 . 6  32 . 9  1 . 069 
89030 6 . 00 9  24 . 5  6 . 3  5 . 98 12 . 9  4 . 04 6 . 43 6 . 63 0 . 12 4 . 51 0 . 12 6 .34 2 . 232 1 . 506 . 0.7 33 . 4  1 . 151 

890306 . 0 1  24 . 5  6 . 3  5 . 98 1 3 . 2  3 . 38 6 . 65 6 . 87 0 . 16 4 .8 0 . 23 6 . 43 2 . 316 1 . 533 2 . 1  31.4 1 . 274 

Coaxial Stages (e) Area, 1• 1 . 021 H, 1• 1 . 02 Hpk, 1• 0 . 61 Area, 2•0 . 34 3  H , 2• 1 . 35 Hpk, 2• 0 . 91 

890307 . 003 24 . 8  6 . 1  6 . 01 . 12 . 6  3 . 40 6 . 42 6 . 44 0 . 25 6 . 18 0 . 25 5 . 94 2 . 445 1 . 528 1 8  3 5  2 . 7 5 6  
890307 . 004 24 . 8  6 . 0  5 . 99 12 . 8  3 . 40 6 . 69 6 . 69 0 . 19 5 . 54 -0 . 01 6 . 68 2 . 4 5 1  1 . 55 17 . 3  9 . 6  2 . 787 
890307 . 006 2 5 . 0  6 . 2  6 . 14 12 . 5  3 . 4 1  6 . 25 6 . 23 0 . 09 5 . 7 2  O . 'J l  6 . 13 2 48 1 . 523 19 26 . 6  2 . 782 
890310 . 002 24 . 9  6 . 6  . 6 . 53 12 . 8  3 . 37 6 . 2  6 . 2 6  0 . 17 5 . 76 0 . 1 2  5 . 9 6  2 .4 9 5  1 . 522 1 6 . 5  6 6 . 5  1 . 3 62 
890310 . 003 24 . 9  6 . 6  6 . 52 12 . 9  3 . 38 6 . 44 6 . 42 0 . 08 5 . 47 -0 . 0 1  6 . 4  2 . 453 1 . 533 1 5 . 4  4 8 . 4  1 . 262 
890310 . 004 24 . 9  6 . 6  6 . 54 13 . 5  3 . 33 6 . 83 6 . 88 0 . 12 3 . 96 -0 . 0 1  6 . 9 9  2 . 464 1 . $8 6  1 1 . 7  2 1 . 3  1 . 144 
89031o . oq5 24 . 9  6 . 6  6 . 4 8  1 3 . 2  3 . 41 6 . 57 6 .53 0 . 1  4 . 99 -0 . 0 1  6 . 68 2 .4 4 1  1 . 564 14 . 4  30 . 9  1 . 208 
890310 . 00 6  24 . 9  6 . 6  6 . 47 14 . 6  3 . 37 8 . 17 8 .02 0 7 . 84 1 .59 6 . 21 2 . 504 1 .722 5 . 2  4 4 . 2  1 . 143 
890310 . 007 25 . 0  6.7 6 . 49 14 . 7  3 . 38 8.26 . 8 . 1  0 7 .7 0 . 33 7 .7 5  2 . 44 1 . 737 4 . 4  2 6 . 7  0 . 99 
890310 . 008 2 5 . 0  6 . 6  6 . 48 14 . 9  3 . 36 8 . 5  8 . 34 -0 . 0 1  6 . 42 0 .0 1  8 . 48 2 . 445 1 . 758 2 4  6 . 1  0 . 92 
890310 . 00 9  2 5 . 0  6 . 6  6 . 42 1 5 . 7  3 . 4 9  9 . 24 9 16 -0 .02 3 .  7.7 0 . 05 9 . 28 2 . 456 1 . 844 -2 . 4  -4 . 6  0 . 855 

890310 . 0 1  2 5 . 0  6 . 5  6 .39 13.o 3 . 40 6 . 49 6 .4 8  o . o8 6 . 19 0 . 66 5 . 58 2 . 577 1 . 552 8 . 6  5 9 . 2  1 . 397 
89031 0 . 0 1 1  25 . 0  6 . 6  6 . 40 13 . 1  3 . 39 6 . 5  6 . 53 0 . 1  6 . 07 0 . 12 6 . 33 2 . 613 1 . 552 8 . 4  4 2 . 8  1 . 26 
890310 . 012 2 5 . 0  6 . 5  6 . 37 13 . 2 .  3 . 38 6 . 67 6 .7 o . o8 5 . 3 6  0 6 .7 8  2 . 6 14 1 . 562 6 . 1  24 . 8  1 . 16 
890310 .013 25 . 0  6 . 5  6 . 36 13 . 9  3 . 33 7 . 33 7 . 39 0 . 0 9  2 . 99 0 . 02 7 .3 9  2 . 62 1 . 625 2 . 8 8 . 8  1. 068 
890313 . 002 24 . 9  6 . 7  6 . 00 12 . 9  3 . 4 1  6 . 03 6 . 0 6  0 . 09 5 . 83 1 • 2 9  4 . 51 2 . 457 1 . 528 5 . 1  58 . 8  1 . 372 
890313 . 003 25 . 0  6 . 7  5 . 87 12 . 9  3 . 4 4  6 . 06 6 . 08 0 . 0 6  5 . 8 6  1 . 36 4 . 51 2 . 4 67 1 . 529 6 . 5  50 . 4  1 . 372 
890313 . 005 25 . 1  6 . 6  5 . 78 1 3 . 0  3 . 39 6 . 11 6 . 18 0 . 0 6  5 72 0 . 03 6 . 18 2 . 504 1 . 52 8  0 . 6  10 . 5  1 . 05 
890315 . 004 2 5 . 0  6 . 5  6 . 53 14 . 3  3 . 40 7 . 31 7 . 77 0 . 4 2  7 . 02 1 . 18 5 . 82 2 . 392 1 . 645 15 . 4  45 . 6  1 . 4 72 
890315. 005 25 . 0  6 . 4  6 . 44 14 . 4  3 . 39 7 . 45 7 . 93 0 .4 2  6 . 8  0 .44 6 . 95 2 . 388 1 . 64 3  15 . 7  24 . 9  1 . 259 
890315 . 00 6  24 . 9  6 . 3  6 . 33 1 5 . 0  3 . 32 7 . 9 ·  8 . 61 0 . 4 2  4 .02 0 . 34 7 .7 9  2 . 384 1 . 704 1 1 . 9  2 1 . 133 
890315. 007 25 . 0  6 . 3  6 . 40 15 . 5  3 . 31 8 . 19 9 . 02 0 . 43 2 . 39 ·o . 38 8 .22 2 . 4 1 . 7 5  9 . 1  -0 . 1  1 . 089 

Coaxial Stages (e) Area, 1• 1 . 02 1  H, 1• 1 . 02 Hpk, 1• 0 . 61 Area, 2•0 . 34 3  H, 2• 1 . 35 Hpk, 2• 0 . 9 1  

890317 . 003 25 . 2  6_ . 4  6 . 43 13 . 4  3 . 4 1  6 . 56 6 . 94 0 . 56 5 . 36 -0 . 0 1  6 . 5  2 . 4 2  1 . 53 20 . 6  4 6 . 8  1 . 385 
890317 . 004 2 5 . 2  6 . 3  6 . 39 13 . 7  3 . 37 6 . 86 7 •22 0 . 6  4 . 61 -0 . 0 1  6 . 85 2 .4 1 6  1 . 554 18 . 5  2 1 . 8  1 . 272 
890317 . 005 25 . 1  6 . 3  6 . 32 13 . 4  3 . 36 6 . 42 6 . 7 9  0 . 66 6 . 2 3  0 .42 5 . 91 2 . 404 1 . 52 1 9 . 7  2 8 . 4  1 . 389 
890317 . 00 6  25 . 1  6 . 2  6 . 28 1 3 . 5  3 . 35 6 . 47 6 .87 0 . 69 5 . 99 0 . 06 6 . 45 2 . 404 1 . 52 6  1 9 . 1  15 . 7  1 . 268 
890317 . 007 25 . 1  6 . 1 6 . 18 13 . 8  3 . 38 6 . 8  7 . 19 0 . 6 9  5 . 19 0 6 . 9 1  2 .394 1 . 546 17 . 7  -0 . 8  1 . 181 
890317 . 008 2 5 . 1  6 . 2  6 . 2 6  14 . 9  3 . 37 7 .7 6  8 . 2 1  0 .7 1  1 . 93 0 .07 7 .83 2 .389 1 . 661 11.6 -14 . 9  1 . 05 

coaxial Stages (X) Area, 1• 1 . 021 H, 1• 1 . 02 Hpk, 1• 0 . 61 Area, 2•0 . 343 H, 2 •  1 . 35 Hpk, 2• 0 . 91 

8904 1 3 . 002 25 . 8  5.9 5 . 37 13 . 8  3 . 63 7 . 7 6  7 . 9  -0 .02 7 . 5  0 . 53 7 .2 9  2 .4 1 5  1 . 651 0 1 .  7 1 . 355 
890413 . 003 25 . 9  6 . 0  5 . 47 13 . 3  3 . 37 7 . 18 7 .28 0 . 02 6 . 65 -0 . 0 1  7 .2 6  2 .4 7 9  1 . 6  15 . 6  7 0 . 4  1 . 22 1  
890413 . 004 25 . 9  6 . 0  5 . 39 13 . 9  3 . 34 7 .7 8  7 . 96 0 .05 4 . 1  -0 . 0 1  7 . 98 2 .4 9  1 . 662 10 . 8  1 3 . 7  1 . 058 
890413 . 005 25 . 9  6 .0 5 . 39 13 . 4  3 . 37 7 . 3  7 . 43 0 .0 1  6 . 0 9  •0 . 0 1  7 . 4 9  2 . 484 1 . 6  1 6 . 4  3 5 . 7  1 . 145 
8904 1 3 .006 25 . 9  6 . 0  5 . 42 1 3 . 2  3 . 39 7 . 08 7 . 19 0 6 . 7 1  0 . 1 6  6 . 97 2 .483 1 . 57 3  18 . 3  7 2 . 2  1 . 306 
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Table B-5 . Data Summary for Direct-Contact Condenser Tests ( Continued ) 

Qww Qcw, 1 Qcw, 2 Leak Xii, 1 Xii, 2 Xio Ja1 F1 Ja2 F2 G1 G2 L1 L 2  ErrorError Vent Total Total 

(1/s ) corr (mq/s) (%) (%) (kq/m2s )  Heat NC Ratio Eff F 

B turbulators in nozzles 

5 5 . 07 3 9 . 75 2 . 59 145 0 . 32 7 . 7  39 1 . 22 9 3 . 5  1 . 11 87 . 4  0 . 33 0 . 0 6  3 9 . 98 7 . 75 9 -13 0 . 82 0 . 76 9 9 . 2  
5 6 . 7 9  33 . 1 9  7 . 56 0 . 27 2 . 3  37 0 . 90 83 . 4  1 . 20 9 5 . 8  0 . 4 0  0 . 2 0  33 . 37 2 2 . 63 7 -17 0 . 77 0 . 90 9 9 . 3  
56 .53 33 . 2 2  7 . 56 0 . 27 2 . 4  42 0 . 9 1  84 . 2  1 . 27 9 6 . 3  0 . 4 0  0 . 19 33 . 40 22 . 63 7 -17 0 . 85 0 . 8 9  9 9 . 4  
5 7 . 2 3  33 . 20 7 . 56 0 . 27 2 . 4 41 0 . 91 84 . 2  1 . 28 9 6 . 3  0 . 4 0  0 . 1 9  33 . 38 22 . 63 7 -17 0 . 81 0 . 89 9 9 . 4  
57 . 2 6  33 . 2 2  7 . 54 0 . 27 4 . 1  48 0 . 99 90 . 8  2 . 39 9 5 . 0  0 . 4 0  0 . 11 33 . 40 22 . 57 9 -17 0 . 92 0 . 82 9 9 . 5  
57 . 2 6  33 . 2 8  7 . 53 0 . 27 2 . 7 44 0 . 93 8 6 . 1  1 . 47 9 6 . 3  0 . 4 0  0 . 17 33 . 47 22 . 54 7 -17 0 . 8 9  0 . 87 9 9 . 5  
7 1 . 3 1  3 3 . 2 9  7 . 59 0 . 32 2 . 9  45 0 . 92 85 . 6  1 . 42 9 6 . 1  0 . 42 0 . 18 3 3 . 4 8  22 . 72 7 - 1 6  0 . 88 0 . 87 9 9 . 4  

B turbulators in nozzles 

7 3 . 3 9  3 1 . 8 7  8 . 07 1 4 5  0 . 33 3 . 8  4 1  0 . 84 7 9 . 8  1 .01 94 . 4  0 . 4 1  0 .2 5  32 . 04 24 . 16 2 45 0 . 83 6 . 94 98 . 9  
7 3 . 2 4  3 1 . 80 8 . 04 0 . 33 4 . 9  47 0 . 86. 82 . 1  1 . 21 94 . 2  0 . 4 2  0 . 2 2  3 1 . 98 24 .07 3 6 9  0 . 94 0 . 92 98 . 9  
7 2 . 2 6  3 1 . 8 6  9 . 6  0 . 33 3 . 5  4 - 0 . 81 77 . 9  1 .09 94 . 9  0 . 4 1  0 . 27 32 .03 28 . 74 3 4 7  0 . 88 0 . 93 98 . 9  
7 3 . 8 6  3 1 . 98 9 . 66 0 . 33 1 . 7  40 0 . 82 7 7 . 7  1 . 08 97 . 1  0 . 41 0 . 2 7  32 . 1 6  28 . 91 2 · -24 0 . 80 0 . 93 9 9 . 4  
7 3 .83 32 .00 9 . 65 0 . 33 1 . 8  43 0 . 83 7 9 . 3  1 . 20 97 . 3  0 . 4 2  0 . 2 6  32 . 18 28 . 88 4 -23 0 . 87 0 . 92 9 9 . 4  
7 3 . 87 32 . 04 9 . 64 0 . 33 2 . 5 47 0 . 89 84 . 9  1 . 80 9 6 . 8  0 . 42 0 . 1 9  32 .22 28 . 85 5 -22 0 . 94 0 . 85 9 9 . 5  
7 3 . 92 32 . 0 0  9 . 64 0 . 33 2 . 0  45 0 . 84 8 1 . 1  1 . 37 97 . 3  0 . 4 2  0 .2 4  32 . 18 28 . 85 3 -22 0 . 91 0 . 91 9 9 . 5  
7 3 . 93 2 3 . 92 7 . 24 0 . 33 1 . 4  39 ·o . 7 9  77 . 1  1 . 01 97 . 6  o . 41 o . 28 24 . o s  2 1 . 67 2 -33 0 . 69 0 . 97 9 9 . 5  
7 4 . 03 2 3 . 90 7 . 25 0 . 33 1 . 6  49 0 . 7 9  77 . 7  1 . 07 9 8 . 2  0 . 4 1  0 . 27 24 . 03 21 .70 2 24 0 . 88 0 . 97 99 . 6  
73 . 87 2 3 . 82 7 . 24 0 . 34 '  1 . 9  53 0 . 82 8 1 . 1  1 . 35 98 . 1  0.40 0 . 23 2 3 . 94 2 1 , 67 i -23 0 . 96 0 . 92 99 . 6  
73 . 7 5  23 . 8 3  7 23 0 . 34 3 . 3  56 0 . 91 88 . 8  2 . 51 97 .2 0 . 4 0  0 . 13 23 . 95 2 1 . 64 -3 -2 3 0 . 97 0 . 84 9 9 . 7  
7 3 . 7 8  3 1 . 94 8 . 0 9  0 . 33 1 . 8  37 0 . 84 . 80 . 1  1 .03 9 6 . 6  0 . 4 2  0 .2 5  32 . 12 24 . 2 1  3 28 0 . 73 0 . 95 9 9 . 3  
7 3 . 97 3 1 . 97 8 . 1  0 . 33 1 . 9  43 0 . 85 80 . 5  1 .0 9  97 . 1  0 . 4 2  0 .2 4  32 . 15 24 . 2 4  3 -24 0 . 85 0 . 94 9 9 . 4  
7 3 . 8 6  3 1 . 92 8 . 08 0 . 33 2 . 2 4 6  0 . 87 82 . 8  1 .2 9  97 . 1  0 . 4 2  0 . 2 1  32 . 0 9  24 . 18 3 -23 0 . 92 0 . 91 9 9 . 5  
7 3 . 94 3 1 . 92 8 . 07 0 . 33 4 . 0 so 0 . 95 90 . 4  2 . 50 95 . 5  0 . 42 0 . 12 32 . 0 9  24 . 15 5 -23 0 . 96 0 . 83 9 9 ; 6  

54 . 9  2 3 . 98 7 . 44 0 . 34 .  .1 . 7  32 0 . 81 7 6 . 4  1 . 02 95 . 9  0 . 31 0 . 21 24 . 12 22 . 27 1 -25 0 . 66 0 . 94 9 9 . 0  
5 4 . 85 2 3 9 9  6 . 7  0 . 35 1 . 8  31 0 . 8 2  7 8 . 2  1 .02 9 5 . 5  0 . 30 0 . 20 24 . 13 2 0 . 05 - 1  -25 0 . 67 0 . 94 9 9 . 0  
5 5 . 04 2 3 . 98 6 . 3 9  0 . 35 2 . 1  42 0 . 85 7 9 . 7  1 . 12 9 6 . 7  0 . 30 0 . 18 24 . 12 1 9 . 13 - 1  -21 0 . 92 0 . 93 9 9 . 3  

84 . 6  3 1 . 7 5  7 . 99 0 . 34 1 . 8  39 0 . 91 7 9 . 7  1 . 02 9 6 . 8  0 . 4 6  0 . 2 8  3 1 . 93 2 3 . 9 1  1 -26 0 . 72 0 . 87 99 . 4  
8 4 . 79 3 1 . 7 3  7 . 99 0 . 34 2 . 0  47 0 . 92 80 . 6  1 . 12 97 . 5  0 . 4 6  0 . 2 6  31 . 90 23 . 91 1 -21 0 . 87 0 . 86 99 . 5  
8 4 . 75 31 . 7 4  7 . 98 0 . 35 3 . 5  5 2  1 . 03 88 . 3  2 . 08 ' 9 6 . 5  0 . 4 5  0 . 16 3 1 . 92 2 3 . 8 9  1 -19 0 . 93 0 . 77 9 9 . 6  
8 4 . 74 3 1 . 7 7  7 . 98 145 0 . 35 5 . 8  5 4  1 . 09 92 . 9  J .7 o  94 . 5  0 . 4 4  o . 0 9  31 . 95 2 3 . 89 -o -19 0 . 94 o . 7J 9 9 . 6  

c turbulators in nozzles 

7 3 . 19 3 1 . 91 1 1 . 65 	 200 0 . 31 1 . 7  44 0 . 85 7 6 . 7  1 . 25 97 . 5  0 . 4 4  0 . 3 1  32 . 08 34 . 87 9 -15 0 . 87 0 . 86 99 . 4  
.7 3 . 2 1  3 1 . 94 1 1 . 65 0 . 31 2 . 0 47 0 . 88 80 . 1  1 . 53 97 . 4  0 . 4 4  0 . 2 6  32 . 12 34 . 87 10 -16 0 . 92 0 . 83 9 9 . 5  

7 3 . 25 3 1 . 5 8  8 . 12 0 . 33 2 . 0  40 0 . 88 7 9 . 6  1 . 04 9 6 . 8  0 . 4 1  0 . 2 5  31 . 7 6  24 . 3 1  4 -20 0 . 82 0 . 90 99 . 3  
7 3 . 4 9  3 1 . 4 5  8 .05 0 . 33 2 . 1  44 0 . 89 80 . 5  1 . 11 97 . 1  0 . 4 1  0 .2 4  3 1 . 63 24 . 10 3 -18 0 . 8 9  0 . 89 9 9 . 4  

7 3 . 3  3 1 . 4 4  8 . 02 0 . 33 2 . 5 47 0 . 92 83 . 4  1 . 36 97 . 0  0 . 4 1 0 . 20 3 1 . 61 24 . 01 4 -18 0 . 95 0 . 8 6  9 9 . 5  
7 3 . 4 4  3 1 . 4 5  7 . 98 0 . 32 6 . 5  53 1 . 03 93 . 9  4 . 11 93 . 5  0 . 4 2  0 . 08 3 1 . 62 2 3 . 8 9  5 -18 0 . 98 0 . 77 9 9 . 6  

Low-loss distributor 

7 6 . 4 8  2 5 . 59 1 0 . 85 150 0 . 32 1 . 4  47 0 . 75 7 0 . 6  1 .07 9 8 . 2  0 . 45 0 . 4 0  25 . 7 3  32 . 48 2 - 9  0 . 90 0 . 93 99 . 5  
7 3 .84 . 2 5 . 5 9  10 . 84 0 . 34 1 . 5  48 0 . 7 6  7 1 . 5  1 . 12 98 . 2  0 . 4 1  0 .35 25 . 73 32 . 4 5  4 -14 0 . 82 0 . 92 9 9 . 5  
7 3 . 7 4  2 5 . 5 8  10 .83 	 0 . 35 2 . 4 5 4  0 . 87 81 . 5  1 . 99 97 . 7  0 . 3 9  0 . 22 25 .72 32 . 4 2  · -o - 1 s  0 . 92 o . 81 99 6  

74 2 5 . 5 4  10 . 84 0 . 34 1_. 6 so 0 . 78 73 . 6  1 . 2 6  9 8 . 2  0 . 4 1  0 . 32 25 . 68 32 . 4 5  2 -15 0 . 88 0 89 9 9 . 5  
7 4 .07 2 5 . 54 1 0 . 85 0 . 34 1 . 5  45 0 . 7 5  7 0 . 9  1 . 09 9 8 . 0  0 . 4 1  0 . 3 6  25 . 68 32 . 4 8  2 -13 0 . 78 0 . 93 9 9 . 4  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Continued ) 

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap P1, 1 DP1 DP2 Pexh 
(C) 1 1 1 2 2 2 (kPa) (Pa) 

8904 1 3 . 007 2 6 . 0  6 . 1  5 . 49 12 . 4  3 . 37 6 . 2 3  6 . 36 0 . 04 5 . 66 -0 . 0 1  6 . 32 2 . 508 1 . 494 1 3 . 2  47 1 . 255 
8904 1 3 . 008 2 6 . 0  5 . 9  5 . 3  12 . 6  3 . 38 6 . 2 6  6 . 51 0 . 25 4 . 82 0 6 . 61 2 . 4 93 1 . 518 -3 . 5  -7 . 3  1 . 291 
8904 1 3 . 00 9  2 6 . 0  5 . 9  5 . 36 12 . 5  3 . 40 6 . 25 6 . 42 0 . 17 5 .22 0 6.5 2 . 489 1 . 501 -3 . 5  -0 . 6  1 . 334 

890413 . 0 1  2 6 . 0  5 . 9  5 . 33 12 . 5  3 . 42 6 . 4  6 . 53 0 . 27 4 . 23 0 6 . 32 2 . 4 88 1 . 493 -3 . 8  3 . 7  1 . 313 
890413 . 0 1 1  2 6 . 0  6 . 0  5 . 40 12 . 3  3 . 43 6 . 28 6 . 37 0 . 23 4 . 88 0 6 . 14 2 . 489 1 . 483 13 . 1  33 . 6  1 . 344 
8904 1 3 . 012 2 6 . 0  6 . 1  5 . 48 12 . 8  3 . 4 1  6 .7 6 . 83 0 . 35 3 . 0 6  0 6 . 47 2 .4 97 1 . 527 6 . 7  17 1 . 2 38 
890414 . 002 2 5 . 9  6 . 0  5 . 36 12 . 8  3 . 39 6 . 7 5  6 .7 6  0 . 01 5 . 4 4  0 6 . 66 2 . 468 1 . 52 6  2 1 . 2  1 6 . 9  1 . 372 
8904 14 . 004 25 . 9  6 . 2  5 . 54 13.0 3 . 36 6 . 78 6 . 7 9  0 5 . 13 0 6 . 75 2 . 47 1  1 . 54 5  21.4 10 . 3  1 . 343 
89041 4 . 005 26 . 0  6 . 1  5 . 47 12 . 7  3 . 46 6 . 61 6 . 62 0 .0 1  5 .0 1  0 6 . 69 2 . 4 7 9  1 . 518 20 . 3  4 2 . 1  1 . 34 
890417 . 002 2 6 . 0  6 . 2  6 .2 6  12 . 7  3 . 38 6 . 55 6 . 58 0 .0 1  4 .7 0 6 . 67 2 . 4 9 9  1 . 53 ' 18 . 2  70 . 1  1 . 35 
890417 . 003 2 6 .0 6 . 1  6 .22 1 3 . 0  3 . 38 6 .86 6 . 9  -0 . 0 1  3 . 89 0 7 . 07 2 . 498 1 . 555 14 . 9  4 5 . 7  1 . 248 
890417 . 004 2 6 . 1  6 . 2  . 6 . 31 14 . 2  3 . 39 7 . 82 8 . 0 1  0 . 04 1 . 66 0 8 . 16 2 . 508 1 . 682 3 . 7  10 . 4  1 . 131 
890418 . 002 2 6 . 1  6 . 0  5 . 47 12 . 5  3 . 44 6 . 44 6 . 4 9  0 . 13 5 . 03 0 6 . 48 2 . 506 1 . 52 1  22.8 44 . 5  1 . 345 
890418 . 003 2 6 . 1  6 . 1  5 . 58 12 . 9  3 . 43 6 . 7 6  6 . 7 9  0 . 07 4 . 1  0 6 . 82 2 . 515 1 . 565 17 . 9  24 . 1  1 . 258 
890418 . 004 2 6 . 1  6 . 1  5 . 55 . 13 . 5  3 . 39 7 . 31 7 . 3 9  0 . 04 2 . 5  0 7 . 42 2 . 518 1 . 611 9 . 3  9 . 3 1 . 155 
8904 18 . 005 2 6 . 2  6 . 3  5 .78.  12 . 5  3 . 4 1  6 . 2 6  6 . 27 0 . 1  5 . 2 1  0 . 01 6 . 13 2 . 52 1 . 524 20 . 5  19 . 5  1 . 358 
89041 8 . 00 6  2 6 .2 6 . 3  5 . 82 11. 9 3 . 39 6 . 56 6 . 58 0 . 07 4 . 02 0 6 . 54 2 . 529 1 . 564 14 . 4  5 . 3  1 . 265 
8904 1 8 . 007 2 6 . 2  6 . 3  . 5 .77 1 3 . 7  3 . 38 7 . 33 7 . 4 3  0 . 01 1 . 67 0 7 . 52 2 . 524 1 . 64 8  3 . 9  -6 . 4  1. 129 
890425 . 003 2 6 . 2  5 9 5 . 57 12 . 3  3 . 4 6  6 . 48 6 . 51 0 .04 4 .7 9  0 6 . 44 2 . 52 1 . 513 15 . 4  51.4 1 . 357 
890425 . 004 2 6 . 2  5 . 9  5 .53 12 . 7  3 . 43 6 . 8  6 . 82 0 . 02 4 . 04 0 6 . 8  2 . 529 1 . 55 10 . 2  35 . 6  1 . 274 
890425 . 005 2 6 . 2  5 . 9  5 . 95 13 . 5  3 . 37 7 . 58 7 .7 0 2 . 09 0 7 . 66 2 . 541 1 . 642 0 . 4  18 . 6  1 . 139 
8 90425 . 00 6  2 6 .3 5 . 9  6 . 03 12 . 3  3 . 40 6 . 37 6 . 39 0 . 05 5 . 2 1  0 6 . 2 6  2 . 54 8  1 . 515 14 . 7  40 . 4  1 . 34 3  
890425 . 007 2 6 . 3  6 . 0  6 .09 12 . 7  3 . 37 6 . 7  6 . 7 3  0 . 03 3 . 94 0 6 . 66 2 . 553 1 . 572 10 22 . 1  1 . 242 
890425 . 008 2 6 . 3  6 . o  6 . 12 13 . 5  3 . 42 7 . 43 7 . 52 o . oi 2 . 3  0 7 . 4 6  2 . 54 1  1 . 656 3 . 3  9 . 9  1 . 121.
8 90425 . 009 2 6 . 3  6 . 3  6 . 37 12 . 8  3 . 40 6 . 54 6 . 57 0 . 03 5 . 8 6  0 . 6  5 . 93 2 . 55 1 . 584 13 30 •.2 1 . 388 

890425 . 01 2 6 . 3  6 . 2  6 . 30 12 . 9  3 . 40 6 . 67 6 .7 1  0 . 03 5 . 42 0 . 06 6 . 4 6  2 . 552 1. 597 1 1  20 . 6  1 . 252 
8904 2 5 . 0 1 1  2 6 . 3  6 . 2  6 . 31 13 . 2  3 . 38 7 . 03 7 . 09 0 . 02 3 . 7 1  0 .0 1  . 97 2 . 557 1 . 62 6  7 8 . 2 1 . 156 
890426 . 003 2 6 . 1  6 . 1 5 . 99 12 . 8  3 . 38 6 . 67 6 . 7 4  0 .0 1  6 .03 0 . 04 6 . 56 2 . 506 1 . 814 2 5 . 8  107 . 347 
8904 2 6 . 004 2 6 . 1  6 . 1  5 . 75 12 . 9  3 . 37 6 . 8  6 . 87 0 5 .86 0 6 .84 2 . 508 1 . 887 24 . 6  88 . 9  1 . 2 4 1  
8 9042 6 . 006 2 6 . 1  6 . 2  5 . 54 13 . 8  3 . 43 7 . 45 7 . 55 -0 . 0 1  4 . 63 0 7 .57 2 . 4 92 1 . 967 18 . 6  54 2 1 . 064 
8 9042 6 . 007 2 6 . 1  6 . 3  6 .3 9  1 3 . 7  3 . 45 7 . 36 7 . 47 -0 . 0 1  6 . 96 1 . 27 6 . 38 2 . 4 9 8  2 . 025 2 3 . 4  139 . 6  1 . 39 
890426 . 008 2 6 . 2  6 . 3  4 . 74 13 . 8  3 . 44 7 . 4 1  7 . 5 0 6 . 96 0 . 4 1  7 . 09 2 . 507 2 . 006 22 . 8  118 . 8  1 . 205 
8 9042 6 . 009 2 6 . 2  6 . 3  - 14 . 0  3 . 43 7 . 56 7 . 66 - 0 . 01 6 . 77 0 7 . 66 2 . 508 2 . 01 2 1 . 4  84 . 8  1 . 053 

89042 6 . 01 2 6 . 1  6 . 2  6 . 12 14 . 8  3 . 37 8 . 44 8 . 62 -0 . 02 4 . 16 0 8 . 72 2 . 519 2 . 1  13 . 7  40 . 1  0 . 92 1  
890426 . 0 1 1  2 6 . 1  6.3 6 . 19 14 . 3  3 . 39 7 . 93 8 .0 6  -0 . 02 5 . 64 0 8 . 12 2 . 5  1 . 957 17 . 8  5 3 . 4  0 . 966 
890427 . 002 2 6 . 1  6 . 2  6 . 39 12 . 5  3 . 43 6 . 25 6 . 27 0 .0 9  5 . 7 5  0 . 4  5 . 83 2 . 4 8 9  1 . 519 24 . 8  18 . 7  1 . 373 
890427 . 003 2 6 . 1  6 . 3  6 . 39 12 . 6  3 . 42 • • 3 6 . 34 0 .06 5 . 2 8  o :o1 6 .2 6  2 . 488 1 . 524 23 . 7  12 .5 1 . 257 
890427 . 004 26 . 1  6 . 3  6 . 41 13 . 1  3 . 40 6 . 75 6 . 82 0 . 01 2 . 65 0 6 . 95 2 . 489 1 . 564 17 . 7  1 . 7  1 . 159 
890427 . 005 2 6 . 1  6 . 1  6 . 17 12 . 3  3 . 4 4  6 . 24 6 . 2 6  0 .0 9  3 . 2 3  0 6 . 2 6  2 . 4 9  1 . 47 9  27 . 6  24 . 6  1 . 337 
890427 . 006 2 6 . 1  6 . 1  6 . 2 5  12 . 3  3 . 47 6 . 13 6 . 15 0 .07 0 6 .03 2 . 4 9  1 . 472 28 . 7  18 . 2  1 . 337 
890427 . 007 2 6 . 1  6 . 2  6 . 34 12 . 8  3 .4 3  6 . 49 6 . 52 0 . 01 2 . 33 0 6 . 52 2 .4 9 6  1 . 518 2 1 . 9  5 . 9  1 . 239 

Side-by-Side (o) Area, 1- 0 . 426 H, 1 1 . 63 Hpk, 1- 0 . 91 Area, 2-0 . 14 6  H .   1 . 22 Hpk, 2- 0 . 91 
Note: pTsiso, 1 obtained from (Tsi-Tso) 

8 9012 5 . 002 24 . 9  6 . 3  6 . 2 6  1 6 . 9  3 . 30 10 . 52 10 . 7 4  0 . 1  9 .4 1  1 . 68 8 . 87 2 . 511 1 . 94 6  39 . 6  6 2 . 6  0 . 64 
890125 . 004 
890126 . 002 

24 . 9  
24 . 8  

6 . 3  
6 . 5  

6 .25 
6 . 42 

17 . 5  
13 . 6  

3 . 24 1 1 . 3 6  1 1 . 2 4  
3 . 31 6 . 54 7 . 13 

o . o  
0 . 6  

7 .05 
5 . 15 

1 . 5  
0 . 67 

10 . i 5  2 . 516 2 . 0 1  
5 . 8 9  2 . 47 3  1 . 54 2  

4 2 . 7  
40 . 5  

1 1 . 8  0 . 47 9  
17 . 8  0 . 782 

890126 . 003 24 . 8  6 . 3  6 . 29 13 . 6  - 3 . 38 6 . 64 7 . 31 0 . 6  5 . 44 0 .75 6 . 02 2 .4 58 1 . 55 3 9 . 5  17 . 3  0 . 784 
89012 6 . 004 24 . 8  6 . 3  . 6 . 2 8  13 . 5  3 . 4 2  6 . 62 7 . 2 0 .7 5. 7 6  1 . 34 5 . 18 2 .4 6  1 . 53 9  3 9 . 8  30 . 4  0 . 9 6 1  
89012 6 . 005 24 . 9  . 6 . 4  6 . 38 13 . 8  3 . 40 6 . 7 1  7 . 44 0 . 5  4 .7 4  0 . 59 6 . 35 2 . 4 6 9  1 . 57 7  27 . 8  0 . 7  0 . 72 
890126 . 006 24 . 9  6 . 2  6 . 15 1 6 . 0  3 . 37 9 . 34 9 . 9  0 . 6  8 . 55 2 . 11 7 . 22 2 .4 32 1 . 815 47 .7 46 0 . 968 
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Cont inued ) 

Qww Qcw, 1 Qcw, 2 Leak Xii, 1 Xii, 2 Xio Ja1 F1 Ja2 F2 G1 G2 L1 L 2  ErrorError Vent Total Total 
(1/s) corr (mq/s )  (%) (%) (kq/m2s )  Heat NC Ratio Eff F 

62 . 75 2 5 . 53 1 0 . 84 0 .34 1 .5 43 0 . 77 7 1 . 7  1 . 15 9 7 . 7  0 . 36 0 . 30 25 . 67 3 2 . 4 5  5 -15 o . aJ 0 . 91 9 9 . 3  
7 3 . 65 32 . 2 7  1 0 . 2 2  .0 . 34 2 . 2 '47  0 . 87 80 . 0  1 . 40 97 . 2  0 . 41 0 . 24 32 . 45 3 0 . 5 9  2 -15 0 . 97 0 . 86 9 9 . 4  
7 3 . 51 32 . 24 10 . 22 0 . 34 2 . 1  4 6  0 . 85 78 . 7  1 .2 8  97 . 3  0 . 4 1  0 . 2 6  32 .42 3 0 . 5 9  3 -15 0 . 96 0 . 89 9 9 . 4  
13 .31 3 6 . 55 8 . 14 0 . 32 3 . 2  46 0 . 93 86 8 1 . 51 9 5 . 9  0 . 43 0 . 17 3 6 . 7 6  2 4 . 37 7 - 1 6  0 . 94 0 . 8a 9 9 . 5  
73 . 34 3 6 . 56 8 . 15 0 . 32 2 . 8 46 0 . 90 84 . 8  1 .28 9 6 . 3  0 . 44 0 .2 0  36 .77 24 . 4 0  7 - 1 6  o . a7 0 . 90 l9 . 4  
7 3 . 25 3 6 . 5 3  8 . 14 0 . 32 4 . 5  4 9  0 . 97 90 . 4  2 . 13 94 9 0 . 44 0 . 12 3 6 . 7 4  24 . 37 a -15 0 . 92 o . a4 9 9 . 5  
8 0 . 22 3 6 . 28 8 . 27 0 . 32 2 . 1  47 0 . 99 · 84 . 1  1 .25 9 6 . 7  o . 4 7  0 . 2 2  3 6 . 4 8  2 4 . 76 7 - 1 6  o . aa 0 . 91 9 9 . 5  
8 0 . 2 1  3 6 . 2 4  8 . 27 0 . 33 2 .8 47 0 . 89 84 . 9  1 . 3 5  9 6 . 6  0 . 47 0 . 2 1  3 6 . 4 4  24 .75 7 -17 0 . 89 0 . 91 9 9 . 5  
72 . 65 3 1 . 99 1 1 . 67 0 . 32 1 . 9  45 0 . 82 78 . 1  1 . 38 97 . 4  0 . 44 0 . 28 32 . 17 34 . 93 7 -16 o .a4 0 . 89 9 9 . 4  

. 7 3 . 52 32 . 3 6  1 1 . 67 0 . 32 2 . 0 45 0 . 84 7 9 . 1  1 . 4 6  97 . 3  0 . 4 3  0 .27 32 . 54 34 . 93 7 -14 o . a2 o . a7 9 9 . 4  
7 3 . 4 5  32 . 3 6  1 1 . 67 0 .32 2 . 4 48 0 . 87 82 . 7  1 . 87 97 . 1  0 . 43 0 . 22 32 .54 34 . 93 7 -15 o . a7 o . a4 9 9 . 5  
73 . 81 32 . 3 6  1 1 . 67 0 . 31 5 . 8  . 54 0 . 99 92 . 7  5 . 01 94 . 4  0 . 4 4  0 . 10 32 . 54 34 . 93 8 -12 0 . 95 0 . 74 9 9 . 6  
7 3 . 4 1  34 . 77 9 . 84 0 . 31 2 . 3 4 6  0 . 86 81 . 5  1 .32 97 . 0  0 . 4 4  0 . 2 4  34 . 97 2 9 . 4 6  8 -14 o . a5 0 . 90 9 9 . 4  
13 . 31 34 . 11 9 . 84 0 . 31 2 . 8 48 P . 89 85 . 0  1 . 70 9 6 . 7  0 . 4 5  0 . 2 0  34 . 97 2 9 . 4 6  9 -1  0 . 89 o . a7 9 9 . 5  

73 . 4  34 . 7 3  9 . 82 0 . 30 4 . 4  5 2  o . 96 90 . 9  J .oo 95 . 4  o . 4·5 0 • .12 34 . 93 2 9 . 4 0  1 1  -15 0 . 93 o . a 1  99 . 6  

73 . 32 3 6 . 5 9  8 . 04 0 . 31 2 . 6  4 5  0 . 89 84 . 1  1 . 20 9 6 . 4  0 . 44 0 . 21 3 6 . 80 24 .07 a -16 o . aa 0 . 92 9 9 . 4  

73 . 32 3 6 . 51 8 . 02 0 . 31 3 . 4  47 0 . 92 87 . 8  1 . 65 9 5 . 9  0.44 0 . 16 3 6 . 7 1  24 . 01 9 -16 0 . 92 0 . 8a 9 9 . 5  

73 . 35 3 6 . 4 9  8 .03 0 . 30 7 . 9  52 1 . 00 95 . 0  4 .43 92 . 0  0 . 4 5  0 . 07 36 . 69 24 . 04 1 2  -16 0 . 96 o . a1 9 9 . 6  
7 2 . 62 34 . 98 10 .88 0 . 85 80 . 9  1 . 37 97 . 2  0 .45 0 .2 6  35 .18 32 .57 1 0  -7 0 . 84 o . a 9  9 9 . 52 . 1  46 

48 0 . 88 84 . 0  1 . 70 97 . 0  0 . 4 6  0 . 22 3 5 . 2 7  32 . 66 1 2  - a  o . aa o . 8 6  9 9 . 573 . 08 35 . 07 10 . 91 0 . 28 
73 .27 3 5 . 2 8  10 . 98 0 . 27 53 0 . 97 9 1 . 8  3 . 64 95 . 3  .0 . 4 7  0 . 12 3 5 . 4 8  32 . 87 1 5  · -9 0 . 93 0 . 7 9  9 9 . 6  

45 0 . 86 82 . 2  1 .22 9 6 . 9  0 .44 0 .2 3  35 . 24 26 .85 a 973 . 34 35 . 04 8 . 97 0 . 29 2 . 3 o . a6 0 . 92 9 9 . 4  
· 

7 3 . 3 9  35 . 2  9 . 02 0 . 29 

7 3 . 4 5  35 . 1 9  9 . 02 0 . 28 
7 3 . 3 6  1 5 . 0 2  7 . 01 0 .2 9  

48 o . 91 8 6 . 5  1 . 10 9 6 . 4  o.44 o . 18 3 5 . 4 0  21 . 00 9 -10 0 . 91 0 . 87 9 9 . 5  
52 0 . 97 92 . 3  3 .20 94 . 8  0 . 4 6  0 . 11 3 5 . 3 9  27 . 00 11 11 0 . 94 0 . 82 99 . 6  
43 0 .88 84 . 3  1 . 12 9 6 . 2  0 . 44 0 . 2 1  35 . 22 20 . 98 a -a o . aJ 0 . 94 9 9 . 4  

7 3 . 3 5  3 5 . 0 3  7 .01 0 . 29 2 . 8 46 0 . 90 85 . 6  1 . 21 9 6 . 5  0 . 44 0 . 19 35.23  20 . 98 a -10 o .a9 0 . 92 9 9 . 5  
49 0 . 95 90 . 1  1 . 87 95 . 5  0 . 44 0 . 13 35 . 22 20 . 98 73 . 39 3 5 . 02 7 . 01 0 . 29 9 -11 0 . 92 0 . 8a 99 . 6  

72 . 95 2 9 . 8  11 0 . 30 1 . 6  44 0 . 7 9  74 . 5  1 . 13 97 . 7  0 . 4 3  0 . 32 2 9 . 7 32 . 93 1 -a o . a1 o . 91 9 9 . 4  

73.24 2 9 ;8 1  11 0 . 30 1 . 6  46 0 . 80 75 . 4  1 . 20 97 . 9  0 .43 0 .31 2 9 .98 32 . 9 3  a -11 o . a5 0 . 90 9 9 . 5  
7 2 . 9  2 9 . 5 6  1 0 . 8 9  0 . 2 9  2 . 0 51 0 . 86 al . l  1 . 6a 97 . 9  0 . 4 4  0 . 25 2 9 . 73 32 . 60 a -14 o . a9 o . a4 99 . 6  

7 2 . 78 2 5 . 22 10 . 97 0 . 30 1 . 3  41 0 . 7 5  70 . 3  1 . 12 97 . 9  0 . 42 0 . 37 25 . 36 3 2 . 83 4 -10 0 . 7 6  0 . 92 9 9 . 4  
7 2 . 7 9  2 5 . 19 10 . 95 0 . 30 46 0 .75 7 0 . 6  1 . 11 98 . 3  0 . 4 2  0 . 37 25 . 33 32 .78 5 -10 0 . 7 9  0 . 92 9 9 . 5  
72 . 84 2 5 . 15 10 . 92 0 . 30· . 1 . 3  50 0 . 7 6  7 1 . 6  1 . 17 9a . 5  0.43 0 . 36 25 . 2 9  32 . 69 6 -14 0 . 81 0 . 91 9 9 . 6  
72 .75 2 5 . 13 10 . 9  0 . 31 56 o . aa a2 . 2  2 . 15 98 . 1  0 . 41 0 . 22 '25 .27 32 . 63 5 -15 0 . 93 0 . 7 9  9 9 . 7  

53 o . a1 7 6 . 1  1 . 4a 98 . 5  0 . 4 2  0 . 30 2 5 . 4 3  32 .a9 72 . 84 2 5 . 2 9  10 . 9 9  0 .30 -16 0 . 90 0 . 86 9 9 . 6  
7 3 . 11 4 0 .07 5 . 02 0 . 28 44 0 . 94 a9.2  1 .0a 94 . a  0.45 0 . 15 40.29 15 . 03 

46 0 . 95 90 . 0  1 . 19 95 . 0  0 . 45 0 . 13 4 0 . 3 1  15 . 03 
1 1  - 9  0 . 85 0 . 94 9 9 . 4  
1 1  -13 o . a9 0 . 93 9 9 . 573 . 2  4 0 . 09 5 .02 0 . 28 

72 .86 40 . 01 5 . 01 0 . 28 50 1 . 00 94 . 9  2 . 53 9 1 . 5  0 . 4 6  0 . 07 4 0 .23 15 . 00 13 -13 0 . 94 0 . 88 99 . 6  
45 0 . 93 8a . l  1 . 95 95 . 5  0 .4 6  0 . 16 4 0 . 2 4  2 9 . 97 1 1  -13 o . a7 o . a 6  99 . 5  

44 0 . 93 88 . 1  1 . 52 9 5 . 4  0 . 45 0 . 16 4 0 . 22 23 . a3 9 -14 0 . 86 o . a 9  9 9 . 4  
47 0 . 9a 92 . 9  2 . 75 93 . 1  0 . 45 0 . 09 4 0 . 25 23 . 74 1 0  -14 0 . 91 0 . 85 9 9 . 5  

7 3 . 12 40 . 01 1 0 . 0 1  0 . 28 

72 . 95 3 9 . 9 9  7 . 96 0 . 2 9  
72 . 9  A 0 . 02 7 . 93 

Motorized nozzle 

3 1 . 4 7  7 02 3 . 39 40 0 . 33 1 . 9  53 0 . 73 6 9 . 5  1 . 13 98 . i  0 .4 1  ' 0 .31 1 6 . 91 2 3 . a3 3 33 0 . 11 0 . 92 99 . 4  
3 1 . 37 7 . 0 1  3 . 3 9  0 . 34 2 . 2  60 0 . 78 7 6 . 7  1 . 69 98 . 4  0 . 4 0  0 . 27 1 6 . a9 23 . a3 3 1 5  0 . 90 0 . 86 99 . 6  
3 0 . 84 13 . 37 3 . 4 1  0 . 33 3 . 2  41 0 . 95 a2 . 5  1 . 27 9 5 . 2  0 . 4 1  0 . 2 1  32 . 22 23 . 9a 3 9 0 . 83 o . aJ 99 . 2  
3 0 . 7 6  13 . 3.5 3 .43 0 .32 3 .0 42 0 . 95 a 1 . 8  1 . 25 95 . 5  0 . 42 0 . 22 32 . 17 24 . 1 2  3 11 0 . 84 o . a3 9 9 . 2  
30.75 1 3 . 40 

30 . 63 13 . 38 

3 . 4 6  

3 . 46 

0 . 32 

0 . 32 

2 . 9  

3 . 4  

35 

4 5  

0 . 92 

0 . 98 

a 0 . 7  

a3 . 9  

1 . 12 

1 . 47 

94 . 4  

95 . 5  

0 . 42 

0 .4 1  

0 . 24 32 . 2 9  24 .33 

0 . 19 32 .25 24 . 33 

3 

2 
14 
1 0  

0 .72 
0 . 91 

0 . 85 
o . a l  

98 . 9  
9 9 . 3 

44 .92  13 . 3 0  . 3 .4 0 . 32 2 . a  45 o . aa a0 . 4  1 .0 9  96 . 5  0 . 60 0 . 34 32 . 05 23 . 90 2 22 0 .7 3  0 . 89 9 9 . 3  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Continued )  

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 DP2 Pexh 
(C) 1 1 1 2 2 2 (kPa) (Pa) 

89012 6 . 008 24 . 9  6 . 2  6 . 19 1 6 . 1  3 . 40 9 . 33 9 . 95 0 . 5  8 . 52 1 . 61 7 . 84 2 . 443 1 . 82 6  4 3 . 6  37 . 1  0 . 94 2  
890126 . 009 25 . 0  6 . 2 6 . 14 14 . 6  3 . 43 7 . 9  8 . 43 1 . 2  5 . 15 1 . 02 6 . 25 2 . 4 6 1  1 . 658 6 6 . 2  120 2 1 . 168 

89012 6 . 0 1  25 . 0  6 . 1  6 . 11 14 . 9  3 . 4 1 8 . 14 8 . 67 1 . 2  4 . 81 0 . 9  6 . 7 1  2 .4 6 6  1 . 689 4 8 . 6 6 3 . 4  0 . 977 
89012 6 . 011 25 . 0  6 . 2  6 . 17 1 5 . 4  3 . 34 7 . 95 8 . 94 1 . 2  2 . 7 9  1 . 01 7 . 03 2 . 474 1 . 7 5  25 . 3  2 3 . 2  .0 . 837 
89012 6 . 012 25 ; o  6 . 4  6 . 39 15 . 1  3 . 36 7 . 69 8 . 44 1 . 5  4 .34 0 . 6  6 . 58 2 . 472 1 . 7 12 4 3 . 1  4 4 . 6  0 . 90 1  
890127 . 003 24 . 8  6 . 1  6 . 09 1 6 . 3  3 . 31 9 . 4  10 . 1  1 . 1  7 . 19 0 . 68 8 . 4  2 . 407 1 . 821 4 9 . 5  192 . 5  o ; 959 
890127 . 004 24 . 8  6 . 2  6 . 15 1 6 . 6  3 . 37 9 . 64 10 . 33 1 . 1  7 . 17 0 . 7 6  8 . 55 2 . 39 6  1 . 862 46.7 145 .7 0 . 875 
890127 .006 24 . 9  6 . 1  6 . 2 0  1 6 . 7  3 .31 9 . 68 10 . 42 1 . 0  6 . 61" 0 . 68 8 . 75 2 . 415 1 . 873 37 . 4  9 9 ; 7 0 . 784 
890127 . 007 24 . 9  6 . 1  6 . 18 17 . 1  3 . 35 10 . 04 10 .82 0 . 9  6 . 07 0 . 34 9 . 6  2 . 4 1 9  1 . 92 1  2 5 . 9  67 .2 0 . 689 
890127 . 009 24 . 9  6 . 2  6 . 16 17 . 0  3 . 41 10 . 14 1 0 . 7 8  1 . 0  6 .38 0 . 37 9 . 46 .2 . 4 17 1 . 919 24 . 8  72 . 3  o .  708 
890130 . 002 24 . 9  6 . 0  6 . 17 14 . 3  3 . 38 7 . 61 8 . 05 0 . 4  5 . 97 0 . 7 8  6 . 89 2 . 4 67 1 . 597 4 5 . 2  3 8  0 . 69 1  
890130 . 003 24 . 9  5 . 9  6 . 16 14 . 6  3 . 4 1  7 . 9  8 . 43 0 . 4  4 . 12 0 . 4 6  7 . 59 2 . 468 1 . 638 35 . 4  7 . 6  0 . 596 
890130 . 004 24 . 9  5 . 9  6 . 15 14 . 2  3 . 42 7 . 53 8 .03 0 . 5  6 . 05 0 . 48 7 . 05 2 . 469 1 . 597 4 1 . 9  3 3 . 1  0 . 698 
890130 . 005 

890130 .006 

24 . 9  

24 . 9  

6 . 2 

5 . 9  

6 . 14 

6 . 15 

14 . 4  

1• • 5 

3 . 38 

3 . 38 

7 . 69 

7 . 77 

8 . 18 

8 . 29 

0 . 6  

0 . 5  

5 . 61 

4 . 9  

0 . 22 

0 . 2 3  

7 . 4 2  2 . 477 1 . 613 

7 . 53 2 . 478 1 . 625 

37 

32 . 5  

15 . 4  0 . 643 

3 . 7 0 . 619 
890130 . 007 

890130 . 0 1  

24 . 9  

24 . 9  

6 . 0  

6 . 3  
5 . 96 

6 . 2 8  

13 . 9  

13 . 1  

3 . 4 6  

3 . 40 

7 .4 6  

6 . 43 

7 . 95 

6 . 85 
0 . 5  

0 . 6  

6 . 44 

4 . 35 

1 . 57 

0 . 35 

5 . 9  2 . 466 1 . 575 

5 . 91 2 . 473 1 . 505 

38 . 4  

4 1 . 6  
5 5 . 5  0 . 84 1  

12 . 5  0 . 818 
890130 .011 24 . 9  6 . 3  6 . 23 13 . 3  3 ; 34 6 . 33 6 . 96 0 . 6  3 . 54 0 . 42 6 . 03 2 . 475 1 . 52 36 1 . 2  0 . 763 
89013 0 . 012 24 . 9  6 . 2  6 . 14 12 . 9  3 . 44 · 6 . 31 6 . 7 6  0 . 7  4 .78 0 . 53 5 . 58 2 . 47 1 . 485 4 5 . 1  2 7 . 1  0 . 893 
8 90130 . 013 24 . 9  6 . 2  6 . 14 12 . 9  3 . 45 6 .2 6  6 . 71 0 . 7  4 . 92 1 . 01 5 . 03 2 . 4 6 9  1 . 481 47 . 1  4 1 . 9  0 . 993 
890130 . 014 2 4 . 9  6 . 3  6 . 27 12 . 8  3 . 38 6 . 07 6 . 52 0 . 8  4 . 43 0 .74 5 . 01 2 . 481 1 . 47 6  50 . 1  63 . 1  1 . 073 
890130 .015 24 . 9  6 . 3  6 . 2 9  12 . 9  3 . 38 6 . 12 6 . 53 0 . 8  4 .32 0 . 5  5 . 31 2 .481 1 . 48 4 8 . 8  5 0 . 2  0 . 99 
890130 . 016 24 . 9  6 . 3  6 . 2 6  1 3 . 0  3 . 37 6 . 27 6 . 68 0 . 7  . 3 . 92 0 . 2 6  5 . 75 2 . 483 1 . 4 9  4 4 . 5  27 . 5  0 . 876 
890130 . 017 2 4 . 9  6 . 2  6 . 20 13 . 1  3 . 38 6 . 37 6 . 87 0 . 6  3 . 2 6  0 .• 

.2 5  6 . 03 2 . 484 1 . 501 3 9 . 5  14 . 7  0 . 817 
890130 .018 2 4 . 9  6 . 2  6 . 17 13 . 2  3 . 34 6 . 37 7 . 03 0 . 6  2 . 58 0 . 2 6  6 . 2  2 . 486 1 . 513 35 . 1  6 . 5  0 . 772 

890130 . 019 24 . 9  6 . 3  6 . 25 1 3 . 2  3 . 38 6 . 39 6 . 9  0 . 7 5 . 78 1 . 91 4 . 3  2 . 486 1 . 507 38 . 4  17 . 2  1 . 081 
890130 .02 

890130 .021 
24 . 9  
2 4 . 9  

6 . 0  

6 . 2  
6 . 2 3  

6 . 44 

13 . 2  

13 . 4  

3 . 38 

3 . 37 

6 . 37 

6 . 38 

6 . 94 

6 . 96 

0 . 6  5 . 95 
0 . 5  5 . 77. 

1 . 44 
0 . 54 

4 . 95 2 .486 1 . 50 6  
5 . 87 2 . 487 1 . 528 

27 . 7  
2 6 . 8  

1 0 . 77 
-9 . 9  0 . 67 1  

890130 . 022 24 . 9  6 . 3  6 . 56 13 . 5  3 . 36 6 . 36 6 . 97 O o 5  5 . 69 0 . 4 1  6 . 03 2 . 489 1 . 541 2 6 . 4  -13 . 4  0 . 655 
890130 . 023 24 . 9  6 . 1  6 . 34 13 . 8  3 . 35 6 . 54 7 . 4 0 . 5  3 . 66 0 . 31 6 . 63 2 . 4 92 1 . 563 1 9 . 3  -31 . 2  0 . 583 
890130 . 024 24 . 9  6 . 1  6 . 15 13 . 6  3 . 35 6 . 58 7 . 4 6  0 . 4  3 . 61 Cl . 2 9 .  6 .72 2 . 491 1 . 54 6  4 . 2 3 . 3 0 . 575 
890131 . 002 24 . 9  6 . 5  6 . 51 14 . 5  3 . 69 7 . 52 7 . 94 0 . 3  6 . 18 0 . 89 6 . 75 2 . 444 1 . 643 42 3 0 . 8  0 . 694 
89013 1 . 003 24 . 9  6 . 5  6 . 51 14 . 4  3 . 7 0  7 . 4 6  7 . 88 0 . 3  6 . 31 1 . 75 5 . 83 2 . 443 1 . 639 4 2 . 7  4 6 . 4  0 . 788 
890131 . 004 
890131 . 005 

24 . 9  
24 . 9  

6 . 5  
6 . 5  

6 . 4 9  
6 . 47 

14 . 9  
14 . 5  

3 . 63 
3 . 68 

7 . 93 
7 . 56 

8 .37 
8 .01 

0 . 4  
0 . 4  

4 . 59 
5 . 64 

0 . 3  
0 . 39 

7 .74 2 .• 451 1 . 689 
7 . 2 1  2 . 448 1 . 645 

· 3 1 . 1  
37 . 1  

-2 . 7  0 . 592 . 
11 . 1  0 . 654 

89013 1 . 006 25 . 0  6 . 6  6 . 63 1 6 . 4  3 . 32 9 . 04 9 . 7 6  0 . 5  8 . 64 1 . 96 7 . 2 6  2 . 465 1 . 84 6  47 . 4  31 . 1  0 . 788 
89013 1 . 007 25 . 0  6 . 5  6 . 55 1 6 . 4  3 . 31 9 . 13 9 . 91 0 . 2  7 . 99 0 . 8  8 . 94 2 . 467 1 . 858 40.8 -4 . 3  0 . 608 

890131 . 008 2 5 . 1  6 . 5  6 . 50 1 6 . 8  3 . 27 9 . 24 1 0 . 2 9  0 . 0  5 . 4 9  1 . 4 6  8 . 88 2 . 477 1 . 897 2 9 . 7  -21 . 7  0 . 545 

Side-by-Side (+) Area, 1• 0 . 426 H, 1• 1 . 16 Hpk, 1• 0 . 61 Area, 2•0 . 14 6  H, 2• 0 . 92 Hpk, 2• 0 . 61 

890225 . 007 24 . 9  
89022 5 . 008 25 . 0  
890225 .009 2 5 . 0  

890225 . 011 2 5 . 0  
890225 . 012 25 . 0  
8 90225 .013 25 . 0  
890225. 014 25 . 0  

890225 . 015 2 5 . 0  
890225 . 016 2 5 . 0  

890227 . 002 24 . 9  

6 . 1  
6 . 1  
6 . 0  

6 . 2  
6 . 2  
6 . 2  
6 . 2  

6 . 2  
6 . 4  

6 . 5  

6 . 08 12 . 6  3 . 37 5 . 57 6 . 69 0 . 74 3 .84 1 . 2 3  4 . 61 2 . 512 1 . 4 9 6  4 6 . 6  31 . 6  1 . 204 
6 . 05 12 . 3  3 . 4 1  5 . 6  6 31 0 . 56 4 . 12 1 . 45 4 . 32 2.515 1 . 47 1  48 . 7  3 9 . 8  1 . 2 56 
6 01 12 . 6  3 .40 5 . 55 6 . 63" 0 . 7 6  3 . 8  1 . 5 9  4 ;32 2 . 52 5  1 . 505 44 . 37 . 2  1 . 354 
6 . 2 6  12 . 2  3 . 57 5 . 7 8  6 .03 0 . 31 4 . 94 2 . 52 3 . 13 2 .525 1 . 4 6  28 . 8  27 . 6  1 . 274 
6 . 2 3  12 . 2  3 . 57 5 . 8  6 . 1  0 . 31 4 . 88 2 . 2 9  3 . 4  2 .5 2 9  1 .4 62 27 . 9  2 4 . 7  1 . 173 
6 . 2 0  12 . 3  3 . 55 5 . 88 6 .2 0 . 32 4 . 73 1 . 58 4 ; 24 2 . 536 1 .4 68 2 6 . 8  17 . 5  0 . 959 
6 . 2 0  12 . 5  3 .54 6 6 . 39 0 . 36 4 .27 0 . 65 5 . 37 2 . 528 1 . 483 24 . 4  8 . 1  0 . 787 
6 . 2 6  13 . 3  3 . 44 6 . 33 7 . 14 0 . 56 2 . 7 1  0 . 13 6 . 46 2 54 1 . 565 1 6 . 5  -0 . 7  0 . 678 
6 . 39 1 3 . 2  3 . 52 6 . 2 6  6 . 88 0 . 44 2 . 97 0 . 09 6 .38 2 . 524 1 . 54 9  3 . 9  20 . 2  0 . 64 3  
6 . 52 1 3 . 0  3 . 35 5 . 89 6 . 55 0 . 35 5 . 43 2 . 28 3 . 85 2 . 4 9 1  1 . 521 30 . 1  -7 . 9  1 . 04 9  
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Table B-5 . Data SWIID8.ry for Direct-Contact Condenser Tests {cont inued ) 

Qww Qcw, 1 Qcw, 2 Leak Xii1 1 Xii, 2 Xio Ja1 F1 Ja2 F2 G1 G2 L1 L2 ErrorError Vent Total Total 

(l/s} corr (mq/s} (%} (%} (kq/m2s} Heat NC Ratio Eff F 

4 4 . 77 1 3 . 30 3 . 39 0 .32 3 . 0  49 0 . 8 9  80 . 5  1 11 9 6 . 7  · - 9  0 . 34 32 . 05 23 . 83 1 30 0 . 7 9  0 . 89 9 9 . 4  

4 4 . 64 1 5 . 58 6 . 62 0 . 3 1  2 . 1  36 - 0 . 8 6  7 7 . 5  1 . 42 95 . 9  - 1 0 . 4 0  37 .55 4 6 . 55 3 5 0 . 64 0 . 80 9 9 • 1  

4 4 . 67 15 . 3 9  6 . 65 0 . 31 2 . 2  42 0 . 88 7 9 . 1  1 . 60 9 6 . 6  . 61  0 . 37 37 . 0 9  4 6 . 7 6  4 4 0 . 7 5  0 . 7 9  9 9 . 3  

4 4 . 4 6  15 . 6 9  6 . 7 6  0 . 34 3 . 5  4 6  1 . 01 8 6 . 4  2 . 89 95 . 4  0 . 56 0 .22 37 . 8 1  47 . 54 -2 0 . 8 1  0 . 69 99 . 4  
4 4 . 51 15 . 33 6 . 7 5  0 . 33 2 . 2 42 0 . 91 7 9 . 5  1 . 68 96 . 6  0 . 57 0 . 34 3 6 . 94 47 . 4 6  -1 - 5  0 . 75 0 . 7 6  9 9 . 3  

4 5 . 7  1 1 . 69 5 . 95 0 . 33 1 . 9  47 0 . 80 7 1 . 5  1 .2 8  97 . 6  0 . 5 9  0 . 4 9  28 . 17 4 1 . 83 4 2 2  0 . 67 0 . 83 9 9 . 3  
4 5 .72 1 1 . 64 6 . 0 1  0 . 32 1 . 8  50 0 . 80 7 1 . 8  1 . 32 9 8 . 0  0 . 60 0 . 50 28 . 05 4 2 . 26 3 1 9  0 . 7 2  0 . 82 9 9 . 4  

4 5 . 7 1  1 1 . 63 6 0 . 33 1 . 9  52 0 . 82 73 . 6  1 .45 98 . 1  . 5 9  0 . 4 6  28 .02 ' 42 . 19 3 1 2  o . 7 8  o . 8o 9 9 . 5  

4 5 . 7 8  11 . 62 6 0 . 33 2 . 0  57 0 . 85 7 5 . 9  1 . 67 9 8 3  0 . 59 0 . 42 2 8 . 00 42 . 19 2 8 0 . 86 0 . 7 8  9 9 . 6  

4 5 . 7 9  1 1 . 64 6 . 0 1  0 . 32 1 . 9  56 0 . 8 3  7 5 . 2  1 . 57 98 . 4  0 . 61 0 . 44 28 . 05 42 . 2 6  3 9 0 . 86 0 . 7 9  9 9 . 6  

3 0 . 2 6  9 . 96 4 . 5  4 0  0 . 33 1 . 9  44 0 . 8 1  7 3 . 3  1 . 31 97 . 3  0 . 4 0  0 . 31 24 .00 3 1 . 64 1 9 0 . 79 0 . 84 9 9 . 3  . 
2 9 . 58 9 . 94 4 . 4 9  0 . 34 2 . 7  49 0 . 90 80 . 5  1 . 98 9 6 . 9  0 . 38 0 . 2 1  23 . 9 6  3 1 . 57 

2 9 . 97 9 . 96 4 •4 9  0 . 33 2 . 0. 45 0 . 81 72 . 9  1 .27 97 . 3  0 . 40 0 . 3 1  24 .00 3 1 . 57 

6 0 . 88 0 . 7 6  9 9 . 4  

0 1 2  0 . 82 0 . 84 9 9 . 3  

30 . 27 9 . 95 4 . 47 0 . 33 2 . 1  47 0 . 83 74 . 8  1 . 39 97 . 4 '  0 . 3 9  0 . 29 2 3 . 98 3 1 . 43 1 0  0 . 88 0 . 83 9 9 . 3  

30 . 12 . 9 . 98 4 . 47 0 . 34 2 . 3 48 0 . 8 6  7 7 . 5  1 . 61 97 . 2  0 . 3 9  0 . 25 24 .05 3 1 . 4 3  -2 8 0 . 89 0 . 80 9 9 . 4  

2 9 . 7 6  9 . 98 4 . 47 0 . 32 1 . 8  3 7  0 . 7 9  7 1 . 4  1 . 17 96 . 6  0 . 4 0  0 . 34 24 . 05 } 1 . 4 3  . 1 1 2  0 . 71 0 . 8 6  9 9 . 0  

30 . 9 6  13 . 36 4 . 85 0 . 32 2 . 6  40 0 . 8 9  7 9 . 6  1 . 4 6  95 . 7  0 . 4 2  0 . 25 32 .20 34 . 1 1  2 6 0 . 87 0 . 82 99 . 1  
30 . 88 13 . 35 4 . 86 0 . 34 3 . 1  42 0 . 95 82 4 1 . 84 9 5 . 2  0 . 3 9  0 . 20 32 . 18 34 . 18 -1 5 0 . 90 0 . 7 6  9 9 . 2  

30 . 84 1 3 . 36 4 . 84 0 . 32 2 . 4  37 o .88 77 . 7  1 . 2 9  95 . 5  0 . 4 2  o . 27 32 .20 34 . 04 1 7 0 . 81 0 . 83 9 9 . 0  
3 0 . 8 1  1 3 . 35 
30 . 7 3  1 3 . 2 6  

4 . 84 
5 .7 

0 . 32 
0 . 32 

2 . 2  
2 . 0  

33 
30 . 

0 . 87 7 6 . 9  
0 . 85 . 7 5 . 1  

1 . 23 
1 . 30 

94 . 9  
94 . 7  

0 . 4 2  
0 . 4 1  

0 . 28 32 . 18 34 .04 
0 . 30 31 . 96 40 . 09 

l 
2 

4
2 

0 . 73 
0 . 70 

0 . 84 
0 . 81 

98 . 8  
9 8 . 7  

3 0 . 7 4  1 3 . 2 6  5 . 7  0 . 32 2 . 1  33 0 . 85 7 5 . 8  1 . 36 95 . 1  0 . 4 1  0 . 29 31 . 96 4 0 . 0 9  2 4 0 . 7 5  0 . 81 98 . 8  
30 . 74 13 . 26 5 . 69 0 . 32 2 . 4  38 0 . 8 8  7 8 . 1  1 . 55 95 . 5  0 . 4 1  0 . 26 31 . 96 40 . 02 2 6 0 . 83 . 0 . 79 9 9 . 0  

3 0 . 7 4  1 3 . 26 5 . 69 0 . 33 2 . 9  40 0 . 92 8 1 . 3  1 . 94 95 . 1  ' 0 .40 0 . 22 3 1 . 9 6  40 . 02 -1 5 0 . 87 0 . 75 99 . 1  

3 0 . 7 1  1 3 . 27 5 . 69 0 . 35 3 . 6  42 0 . 98 84 . 6  2 . 51 94 . 3  0 . 38 0 . 17 3 1 . 99 4 0 . 02 4 0 . 90 0 . 7 1  9 9 . 1  

30 . 68 1 3 . 22 3 . 4 1  . 0 . 33 2 . 6  29 0 . 91 7 9 . 9  1 . 05 . 93 . 1  0 . 4 1  0 . 24 3 1 . 8 6  23 . 98 1 3 0 . 65 0 . 86 98 . 6  

30 . 59 1 3 . 2 1  3 . 4 1  0 . 33 2 . 1  34 0 . 91 7 9 . 8  1 .08 9 5 . 5  0 . 4 1  0 . 2 4  31 . 84 23 . 98 1 -14 0 . 74 0 . 8 6  99 . 1  

30 . 62 1 3 . 2 1  3 . 41 0 . 33 2 •.3 40 0 . 92 80 . 4  1 . 13 9 6 . 3  0 . 4 0  0 . 23 3 1 . 84 2 3 . 98 1 -10 0 . 87 0 . 85 99 . 3  

30. 59 1 3 . 2 1  3 . 4  0 . 33 2 . 4  42 0 . 93 80 . 7  1 . 15 9 6 . 4  0 . 4 0  0 . 23 3 1 . 84 2 3 . 91 1 - 9  0 . 89 0 . 8 5  9 9 . 3  
30 . 56 1 3 . 22 3 . 4  0 . 35 3 . 7  46 1 . 03 8 6 . 9  1 . 91 95 . 4  0 . 38. 0 . 15 3 1 . 8 6  23 . 9 1  - 3  - 9  0 . 96 0 . 7 7  9 9 . 4  

3 0 . 5 9  1 3 . 22 3 . 38 0 . 34 3 . 7  47 1 . 04 87 . 2  1 . 95 9 5 . 4  0 . 38 0 . 14 3 1 . 8 6  23 . 77 - 3  - 9  0. 95 0 . 7 6  9 9 . 4  
2 8 . 15 1 0 . 11 4 . 58 0 . 30 1 . 8  44 0 . 80 7 2 . 3  1 . 2 6  97 . 4  0 . 4 1  0 . 33 24 . 36 32 . 20 2 1 3  0 . 82 0 . 86 9 9 . 3  

2 8 . 18 1 0 . 07 4 . 61 0 _. 30 1 . 7  38 0 . 7 9  7 1 . 4  1 .2 1  )6 . 9  0 . 4 1  0 . 34 24 . 2 7  32 . 4 1  1 11 0 . 72 0 . 8 6  9 9 . 1  
2 8 . 2  10 . 0 9  4 . 57 0 . 31 2 . 4  5 0  0 . 87 78 . 8  1 .7 8  97 . 3  0 . 3 9  0 . 24 24 .32 32 . 13 -0 11 0 . 93 0 . 7 9  9 9 . 4  

2 8 . 2 9  10 . 3 1  4 . 65 0 . 30 2 . 0  47 0 . 8 2  74 . 3  1 . 37 97 . 5  0 . 4 0  0 . 30 24 . 85 . 32 . 70 1 1 3  0 . 88 0 . 83 9 9 . 3  
4 5 . 8  1 3 . 37 3 . 42 0 . 33 2 . 2 4 6  0 .8 9  7 9 . 9  1 . 07 97 . 2  0 . 5 9  0 . 34 32 . 2 1  24 . 04 0 -2 0 . 74 0 . 8 9  9 9 . 4  

4 5 . 8 9  1 3 . 37 3 . 42 0 . 33 2 . 3  55 0 . 92 8 1 . 4  1 . 24 98 . 0  0 . 58 0 . 32 32 . 2 1  24 04 - o  -8 o . 92 o . 87 99 . 6  

4 5 . 8  1 3 . 37 3 . 4 1  0 . 35 3 . 0  5 7  1 . 00 8 6 . 6  1 . 90 97 . 6  0 . 55 0 . 22 32 .22 23 . 97 - 4  -15 - 0 . 94 0 . 80 9 9 . 7  

Motorized nozzle 

30 .77 1 3 . 95 5 . 7 140 0 . 39 3 . 2  35 0 . 96 7 6 . 7  1 . 48 93 . 6  0 . 3 9  0 . 27 33 . 63 40 .09 -3 15 0 . 7 1  0 . 7 2  98 . 5  

30 . 68 1 3 . 91 5 . 7  0 . 39 2 . 7  31 0 . 89 75 . 4  1 .37 9 3 . 5  0 . 4 0  0 . 29 33 . 53 4 0 . 0 9  -2 5 0 . 65 0 . 78 98 . 4  

30 . 65 1 3 . 94 5 . 69 Q . 39 3 . 5  34 . 0 . 9 6  7 6 . 6  1 . 50 92 . 6  0 .39 0 . 27 33 . 60 40 . 02 -4 2 3  0 . 67 0 . 73 98 . 2  

23 1 0 . 51 4 . 16 0 . 38 2 . 2  23 0 . 80 72 . 9  1 . 10 9 1 . 9  0 . 32 0 . 25 25 . 34 2 9 . 2 6  0 - 6  0 . 53 0 . 87 97 . 8  

23.09 1 0 . 50 4 . 17 0 . 38 2 . 3  25 0 . 81 7 3 . 3  1 . 13 92 . 6  0 . 32 0 . 2 5  25 . 31 2 9 . 33 -0 -4 0 . 57 0 . 8 6  98 . 0  

2 3 . 07 1 0 . 51 4 . 17 0 . 38 2 . 5  32 0 . 83 74 . 5  1 .2 1  94 . 2  0 .32 0 .2 4  25 . 34 2 9 .33 1 - 1  0 . 69 0 . 85 98 . 5  
23 . 13 1 0 . 4 9  4 . 16 0 . 39 2 . 9  39 0 .8 6  77 . 0  1 . 40 95 . 1  0 .32 0 .2 1  25 . 2 9  2 9 . 2 6  -0 2 0 . 83 0 . 82 98 . 9  
2 3 . 2 6  1 0 . 47 4 . 15 0 . 4 1  4 . 7 47 1 . 00 84 . 6  2 . 37 94 . 2  0 . 30 0 . 14 25 . 24 2 9 . 19 -2 6 0 . 93 0 . 7 1  99 . 1  
2 3 . 03 1 0 . 46 4 . 16 0 . 40 3 . 9  4 6  0 . 96 83 . 3  2 . 14 94 . 9  Q ; 3Q 0 . 15 25 . 2 1  2 9 . 26 - 3  - 2  0 . 92 0 . 7 4  9 9 . 1  
30 . 99 1 3 . 93 3 . 44 0 . 39 2 . 7  30 0 . 94 80 . 3  1 . 11 93 . 1  0 . 3 9  0 . 23 33 . 57 24 . 1 9  -3 -16 0 . 66 0 . 84 98 . 6  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests ( Cont inued ) 

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw. DTsowiDTsiso Pevap Pi, 1 DP1 DP2 .Pexh 
(C) 1 1 1 2 2 2 (kPa) (Pa) 

890227 . 003 24 . 9  6 . 5  6 . 56 12 . 9  3 . 36 5 . 84 6 . 4 1  0 . 34 5 . 16 2 . 01 4 . 01 2 488 1 . 512 3 1 . 4  -2 . 6  1 .053 
890227 . 004 24 . 9  6 . 5  6 . 49 1 2 . 7  3 . 38 5 .77 6 . 28 0 . 35 4 .84 1 . 67 4 . 28 2 . 483 1 . 493 33 . 5  3 1 . 033 
890227 . 005 24 . 9  6 . 3  6 .34 12. 5 3 . 4 1  5 . 7  6 . 2  0 . 37 4 . 42 1 . 34 4 . 51 2 . 47 6  1 . 47 3 5 . 4  6 . 8  1 . 012 
890227 . 006 24 . 9  6 . 3  6 . 33 12 . 3  3 . 31 5 . 68 6 .07 0 . 37 4 . 19 1 . 34 4 . 33 2 . 493 1 . 446 3 0 . 7  3 . 7  1 . 017 

· 8 90227 . 007 24 . 9  6 . 3  6 . 37 12 . 4  3 . 16 5 . 75 6 . 13 0 . 35 4 . 18 1 . 04 4 . 69 2 . 516 1 . 456 30 . 8  0 . 2  0 . 92 9  
890227 .008 24 . 9  6 . 4  6 . 4 0  12 . 9  3 . 45 6 . 2 6  6 . 62 0 . 32 4 . 67 1 . 05 5 . 22 2 . 463 1 . 506 3 3 . 2  2 . 7 0 . 847 
890227 . 00 9  24 . 9  6 . 3  6 . 39 13 . 1  3 . 43 6 . 38 6 . 82 0 . 3  4 . 06 0 . 58 5 . 87 2 . 4 67 1 . 523 2 9 . 1  -8 . 2  0 . 7 63 

890227 . 0 1  24 . 9  6 . 3  6 . 40 13 . 4  3 . 4 1  . 6 . 52 7 . 11 0 . 3  3 . 4 1  0 ,24 6 . 4 9  2 . 472 1 . 553 23 . 6  -19 . 6  . 68  
890227 .011 24 . 9  6 . 4  6 . 52 13 . 1  3 . 44 6 . 08 6 . 7 1  0 . 32 4 . 82 0 . 7 8  5 . 58 2 . 469 ,1 . 528 2 6 . 8  -13 . 9  0 . 779 

Fresh Water Tests 
Side-by-Side (FW) Area, 1- 0 . 426 H, 1- 1 . 63 Hpk, 1- 0 . 91 Area, 2-0 . 14 6  H, 2- 1 . 22 Hpk, 2- 0 . 91 

890202 . 002 24 . 9  7 . 7 7 . 78 1 3 . 7  3 . 27 5 . 56 5 . 8  0 . 36 4 .. 69 1 . 15 4 . 37 2 . 496 1 :595 68 . 1  4 2 . 4  0 . 862 
890202 . 003 24 . 9  7 . 7 7 . 7 6  13 . 7  3 . 28 5 . 61 5 . 84 0 . 37 4 . 63 0 . 58 4 . 95 2 . 5  1 . 6  6 9 . 6  2 6 . 7  0 . 7 63 
890202 . 004 24 . 9  7 . 7 7 . 75 ' 1 3 . 7  3 . 28 5 . 66 5 . 89 0 . 36 4 . 47 0 . 41 5 . 18 2 . 503 1 . 605 6 6 . 7  1 4  o .  712 
890202 . 005 24 . 9  7 . 6  7 . 75 13.8 3 . 27 5.74 5 . 98 0 . 32 4.2 0 . 39 5 . 32 2 . 509 1 . 612 6 1 . 2  0 . 7  0 . 664 
890202 . 006 24 . 9 . 7 . 6  7 . 75 13 . 9  3 . 2 6  5 . 8 6  6 . 12 0 . 2 9  3 . 82 0 .38 5 . 47 2 . 519 1 . 62 6  50 9 -11 . 8  o . 62 1  
890202 . 007 25 . 0  7 . 7 7 . 75 14 . 4  3 . 23 6 . 2 2  6 . 53 0 . 28 2 . 86 0 . 39 5 . 86 2 . 531 1 . 6 67 44 . 8  -23 . 9  0 . 54 1  
890202 . 008 2 5 . 2  9 . 0  9 . 07 1 6 . 5  3 . 35 7 . 07 . . 4  0 . 48 5 . 54 1 . 4  5 . 44 2 . 50 1  1 . 907 7 2 . 1  7 0 . 7  0 . 9  
890202 . 009 2 5 . 2  9 . 0  9 . 06 16 . 6  3 . 35 7 . 16 7 .4 8  0 . 45 5 . 2 9  0 . 63 6 . 19 2 . 505 1 . 918 6 9 . 1  3 1 . 7  0 . 8  

890202 . 0 1  25 . 2  9 . 0  9 . 05 1 6 . 7  3 . 34 7 . 2 6  7 . 57 0 . 42 4 .89 ·0 . 55 6 . 37 2 . 507 1 . 92 6  65 . 8  8 . 2  0 . 718 
890202 .011 25 . 2  8 . 9  9 .04 1 6 . 9  3 . 28 7 . 47 7 . 81 0 . 34 4 . 15 0 . 67 6 . 51 2 . 5l7 1 . 953 55 . 8  -17 . 7  0 . 632 

890202 .012 25 . 2  8 . 9  9 . 00 18 . 3  3 . 32 5 . 25 9 . 2  0 . 56 6 .89 1 . 62 7 . 04 2 . 508 2 . 124 101 104 0 . 864 
890202 . 013 25 . 2  9 . 0  9 . 09 18 . 8  3 . 31 5 .27 9 . 52 0 . 4 4  6 . 38 0 . 58 8 . 43 2 . 501 2 . 183 95 . 9  22 0 . 647 

Side-by-Side (FW) Area, 1- 0 . 426 H, 1- 1 . 63 Hpk, 1- 0 . 61 Area, 2-0 . 146 H, 2- 0 . 92 Hpk,2- 0 . 61 

890209 . 002 2 5 . 0  7 . 6  7 . 70 13 . 4  3 . 34 5 . 42 5 . 65 0 . 35 4 . 66 1 .72 3 . 7  2 . 516 1 . 566 24 2 2 . 2  0 . 997 
890209. 003 24 . 9  7 . 6  7 . 69 1 3 . 4  3 . 34 5 . 4 2  5 . 6 6  0 . 35 4 . 6  1 . 5  3 . 95 2 . 512 1 . 564 22 . 8  . 15 . 9  0 . 93 
890209 . 006 2 4 . 9  7 . 6  7 . 70 13 . 4  3 . 36 5 . 43 5 . 67 0 . 34 4 . 52 1 . 19 4 . 25 2 . 531 1 . 571 17 . 7  2 . 5  0 . 836 
89020 9 . 007 24 . 9  7 . 7 7 . 82 13 . 6  3 . 35 5 . 45 5 . 68 0 . 34 4 . 38 0 . 86 4 . 58 2 . 525 1 . 584 15 . 7  -6 . 2  0 . 775 

890209 . 008 24 . 9  7 . 8 7 . 88 13 . 6  3 . 35 5 . 48 5 . 71 0 . 32 4 . 14 0 . 54 4 . 9  2 . 52 1 . 592 13 -17 0 . 7 1 6  
89020 9 . 009 24 . 9  7 . 6  7 .7 6  13 . 7  3 . 35 5 . 68 5 . 93 0 . 31 3 . 53 0 . 5  5 . 13 2 . 518 1 . 6  8 . 5  -28 . 1  0 . 62 5  

890210 . 001 24 . 9  9 . 0  8 . 91 1 6 . 3  3 . 38 6 . 93 7 . 16 0 . 5  5 . 62 1 .  77 5 . 02 2 . 438 1 . 864 42 7 5 . 7  0 . 99 9  

890210 . 002 24 . 9  9 . 0  8 . 92 1 6 . 4  3 . 39 7 7 .2 3  0 . 47 5 . 36 1 . 61 5 . 2 9  2 . 4 4 1  1 . 874 38 . 2  3 7  0 . 834 

890210 . 003 24 . 9  9 . 0  8 . 97 1 6 . 5  3 . 42 7 . 13 7 . 3 9  0 . 45 4 . 94 0 . 92 6 . 21 2 . 445 1 . 89 33 . 5  1 0 . 7  0 . 724 

890210 . 004 24 . 9  8 . 9  8 . 91 1 6 . 8  3 . 36 7 . 28 7 . 55 0 . 3 9  ' 4 . 27 0 . 7 9  6 . 68 2 . 454 1 . 9 15 24 . 3  -17 . 5  0 . 635 
890210 . 006 24 . 9  8 . 8  8 . 7 6  16 . 9  3 . 32 7 . 48 7 . 87 0 . 37 3 . 64 0 . 7 9  6 . 94 2 . 459 1 . 93 18 . 1  -27 . 2  0 . 584 

890210 . 007 24 . 9  8 . 6  8 . 66 17 . 5  3 . 16 5 . 43 8 . 6  0 .4 3  6 . 56 2 . 03 .6 . 2 1  2 . 477 1 . 998 4 2 . 2  90 . 1  0 . 896 
8902 10 . 008 24 . 9  8 . 6  8 . 68 17 . 7  3 . 0 6  5 . 36 8 . 85 0 . 36 6 . 05 1 . 8  6 . 68 2 . 481 2 . 025 3 8 . 2  34 . 3  0 . 731 
890210 .009 24 . 9  8 . 6  8 . 70 1 8 . 0  3 . 07 5 . 19 8 . 84 0 . 32 5 . 33 1 . 0 5  7 . 81 2 . 4 9 1  2 . 059 33 . 7  6 . 9  0 . 6  

Side-by-Side (FW) Area, 1- 0 . 42 6  H, 1- 1 . 63 Hpk, 1- 0 . 61 Area, 2-0 . 14 6  . H, 2- 0 . 92 Hpk, 2- 0 . 61 

890217 . 002 24 . 9  7 . 9  7 . 94 13 . 9  3 . 33 5 . 54 6 . 02 0 .4 4 . 52 1 . 88 3 . 67 2 . 4 97 1 ; 63 2 4  1 9 . 5  0 . 938 

890217 . 003 24 . 9  7 . 9  7 . 97 14 . 0  3 . 32 5 . 55 6 . 09 0 . 39 4 . 4 1  1 . 45 4 . 14 2 ; 504 1 . 645 23 5 . 8  0 . 834 

890217 . 004 24 . 9  8 . 0  8 . 03 14 . 2  3 . 33 5 . 51 6 . 18 0 . 4 1  4 . 25 1.21 4 . 48 2 . 507 1 . 664 2 1 . 4  -0 . 5  0 . 789 

8902 2 5 . 002 24 . 9  7 . 5 7 . 51 1 3 . 4  3 . 34 5 . 28 5 . 91 0 . 4 2  4 . 18 1 . 48 3 . 98 2 . 505 1 . 57 5  38 . 5  34 . 6  0 . 899 
890225 . 003 24 . 9  7 . 5  7 . 4 9  1 3 . 4  3 . 33 5 . 33 5 . 98 0 . 43 4 .01 1 . 14 4 . 39 2 . 507 1 . 57 8  37 . 3  2 6 . 1  0 . 832 

8902 2 5 . 004 24 . 9  7 . 5 7 . 48 1 3 . 5  3 . 32 5 . 39 6 . 09 0 . 4  3 . 68 0 . 67 5 2 . 509 1 . 588 34 . 7  14 . 9  0 . 732 
890225. 005 2 4 . 9  7 . 5 7 . 50 1 3 . 7  3 . 31 5 . 4 4  6 . 2  0 . 4  3 . 44 0 . 47 s . 3  2 . 514 1 . 6  32 . 2  7 . 7  0 . 695 
890225 . 006 24 . 9  7 . 6  7 . 58 14 . 6  3 . 22 5 . 57 7 . 06 0 .59 1 .72 0 . 4  6 . 04 2 . 529 1 . 697 20 . 9  -0 . 3  0 . 58 8  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests ( Cont inued ) 

Qww Qcw, 1 Qcw, 2 Leak Xi1, 1 Xii, 2 Xio Ja1 F1 Ja2 F2 G1 G2 L1 L2 ErrorError Vent Total Totai 

(1/s ) corr (mq/s) (%) (kq/m2s ) Heat NC Ratio Eff F 

30 . 9.3 1 3 . 91 3 .86 0 . 39 2 . 6  31 0 . 92 7 9 . 2  1 . 15 93 . 5  0 . 39 0 . 2 4  33 . 52 2 7 . 14 -2 -13 0 . 69 0 . 84 98 . 6  
30 . 95 13 . 91 4 . 4 1  0 . 39 32 0 . 90 77 . 9  1 .22 94 . 1  0 . 40 0 . 2 6  33 . 52 3 1 . 0 1  -3 -12 0 . 72 0 . 84 9 8 . 7  

30 . 7  1 3 . 97 4 . 96 0 . 39 2 . 4 3 2  0 . 89 7 7 . 4  1 . 32 94 . 3  0 . 40 0 . 2 6  33 . 68 34 . 88 - 3  -15 0 . 73 0 . 82 98 . 7  
2 9 . 12 12 . 81 4 . 9  0 . 4 0  2 . 4  30 0 . 87 7 6 . 9  1 . 35 9 3 . 9  0 . 36 0 . 25 30 . 88 34 . 4 6  -3 -16 0 .7 1  0 .82 98 . 6  
3 0 . 7 5  12 . 78 4 . 9  0 . 42 3 3  0 . 87 7 7 . 2  1 . 37 94 . 5  0 . 37 0 .24 30 . 80 34 . 4 6  -3 -17 0 . 7 6  0 . 82 98 . 7  

30 . 8  12 . 82 4 . 92 0 . 38 2 . 2 3 7  0 . 86 77 . 0  1 . 35 9 5 . 7  0 . 40 0 . 27 30 . 90 34 . 60 - 3  -15 0 . 7 9  0 . 83 99 . 0  
30 . 85 12 . 8 5  4 . 91 0 . 39 2 . 6  40 0 . 90 7 9 . 8  1 . 60 9 5 . 8  0 . 40 0 . 2 3  30 . 98 34 .53 -3 - 1 6  o . 86 o . ao 9 9 . 1  
30 . 92 12 .84 4 . 92 0 . 40 44 0 . 95 82 . 7  1 . 99 9 5 . 7  0 . 39 0 . 20 30 . 95 34 . 60 - 5  -17 0 . 92 0 . 7 5  9 9 . 3  
30 . 7 1  13 .70 3 . 97 0 . 39 2 . 7 40 0 . 94 80 . 6  1 33 95 . 5  0 . 40 0 . 23 33 . 02 27 . 92 -3 . -15 0 . 86 0 . 82 9 9 . 1  

Motorized nozzle (water distribution tests) 

3 0 . 64 13 . 20 5 . 72 20 0 . 38 1 . 8  31 0 . 7 6  72 . 6  1 . 15 9 6 . 1  0 . 40 0 . 32 30 . 9 9  3 9 . 18 1 7 0 . 69 0 . 90 98 . 9  
30 . 63 13 . 1 9  5 . 7 1  0_. 38 1 . 8  35 0 . 77 7 3 . 1  1 . 17 9 6 . 7  0 . 40 0 . 31 30 . 97 3 9 . 11 2 8 0 .78 0 . 90 9 9 . 1  
30 . 64 1 3 . 17 5 . 7 5  0 . 38 1 . 9  37 0 . 78 73 . 9  1 . 23 9 6 . 9  0 . 40 0 . 30 30 . 92 3 9 . 3 9  _ 2 6 0 . 82 0 . 89 99 2 
30 . 6 5  13 . 20 5 . 72 0 . 38 1 . 9  39 0 . 7 9  75 . 5  1 . 34 97 . 0  0 .4 0  0 . 2 8  30 . 9 9  3 9 . 18 2 3 0 . 86 0 . 87 9 9 ; 3  
30 .65 13 .20 5 .72 0 .38 2 . 1  41 0 . 82 77 . 6  1 . 51 . 97 . 0  0 . 39 0 . 2 6  30 . 99 3 9 . 18 1 1 0 . 90 0 . 85 99 . 3  
30 . 61 13 . 20 5 . 7 1  0 . 39 2 . 6  44 0 . 88 8 3 . 2  2 . 16 9 6 . 6  0 . 39 0 . 19 30 . 9 9  3 9 . 11 2 - 5  0 . 93 0 . 79 9 9 . 4  

5 . 7 6  15 . 7 6  6 . 98 0 . 35 1 . 5  3 6  0 . 7 8  73 . 8  1 .22 97 . 3  0 . 60 0 .4 6  3 6 . 99 47 .80 -o -1 o . 68 o . 88 9 9 . 3  
4 5 .78 1 5 . 7 6  6 . 98 0 . 36 1 . 7  42 0 . 7 9  75 . 0  1 . 28 97 . 7  0 . 60 0 . 43 3 6 . 99 4 7 . 80 - o  3 o . 8o o . 87 9 9 . 4  
4 5 . 7 8  15 . 78 6 . 98 0 . 36 1 . 7  44 0 . 81 7 6 . 8  1 ;40 · 97 . 8 0 . 59 0 . 40 37 . 04 47 . 80 - 1  - 4  0 . 84 0 . 86 9 9 . 5  
4 6 . 09 15 . 7 9  	 6 . 98 0 . 37 1 . 9  46 0 . 84 80 . 1  1 .72 97 . 8  0 . 58 0 . 34 3 7 . 0 6  47 . 80 - 1  -12 0 . 87 0 . 82 9 9 . 6  

:..144 6 . 05 15 . 7 6  7 0 . 4 1  1 . 5  4 4  1 . 1 1  62 . 7  1 . 25·  98 . 1  0 . 52 0 . 57 3 6 . 99 47 . 94 . 1 8  0 . 68 0 . 62 9 9 . 3  
45 . 95 15 . 7 8  6 . 99 0 . 42 " 1 . 5  5 3  1 . 18 64 . 8  1 . 41 98 . 7  0 . 51 0 . 52 37 . 04 4 .87 	 -17 8 0 . 85 0 . 58 9 9 . 5  

Motorized nozzle (hiqh ) 

30 .24 13 . 2 6  5.7 20 o . 38 1 . 1  21 o . 7 6  12 . 2  1 . 13 9 5 . 2  o .39 0 .32 3 1 . 13 39 . 05 -o 6 0 . 70 0 . 91 9 8 . 7  
30 . 0 9  13 . 27 5 . 7  0 . 38 1 . 8  2 9  o . 76 72 . 6  1 . 1s 95 . 6  o . 39 o . 31 3 1 . 15 3 9 . 05 -o 7 0 . 7 5  0 . 90 98 . 8  . 

·2 9 . 99 13 . 27 5 . 7  o . 3a 1 . 8  32 0 . 77 73 . 1  1 . 18 9 6 . 1  0 . 39 0 . 31 31 . 15 39 . 05 -1 7 0 . 83 0 . 90 98 . 9  
2 9 . 91 13 . 2 6  5 . 7  0 . 38 1 . 9  34 0 . 7 8  73 . 8  1 .22 9 6 . 4  0 . 39 0 . 30 · 31 . 13 3 9 . 05 -1 8 0 . 89 0 . 89 9 9 . 0  
2 9 .78 1 3 . 2 7  5 . 7  0 . 39 . 2 . 0  37 0 . 7 9  75 . 0  1 . 2 9  9 6 . 6  0 .38 0 . 28 3 1 . 15 3 9 . 05 -1 8 0 . 95 0 . 88 9 9 . 1  
2 9 . 78 13 . 27 5 . 7  0 . 39 2 . 2 39 0 . 83 78 . 6  1 . 58 9 6 . 6  0 . 38 0 . 24 3 1 . 15 3 9 . 0 5  - 2  . - 1  0 . 98 0 . 84 9 9 . 3  
4 5 . 2 7  15 . 80 7 . 05 0 . 32 1 . 5  3 2  0 . 76 73 . 2  1 . 20 9 6 . 9  0 . 59 0 . 47 37 . 08 4 8 . 2 8  0 2 2  0 . 64 . 90 9 9 . 2  . 
45 .25 15 . 82 7 .05 0 .32 1 .5 36 0 . 7 7  .74 . 4  1 . 2 9  97 . 4  0 . 59 0 . 4 4  37 . 13 4 8 . 2 8  -o 1 4  0 . 73 0 . 89 9 9 . 3  

5 . 24 15 . 80 7 . 04 0 . 32 i . 6  42 0 . 80 7 6 . 4  1 . 45 97 . 7  0 .5 9  0 . 40 "37 . 08 4 8 . 2 1  -2 16 0 . 85 0 . 86 9 9 . 5  
4 5 . 2 5  15 . 85 7 .05 0 . 32 1 . 8  46 0 . 83 7 9 . 4  1 . 77 97 . 8  0 .58 0 .35 37 .20 48 .28 -2 1 2  0 . 91 0 . 83 9 9 . 6  
41.35 15 . 87 7 0 . 33 2 • 1  48 0 . 87 82 . 4  2 . 15 97 . 7  0 . 57 0 .2 9 . 37 . 25 47 . 94 -2 7 0 . 94 0 . 7 9 9 9 . 6  
4 5 . 51 15 . 89 7 . 01 0 . 3 6  1 . 3  37 1 . 04 65 . 0  1 . 25 97 . 7  0 . 53 0 . 54 37 . 30 4 8 . 0 1  -6 2 8  0 . 65 0 . 66 99 . 2  
4 5 . 5 6  15 . 82 7 . 02 0 . 37 1 . 4  43 1 . 11 6 6 . 5  1 . 41 98 . 2  0 . 51 0 . 4 9  37 . 14 48 . 08 - 7  2 1  0 . 75 0 . 62 9 9 . 4  
4 5 . 38. 15 . 99 6 . 99 0 . 39 1 . 5  4 9  1 . 19 6 9 . 0  1 . 68 98 . 4  0 .4 8  0 . 43 37 . 54 4 7 . 88 	 -13 1 5  0 . 86 0 . 58 9 9 . 5  

Motorized nozzle (low) 

3 1 . 15 13 . 0 1  5 . 8} 7 0  0 . 36 1 . 8  2 8  0 .7 9  72 . 6  1 . 19 95 . 5  0 .3 9  0 . 31 30 . 54 3 9 . 80 -2 2 1  0 . 67 · 0 . 86 98 . 8  
3 1 . 0 6  13 . 13 5 . 69 0 . 36 1 . 9  32 0 . 82 7 3 . 8  1 . 2 4  9 6 . 0  0 . 39 0 . 30 30 . 82 3 8 . 9 8  -2 2 3  0 .7 6  0 . 85 98 . 9  
30 . 94 13 . 12 5 . 7  0 . 36 2 . 0  35 0 . 84 7 4 . 3  1 . 31 9 6 . 2  0 . 38 0 .2 9  30 . 8  3 9 . 04 -3 27 0 . 81 0 . 82 9 9 . 0  
30 . 5 9  13 . 8 1  5 . 72 125 0 . 39 2 . 0  31 0 . 84 74 . 3  1 . 24 95 . 5  0 . 39 0 . 2 9  32 . 43 3 9 . 18 -2 9 Q . 68 0 . 83 98 . 8  
30 . 62 1 3 . 7 5  5 . 7 4  "0 . 4 0  2 . 0  32 0 . 85 75 . 1  1 . 31 95 . 8  0 . 39 0 .2 8  32 . 2 9  3 9 . 32 -2 4 0 . 7 1  0 . 82 98 . 9  
30 . 62 13 . 7 3  5 . 7 6  0 . 40 2 . 3  3  0 . 87 7 6 . 9  1 . 47 96 . 3  0 . 38 0 . 2 6  32 . 24 3 9 . 4 6  -3 9 0 . 83 0 . 80 9 9 . 1  
30 . 63 13 . 73 5 . 75 0 . 41 2 . 4  39 0 . 90 78 . 2  1 . 61 9 6 . 3  0 . 38 " 0 24 3 2 . 2 4  3 9 . 3 9  -4 7 0 . 86 0 . 78 9 9 . 2  
30 . 68 13 . 74 5 . 7 4  0 . 44 4 . 6  .45 1 . 12 87 . 8  3 . 4 9  94 . 3  0 . 35 0 . 12 32 . 2 6  39 . 32 	 -10 4 0 . 90 0 . 62 9 9 . 3  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Cont inued ) · 

NOTE : DATA USED FOR GENERAL REFERENCE - DISCREPANCIES IN SOME READINGS WERE FOUND, WELL OUTSIDE OF PREDICTED  

Note: Some data were obtained from T differences when DT sensors were over range, or were calculated from other  

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTWW DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 DP2 Pexh  
(C) 1 1 1 2 2 2 (kPa) (Pa) 

Sicie-by-side Area, 1• 0 . 426 H, 1• 1 . 63 Hpk, 1 0 . 91 Area, 2•0 . 14 6  H, 2• 1 . 22 Hpk, 2  0 . 91 B turb 

0 . 8881201 . 003 2 6 . 6  6 . 4  6 . 2 4  1 3 . 2  4 . 3  6 . 0  6 . 9  0 . 2  5 . 6  2 . 625 1 . 536 30 . 6  66 0 . 709 

881201 . 004 2 6 . 7  6 . 3  6 . 18 13 . 3  4 . 4  6 . 0  7 .0 0 . 1  6 . 5  2 . 604 1 . 538 2 6 . 2  5 1 . 2  0 . 573 
· 

881201 . 005 2 6 . 7  6 . 3  6 . 16 1 3 , 6  4 . 4  6 . 2  7 . 3 0 . 1  6 . 9  2 . 611 1 . 5  7 1  20.7 32 . 9  0 . 525 

8812 0 1 . 006 2 6 . 7  6 . 3  6 . 17 14 . 9  4 . 3 6 . 2  8 . 6  8 . 2  2 . 636 1 . 708 8.4 1 9 . 2  0 . 465 -o . o  
88120 1 . 007 2 6 . 7  6 . 3  ' 0 . 2  8 . 9  2 . 663 1.8  2 6 17 . 4  0 . 491 6 .2 1  15 . 8  4 . 2 6 . 2  9 . 4  0 . 0  
8812 0 1 . 008 2 6 . 7  6 . 4  6 . 28 1 3 . 2  4 . 5  . 6 . 1  6 . 8  0 . 1  6 . 0  o . o  6 . 4  2 . 62 1  1 . 538 27 . 5  5 6 . 7  0 . 579 
881201 . 00 9  2 6 . 7  6 . 4  6 . 33 14 . 1  4 . 4 6 . 5  1 . 1  -o . o  3 . 6  0 . 1  7 . 2 2 . 635 1 . 625 14 . 1  24 . 8  0 . 52 

881201 . 0 1  2 6 . 8  6 . 5  6 .35 13 . 2  4 . 5 6 . 1  6 . 8  0 . 1  6 . 1  5 .8 2 . 63 1 . 542 32 . 2  " 73 . 4  0 . 661 
881201 .011  2 6 . 8  6 . 3  6 . 2 1  13 . 2  4 . 5  6 . 0  6 . 9  0 . 1  0 . 8  5 . 6  2 . 639 1 . 543 29.8 60 0 . 667 
8812 0 1 . 012 2 6 . 7  6 . 3  6 . 2 3  13 . 4  4 . 5  6 . 1  7 . 0  0 . 1  6 . 6  5 . 5  2 . 64 3  1 . 556 2 9 . 3  4 8 . 5  0 . 659 
881207 . 002 2 6 . 4  6 . 3  6 . 2 0  13 . 2  3 . 4  5 . 8  7 .0 0 . 3  5 . 4  2 . 745 1 . 52 33 . 9  52 . 7  0 . 7 67 6 . 4  

0 . 2 .881207 . 003 2 6 . 4  6 . 2  6 . 13 13 . 5  3 . 4  5 . 9  7 . 3 6 . 9  2 . 752 1 . 55 2 6 . 2  3 1 . 4  0 . 564 0 . 2  
881207 . 004 2 6 . 4  6 . 3  6 . 19 13 . 4  6 . 3  2 . 755 1 . 544 27 . 9  4 4 . 7  0 . 605 3 . 4  5 . 8  7 . 1  0 . 2  6 . 0  
881207 . 005 2 6 . 5  6 . 3  6 . 2 6  14 . 6  3 . 4  5 . 9  8 . 2  o . o  2 . 5  0 . 1  7 . 8 2 . 767 1 . 664 1 1 . 9  2 3 . 8  0 . 508 

6 . 2 6 . 16 1 5 . 2  3 . 4  7 . 5 9 . 0  0 . 2  1 . 6881207 .006 2 6 . 5  6.7 2 .7 5  1 . 732 30 . 5  4 8 . 5  0 . 697 
.

6 . 2  6 . 12 15 . 2  3 . 4  7 . 5  9 . 0  7 . 5  2 . 753 1 . 735 28 . 4  4 4 . 7  0 . 57 6  881207 . 007 2 6 . 5  0 . 2  8 . 4  
6 . 1  8 . 9  2 . 763 · 1 . 7 9  13 . 5  2 5  0 . 515 881207 . 008 2 6 . 5  6 . 09 15 . 6  3 . 4  7 . 7  9 . 5  0 . 0  

881207 .009 2 6 . 6  6 . 1  6 . 08 15 . 6  3 . 4  1 . 1 9 . 5  9 . 0  2 .765 1 . 791 14 . 2  25 0 . 514 -o . o  
881207 . 01 2 6 . 6  6 .1 6 . 08 1 6 . 6  3 . 3  7 . 7 10 . 4  9 . 9  2 . 79 1 . 897 -1 . 7  20 0 . 489 o . o  

881207 .011 2 6 . 6  6 . 2  6 . 20 1 6 . 9  3 . 6  9 . 2  1 0 . 7  0 . 2  1 0 . 0  2 . 2  7 . 5 2 . 713 1 . 927 . 27 . 6  4 9 . 6 . 0 . 694 . 
881207 .012 2 6 . 6  6 . 2 6 . 13 1 6 . 9  3 . 7  9 . 2  10 . 7  0 . 3  9 . 9  0 . 8  9 . 2  2 . 69 9  1 . 923 "33 . 9  4 1 . 4  0 . 538 
881207 . 013 26 . 6  6 . 2  6 . 14 17 . 1  3 . 6  9 . 3  10 . 9  0 . 3  8 . 8  0 . 5  9 . 9  2 . 705 1 . 947 . 27 . 9  2 5 . 3  0 . 506 
881207 .014 2 6 . 6  6 . 3  6 . 2 4  18 . 0  3 . 5  9 . 3  1 1 . 7  0 . 2  5 . 0  0 . 6  10 . 7  2 .727 2 ; 052 13 . 9  16.7 0 . 482 
881208 . 002 2 6 . 7  6 . 5  6 . 45 14 . 6  3 . 5  6 . 0  8 . 1  0 . 4  7 . 6  2 .0 5 . 7  2 . 785 1 . 678 60 . 1  35 . 7  0 . 791 
881208 . 003 2 6 . 7. 6 . 5  6 . 47 14 . 8  3 . 5  6 . 0  8 . 3  0 . 5  7 . 6  1 . 3  7 . 1  2 . 782 1 . 694 6 1 . 9  24 . 6  0 . 6  

881208 . 004 2 6 . 7  6 . 6  6 . 52 15 . 0  3 . 5  6 . 2  8 . 4  0 . 5  6 . 4  1 . 1  7 . 3 2 .786 1 . 704 6 1 . 5  15 2 0 . 539 

881208 . 005· 2 6 . 7  6 . 6  6 . 53 14 . 8  3 . 5  6 . 6  8 . 2  0 . 6  5 . 2  0 . 8  7 . 1  2 . 779 1 . 67 5  64 . 4  13 . 8  0 . 53 

88120 8 . 006 2 6 . 7  6 . 5  6 . 51 14 . 2  3 . 6  6 . 5  7 .7 0 . 7  7 . o  1 . 2  6 . 4  2 . 769 1 . 62 1  74 . 8  2 5 . 5  0 . 613 

881208 . 007 2 6 . 7  6 . 5  6 . 47 14 . 2  3 . 6  6 . 5  7 . 6  0 . 7  7 . 1  1 . 5  5 . 8  2 . 7 6 6  1 . 618 7 5 . 1  31 o .  7 1  
881208. 008 2 6 . 7  6 . 5  6 . 42 1 1 . 3  3 . 1  3 . 2  4 . 9  o . 5  1 . 4  o . o  3 . 9  2 . 859 1 . 34 9  54 . 7  1 8 . 4  0 . 583 
881208 . 009 2 6 . 7  6 . 4  6 . 39 12 . 1  3 . 1  3 . 1  5 . 6  0 . 5  0 . 8  o . o  4 . 3  2 . 863 1 . 413 4 9  1 6 . 2  0 . 518 

881208 . 0 1  2 6 . 7  6 . 4  6 . 40 10 . 6  3 . 1  3 . 1  4 . 2 0 . 6  2 .1 -o . o  3 . 6  2 . 859 1 . 287 5 6 . 6  2 2 . 8  0 . 669 
-

881208 . 0 11 2 6 . 7  6 . 5  6 . 4 4  10 . 5  3 . 1  3 . 0  . 4 . 0  0 . 7  3 . 2  -o . o  3 . 4  2 . 858 1 . 27 60.2 2 6 . 8  o. 732 

881208 . 0 12 2 6 . 7  6 . 5  6 . 48 10 . 4  3 . 1  3 . 0  3 . 9  0 . 7  3 . 2  0 . 5  2 . 8 2 .854 1. 264 62 . i 32 . 1  n . 964 
881209 .003 2 6 . 5  6 . 3  6 . 19 13 . 3  3 . 1  5 . 0  7 .0 o . o  6 . 4  o : 6 6 . 1  2 . 833 1 . 543 -12 . 4  32 0 . 665 

6 . 4  1 . 1881209 . 004 2 6 . 5  6 . 34 12 . 3  0 . 0  4 . 2 2 . 884 1 . 4 64 -39 . 6  30 . 4  0 . 864 5 .72 . 9  5 . 6  
6 . 4  1 . 46 . 39 12 . 9  6 . 0  4 . 1  2 . 817 1 . 503 -34 . 8  30 . 3  0 . 882 881209 . 005 2 6 . 6  3 . 3  o . o  

6 . 0  1 . 0  4 . 9  2 . 827 1 . 493 -19 2 6 . 7  0 . 662 6 3  0 . 0881209 . 006 2 6 . 6  6 . 32 1 3 . 0  3 . 3  
6 . 8  0 . 0  _6 . 1  0 . 6  5 . 4  2 . 834 1 . 489 -13 . 2  2 4 . 1  0 . 504 881209 . 007 2 6 . 7  6 . 2 6 . 2 6  13 . 1  3 . 3  
6 . 9  6 . 0  0 . 4  5 . 8  2 . 84 1 . 4 9888120 9 . 008 2 6 . 7  6: 3 6 . 31 13 . 1  3 . 3  -12 22 . 9  0 . 427 o . o  

0 . 1  3 . 0  0 . 1  6 . 3  2 . 841 1 . 563 -15 . 3. 18 . 4  0 . 366 881209 . 009 2 6 . 7  6 . 3  6 . 36 13 . 9  _3 . 3  
9 . 2  6 . 9  0 . 6  8 . 2  2 . 74 9881209 . 0 1  2 6 . 8  6 . 2  6 . 15 1 5 . 4  3 . 8  0 . 1  1 . 78 3 9 . 6  90 . 4  0 . 908 

88120 9 . 011 2 6 . 8  6 . 1  6 . 04 1 6 . 4  3 .7 7 . 3 10 . 3  0 . 0  4 . 8  0 .7 9 . 6  2 . 761 1 .886 9 . 5  37 . 1  0 . 899 

881209 . 012 2 6 . 8  6 . 1  6 . 04 1 6 . 1  3 . 7  7 . 2  10 . 0  0 . 0  5 . 4  0 . 6  9 . 2  2 .754 1 . 879 22 . 4  4 6 . 2  1 . 034 

881209 .013 2 6 . 8  6 . 2  6 . 1o 15 . 4  3 . 8  1 . 2 9 . 2  · o . 2  6 . 8  0 . 6  8 . 1  2 .734 1 . 773 51 . 6  84 . 1  o . sa9 · 
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Cont inued ) 

ERROR MARGINS 

aultiple sensor readings 

Qww Qcw, l Qcw, 2 Leak Xii, l Xii , 2  Xio Jal Fl Ja2 F2 Gl G2 Ll L2 ErrorError Vent Total Total 
(1/s) corr (mq/s) (%) (%) (kq/m2s ) Heat NC Ratio Eff F 

ulators in nozzles 

2 3 . 62 1 3 . 39 4 . 88 60 0 . 21 0 . 9  3 8  0 . 87 72 . 6  1 .07 97 . 3  0 . 43 0 . 34 32 .27 34 . 32 7 9 0 . 73 0 . 83 9 9 . 3  

22 . 7 6  1 3 . 30 4 . 7 6  0 . 2 1  0 . 9  4 5  0 . 90 74 . 1  1 . 13 97 . 9  0 . 42 0 . 32 32 . 06 33.47  6 7 0 . 86 0 . 82 99.4 
2 2 . 69 1 3 . 2 9  4 . 72 0 . 22 l . l  48 0 . 97 78 . 4  1 . 47 97 . 7  0 . 4 1  0 . 2 6  32.04 33 . 19 5 6 0 . 91 0 . 7 6  99 . 5  

22 . 66 13 28 4 . 7 0 . 24 2 . 5  5 4  1 . 28 88 . 9  3 .5 9  9 6 . 0. 0 . 36 0 . 12 3 2 . 0 1  33 . 05 -5 8 0 . 95 0 . 57 9 9 . 6  
2 2 . 66 1 3 . 30 4 . 69 0 . 2 6  5 .7 56 1 . 50 94 . 9  8 .44 90 . 5  0 . 34 0 . 05 32 . 07 32 . 98 -11 18 0 . 95 0 . 4 9  9 9 . 5  
2 2 . 63 13 . 25 4 .72 0 . 21 0 . 9  4 4  0 . 87 73 . 8  1 . 08 97 . 9  0 . 43 0 . 33 3 1 . 93 33 . 19 7 7 0 . 85 0 . 85 99 . 4  

22 . 6  1 3 . 2 8  0 . 22 1 . 4  50 1 . 01 83 . 1  2 . 00 97 . 2  0 .4 1  0 . 20 32 . 01 33 . 05 4 1 0  0 . 93 0 . 72 9 9 . 5  
22 . 6 4  13 . 2  4 . 72 0 . 2 1  0 . 9  41 0 . 86 73 . 1  1 .05 97 . 5  0 . 43 0 . 34 32 . 0 1  33 . 19 7 1 3  0 . 7 5  0 . 86 9 9 . 3  
22 66 13 . 8 9  4 . 05 0 . 20 0 . 9  40 0 . 91 75 . 8  1 . 04 97 . 2  0 . 43 0 . 30 33 . 47 2 8 . 4 8  8 1 1  0 . 72 0 . 85 9 9 . 3  . 
2 2 . 63 14 . 17 3 . 6  0 . 20 0 . 9  39 0 . 94 77 . 9  1 .05 97 . 0  0 .43 0 .28 34 . 1 6  2 5 . 32 8 9 0 . 70 0 . 84 9 9 . 3  
2 9 . 08 13 . 74 3 .4 1  70 0 .28 1 . 4  37 0 . 98 77 . 7  1 . 06 9 6 . 0  0 . 40 0 . 2 6  33 . 1 1  23 . 98 2 4 0. 67 0 . 81 9 9 . 1  
2 9 . 08 13 . 7 3  3 . 48 0 . 2 9  1 . 6  48 1 . 04 80 . 4  1 .2 6  97 . 1  0 . 39 0 . 22 33 . 0 9  2 4 . 4 7  1 2 0 . 89 0 . 7 6  9 9 . 4  
2 8 . 99 1 3 . 7 2  
2 8 . 85 13 . 7 l  

3 . 5 5  
3 . 5 9  

0 . 2 9  
0 . 32 

1 . 5
3". 4  

44 
53 

1 . 00 78 . 4  
1 2 9  8 9 . 7  

1 . 14 
2 . 94 

97 . 1  
95 1 

0 . 39 
0 . 35 

0 . 2 5  3 3 . 0 6  24 . 97 
0 . 11 33 . 04 2 5 . 2 5  

2 
-7 

- 1  
3 

0 . 81 
0 . 94 

0 . 7 9 
0 . 61 

9 9 . 4  
9 9 . 5  

38 . 47 13 . 88 3 . 51 . 0 . 28 1 . 4  4 3  0 . 96 77 . 6  1 . 07 97 5  0 . 52 0 . 34 33.44 24 . 68 3 -7 0 . 68 0 . 83 9 9 . 4  

3 8 . 43 1 3 . 9 1  3 . 52 0 . 28 1 . 4  50 0 . 96 77 . 7  1 .0 1  9 8 . 2  0 . 52 0 . 34 3·3 . 52 24 . 75 3 - 9  0 . 82 0 . 83 9 9 . 6  
3 8 .47 13 . 9 1  3 .52 0 . 30 . 1 . 9  57 1 . 05 82 . 4  1 .2 0  98 . 1  0 . 50 0 . 2 6  33 . 52 24 . 75 - 0  - 6  0 . 94 0 . 76 9 9 . 7  

3 8 . 4 8  1 3 . 88 3 .5 1  0 . 30 1 . 8  57 1 . 05 . 82 . 1  ' 1 . 18 9 8 . 1  0 . 51 0 . 2 6  33 . 44 24 . 68 0 - 6  0 . 94 0 . 7 6  9 9 . 7  
38 . 55 13 . 8 9  3 . 53 0 . 32 3 . 4  60 1 . 2 5  8 9 . 6  2 .2 3  9 6 . 9  0 .47 b .14 33 . 47 24 .82 - 6  -5 0 . 96 · 0 . 64 9 9 . 7  
4 3 . 64 14 . 0 3  3 . 47 - 0 . 2 6  1.4  47 0 . 94 78 . 4  1 . 06 98 . 0  0 . 64 0 . 40 33.79 24 . 40 3 -7 0 . 68 0 . 85 9 9 . 6 
43.24 13 . 8 9  3 . 44 0 . 26 1 . 4  5 7  0 . 94 78 . 8  0 84 9 8 . 7  0 . 63 0 . 3 9  33 . 4 6  24 . 18 3 . -9 0 . 86 0 . 85 9 9 . 7  
4 3 . 2 9  13 . 91 3 . 42 0 . 27 1 . 6  60 0 . 98 80 . 9  0 . 89 , 8 . 7  0 . 62 0 . 35 3 3 . 5 1  24 . 04 1 - 9  0 . 92 0 . 82 9 9 . 7  

4 3 . 19 13 . 91 3 . 39 0 . 29 2 . 8 63 1 . 14 88 . 2  1 . 57 97 . 9  0 . 57 0 . 2 0  33 . 5 1  23 . 83 -4 - 8  0 . 95 0 . 70 9 9 . 8  
30 13 . 54 3 . 4 9  0 , 28 1 . 8  40 1 . 05 74 . 7  1 . 02 · 9 6 . 7  0 . 42 0 . 31 32 . 62 24 .54 2 1 5  0 . 64 0 . 75 9 9 . 2  

2 9 . 91 1 3 . 55 3 . 48 o ; 29 1.8 so r . o8 75 . 0  r . oo 97 . 8  o.42 o.Jl 32 . 65 24 . 4 7  1 11 0 . 83 0 . 73 . 9 9 . 5  
30 . 13 13 . 5 5  3 .4 7  0 .28 

. 
1 . 8 51 1 . 11 78 . 7  1 .2 0  97 . 8  0 . 4 1  0 . 2 6  32 . 65 24 . 40 1 2 0 . 85 0 . 7 1 9 9 . 5  

3 0 . 0 9  1 3 . 58 3 . 44 0 . 28 1 . 8  50 1 . 06 83 . 0  1 .4 1  97 . 3  0 . 42 0 .2 1  32 .73 24 . 19 2 - 1  0 . 86 0 . 75 9 9 . 5  

3 0 . 03 13 . 5 8  3 . 4 3  0 . 26 1 . 3  46 0 . 96 78 . 2  0 . 99 97 . 5  0 .44 0 .28 32 .73 24 . 12 5 ·  4 0 . 7 8  0 . 83 9 9 . 4  

2 9 . 91 13 . 4 9  3 . 47 0 . 26 1 . 3  41 0 . 95 . 77 . 5  1 . 01 9 6 . 9  0 . 44 0 . 2 9  32 . 52 24 . 40 5 7 0 . 68 0 . 83 9 9 . 3  
1 5 . 68 1 3 . 58 3 . 4 3  0 . 32 3 . 1  36 1 . 44 88 . 5  2 .44 88 . 0  0 . 19 0 . 06 32 .74 24 . 13 -2 8 0 . 82 0 . 55 98 . 6  
15 . 64 13 . 5 8  3 .3 9  0 . 34 5 . 3  4 1  1 . 77 92 . 8  4 . 4 9  83 . 1  0 . 18 0 . 04 3 2 . 7 4  23 . 85 8 0 . 86 0 . 45 9 8 . 8  
15 . 65 13 . 5 6  3 . 32 0 . 30 1 . 8  32 1 . 17 .1 . 4  1 .2 6  9 1 . 5  0 . 2 0  0 . 11 32 . 68 2 3 . 35 5 7 0 . 7 7  0 . 67 98 . 4  
1 5 . 62 13 ;57 3 . 2 6  0 . 30 1 . 5  29 1 . 11 78 . 6  1 . 03 9 1 . 7  0 . 20 0 . 13 32 . 7 1  22 . 93 6 8 0 . 7 2  0 . 71 98 . 2  

15. 63 13 . 55 3 . 23 0 . 30 1 . 5  23 1 . 08 7 7 . 5  0 . 99 88 . 6  0 . 2 0  0 . 13 32 . 6 6  22 . 72 5 1 0  0 . 54 0 . 73 97 . 4  
2 9 .74 13 . 9 5  3 .03 175 0 . 33 1 . 4  . 4 4  1 . 14 77 . 6  1 . 00 9 6 . 5  0 . 35 0 . 2 3  33 . 63 2 1 . 3 1  -2 9 0 . 92 0 . 7 1  9 9 . 2  

1 6 . 7 5  6 . 95 2 . 07 0 . 32 1 . 4  3 0  0 . 84 75 . 0  1 . 00 9 1 . 5  b . 2 0  0 . 15 1 6 . 74 14 . 5 6  5 42 o .74 o . 9o 97 . 8  
15 . 35 7 . 4 7  1 . 87 0 . 28 1 . 4  31 0 . 92 77 . 8  0 . 99 90 . 8  0 .2 1  0 . 14 17 . 9 9  13 . 15 6 47 0 . 70 0 . 85 97 . 9  
15 . 2 9  7 . 4 7  1 . 89 0 . 27 1 . 4  38 0 . 94 78 . 2  0 . 97 93 . 8  0 . 22 0 . 14 17 . 99 1 3 . 2 9  8 4 3  0 . 82 0 . 83 98 . 6  
15 . 32 7 . 4 9  1 .8 6  0 . 2 7  1 . 4  4 2  0 . 96 7 8 . 8  0 . 97 9 5 . 5  0 . 2 2  0 . 13 1 8 . 05 13 . 08 7 3 1  0 . 89 0 . 82 99 .0 
15 . 3 1  7 , 4 9  1 . 85 0 . 28 1 . 5  44 0 . 97 7 9 . 2  0 . 98 9 6 . 3  0 . 22 0 . 13 18 . 05 1 3 . 0 1  8 22 0 . 94 - 0 . 82 9 9 . 2  
15 . 32 7 . 4 9  1 . 83 0 . 30 2 . 9  48 1 . 15 88 . 5  2 . 03 94 . 1  0 . 2 0  0 . 07 18 . 05 12 . 87 0 1 7  0 . 97 0 . 70 99 . 3  
4 0 . 53 1 5 . 6 1  5 . 95 0 . 2 6  1 . 1  4 9  0 . 96 7 2 . 8  1 . 18 9.7 . 8  0 . 60 0 .48 37 . 61 4 1 . 84 1 24 0 . 7 8  0 . 75 9 9 . 4  
4 0 . 48 15 . 65 5 . 89 0 . 28 1 . 5  57 1 . 15 7 9 . 8  1 . 65 97 . 3  0 . 56 0 . 33 37 .72 4 1 42 -3 37 0 . 91 0 . 63 9 9 . 4  
3 9 . 9 1  1 5 . 6 6  5 .8 9  0 .27 1 . 3  5 6  1 . 11 77 . 5  1 . 48 97 . 1  0 . 57 0 . 37 37 . 74 4 1 . 42 -2 45 0 . 88 0 . 65 9 9 . 3  
3 9 . 91 1 5 . 6 1  6 0 . 2 6  1 . 1  49 0 . 96 73 . 0  1 . 20 97•8 0 . 60 0 . 4 7  37 . 61 4 2 . 19 1 23 0 . 7 8  0 . 7 5  9 9 . 4  
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Table B-5 . Data SWIIIIary for Direct-Contact Condenser Tests ( Continued ) 

NOTE : DATA USED FOR GENERAL REFERENCE - DISCREPANCIES IN SOME READINGS WERE FOUND, WELL OUTSIDE OF PREDICTED 

Note : Some data were obtained from T differences when DT sensors were over ranqe, or were calculated from other 

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 · DP2 Pexh 
(C) 1 1 1 2 2 2 (kPa) (Pal 

881209. 014 2 6 . 8  6 . 2  6 . 16 15 . 4  3 . 9  7 . 2 9 . 2  0 . 3  7 . 9  2 . 7 5  1 . 774 5 6 . 8  119 . 8  0 . 991 
881209 . 015 2 6 . 8  6 . 3  6 . 17 1 5 . 7  3 . 8  7 . 3  9 . 4  0 . 2  6 . 5  0 . 6  8.3 2 . 757 1 . 804 43.4 64 0 . 813 
88120 9 . 016 2 6 . 8  6 . 3  6 . 19 1 6 . 0  3 . 8  9 0 9 . 7  0 . 7  7 . 9  1 . 5  7 . 4 2 .733 1 . 815 7 6 . 7 17 5 . 4  1 . 058 
881209 . 0 17 2 6 . 8  6 . 2  6 . 15 1 6 . 0  3 . 8  9 . 0  9 . 8  0 .7 7 , 7  0 . 8  8 . 0  2 . 722 1 . 814 7 7 . 5  121 0 . 901 
881209 . 018 2 6 . 8  6 . 2  6 . 16 1 6 . 2  3 . 7  9 . 2  10 . 0  0 . 5  6 . 9  0 . 6  8.4 2 .7 14 1 . 839 57 . 6  6 0 . 1  0 . 74 

881209 . 019 2 6 . 7  6 . 3  6 . 17 17 . 1  3 . 6  9 . 6  10 . 8  0 . 3  3 . 8  1 2  10 . 0  2 .732 1 . 939 2 6 . 7  2 6 . 7  0 . 5 92 
881212 . 002 2 6 . 5  6 . 4  6 . 24 12 . 9  3 . 7  5 . 6  6 . 6  0 . 2  0 . 6  5 . 6  2 .708 1 . 517 4 8 . 5  8 3 . 4  0 . 912 
881212 . 003 2 6 . 5  6 . 4 6 . 31 12..7 3 . 4  5 . 4  6 . 3  0 . 2  5 . 0  5 . 3  2 . 755 1 . 503 50.1 80 . 1  0 . 908 
8.81212 . 004 2 6 . 5  6 . 4  6 .32 13 . 0  3 . 4  5 . 6  6 . 6  0 . 2  4 . 5  0 . 3  5 . 9  2 . 7 6 1  1 . 526 4 8 . 9  52 . 3  0 . 764 
881212. 005 2 6 . 6  6 . 4  6 . 30 1 3 . 7  3 . 4  5 . 8  7 . 3 0 . 1  2 . 5 0 . 7  6.5 2 .7 68 1 . 589 38 . 5  31.3 0 . 619 
881212 . 006 2 6 . 6  6 . 4 6 . 2 8  14 . 2  3 . 4  5 . 9  7 . 8  0 . 2  1 . 6  0 . 5  7 . 1  2 .7 7 6  1 . 636 38 2 7 . 4  0 . 559 
881212 . 007 2 6 . 6  6 . 4  6 . 27 12 . 9  3 . 5  4 . 9  6 . 5  0 . 4  5 . 7  1 . 1  5 . 1  2 . 764 1 . 509 64 . 4  7 2 . 1  0 . 994 

881212 . 008 2 6 . 6  6 . 4  6 . 31 13 . 0  3 . 5  4 . 9  6 . 6  0 . 4  5 . 7 0 . 5  5 .7 2 .7 67 1 . 52 6 1 . 4  54 . 3  0 . 766 
881212 .009 2 6 . 6  6 . 5  6 . 40 13 . 6  3 . 4  5 . 0  7 . 1  0 2 4 . 3  0 . 6  6 . 1  2 .777 1 . 585 4 6 . 5  31.7 0 . 72 

881212 01 2 6 . 6  6 . 5  6 . 3 9  13 . 1  3 . 5  4 . 9  6 . 6  0 . 3  5 . 7  0 . 9  5 . 4  2 .789 1 . 526 4 8 . 1  65 . 5  0 . 87 

881212 . 011 2 6 . 7  . 6 . 4  6 . 32 14 . 5  3 . 4  7 . 7 8 . 1  o . o  7 .7 2 . 5  5 . 2  2 .814 1 . 686 17 . 4  5 5 . 8  0 . 787 
881212 . 012 2 6 .7 6 . 4  6 . 29 1 5 . 3  3 . 3  7 . 6  8 . 9  0 . 0  6 . 3  1 . 4  6 . 6 .  2 . 832 1 . 756 13.7 4 3 . 3  0 . 885 

881212 .013 2 6 . 7  6 . 4  6 . 26 14 . 6  3 . 4  7 . 6  8 . 2  0 . 1  7 . 6  1 . 3  6 . 9  2 .825 1 . 678 30 . 5  4 4 . 2  0 . 57 
881212 . 014 

881212 . 015 

2 6 7  

2 6 .7 

6 . 3  

6 . 3  

6 . 25 

6 . 2 6  

14 . 6  

15 . 2  · 

3 . 4  

3 . 4  
7 .  7· 

8 . 0  

8 . 3  

8 . 8  

0 . 1  

0 . 1  
7 . 0  

4 . 7  
1 . 1  

0 . 8  

7 .2 2 .823 1 . 69 

8 . 2  2 . 834 1 .738 

32 . 2  

27 . 6  

30 . 1  0 . 508 

2 2 . 1  0 . 441 
881212 .016 2 6 . 7  6 . 4  6 . 30 1 5 . 2  3 . 4  7 . 8  8 . 9  0 . 2  6 . o  0 . 9  8 . 1  2 .825 1 . 745 34 . 9  2 1 . 6  0 . 439 
881212 . 017 2 6 . 7  6 . 4  6 . 31 14 . 9  3 . 4  7 . 7 8 . 6  0 . 3  8 . 1  1 . 6  6.7  2 . 817 1 . 708 44 . 1  30 . 3  0 . 549 
881212 . 018 2 6 . 7  6 . 4  6 . 32 15 . 0  3 . 4  7 .7 8 . 6  0 . 3  8 . 0  1 . 2  7 . 3  2 . 817 1 .712 37 .8 2 4 . 6  0 . 463 
881212 . 0 1 9  2 6 . 7  6 . 4  6 . 3.3 14 . 9  3 . 4  7 .7 8 . 5  0 . 5  8 . 1  2 . 1  5 . 7  2 .805 1 . 692 50 32 . 9  0 . 712 
881213 . 002 2 6 . 4  6 . 5  6 . 43 13 . 9  3 . 3  6 . 9  7 . 4  0 . 5  0 . 8  6 . 1  2 . 73 9  1 . 57 9  39 . 8  58 . 9  0 . 784 

o . i881213 . 003 2 6 . 4  6 . 5  6 .4 1  14 . 0  3 . 3  7 . 0  7 . 5  0 . 4  6 . 4  6 . 9  2 . 74 4  1 . 593 2 9 . 9  3 6 . 7  0 . 642 

8812 13 . 004 2 6 . 4  6 . 5  6 . 37 14 . 3  3 . 3  7 . 2  7 . 8 0 .2 5 . 3  0 . 1  7 . 3 2 .7 4 8  1 . 616 15 . 8  12 . 7  0 . 543 

88121 3 . 005 2 6 . 4  6 . 5  6 . 37 14 . 5  3 . 3  7 . 3 8 . 0  0 . 2  0 .2 7 . 4 2 .752 1 . 642 8.8 7 . 1  0 . 505 

O . Q" 
881213 . 006 2 6 . 4 6 . 5 6 . 41 1 5 . 2  8 . 3  2 .7 6 8  1 . 7 1 9  -4 . 3  -0 . 6  0 . 443 

6 . 3  2 .747 1 . 904 3 . 5  4 3 . 8  0 . 676 881213 . 007 2 6 . 4  6 . 5  6 . 4 0  1 6 . 9  3 . 4  10 . 0  10 . 4  0 . 2  3 . 7  
10 . 0  8812 13 . 008 2 6 . 4  6 . 5  6 . 39 17 . 1  3 . 4  1 0 . 0  10 . 6  1 . 6  8 . 1  2 .7 4 9  1 . 915 1.2 34 . 8  0 . 54 1  

881213 . 009 2 6 . 4  6 . 5  6 . 45 17 . 3  3 .4.  10 . 0  10 . 7  0 . 4  9 . 8  0 . 6  9 . 4  2 .752 1 . 923 -0 . 4  20 . 3  0 . 459 
881213 . 01 2 6 . 4  6 . 7 6 . 60 17 . 8  3 . 3  1 0 . 2  1 1 . 1  8 . 5  0 . 5  10 . 3  2 .773 1 . 982 -11 . 9  2 . 5  0 . 394 

881213.011  2 6 . 5  6 . 7  6 . 65 1 9 . 0  3 . 2  10 . 6  12 . 3  0 . 3  3 . 9  0 . 4  11 . 4  2 .801 2 . 124 -31 . 9  -7 . 7  0 . 332 
o . o8812 13 . 012 2 6 . 5  6 .4 6 . 29 1 5 . 2  8 . 8  8 . 4  1 . 8  6 . 5  2 .7 6 9  1 . 743 24 1 6 . 4  0 . 68 
o . o881213 .013 2 6 . 5  6 . 3  6 . 27 14 . 4  8 . 0  7 . 6  0 . 9  6 . 6  2 .7 7 6  1 . 657 -20 . 6  1 6 . 1  0 . 645 

8 . 1  o . o  7 . 5  0 . 4  7 . 3 2 .7 8  1 . 669 -18 . 1  12 . 9  0 . 553 

8 . 6  0 . 0  5 . 6  0 . 4  8 . 4  2 .781 1 .7 1  -20 . 1  4 0 . 486 
8 . 0  -o .o  7 . 6  1 . 1  6 . 4  2 . 76 7  1 . 64 4  -3 . 1  15 . 5  0 . 664 
7 . 9  o . o  7 . 3 0 . 9  6 . 5  2 .7 7 3  1 . 617 -1 . 8  15 . 1  0 . 64 9 

7 . 6  o .o 7 . 0  0 . 7  6 . 4  2 .762 1 . 57 9  2 . 4  14 . 6  0 . 636 
8 . 4  o . o  3 . 9  0 . 5  7 . 3  2 . 77 1  1 . 662 -6 . 5  2 . 3  0 . 478 

7 . 5  0 . 2  7 .0 0 . 8  6 . 0  2 .7 4 9  1 . 605 17 . 2  6.3 0 . 667 
7 . 6  0 . 1  7 . 1  1 . 4  5 . 4  2 .757 1 . 616 8 . 5 9 . 3  0 . 809 

8 . 0  0 . 1  5 .7 . 0 . 4  7 .2 2 .  761 1 . 644 7 . 4 -2 . 3  0 . 456 
9 . 5  0 . 1  1 . 9  0 . 4  8 . 9  2 .781 1 .787 0 . 8  -6 . 5  0 . 388 

7 . 5  o . o  7 . 0  0 . 9  5 . 7  2 .773 1 . 6 13 3 . 4  9 . 9  0 . 692 

881213 . 0 14 2 6 . 5  6 . 4  6 . 34 14 . 5  3 . 4  6 . 3  

8812 13 . 015 2 6 . 5  6 . 4  6 . 36 15 . 0  3 . 4  6 . 3  

881213 . 016 2 6 . 5  6 . 4  6.34 14 . 4  3 . 4  6 . 3  
8812 13 . 017 2 6 . 5  6 . 3  6 . 20 14 . 1  3 . 4  6 . 3  

881213. 018 2 6 . 5  6 . 2 6 . 13 13 . 8  3 . 4  6 . 5  
881213 . 0 1 9  2 6 . 5  6 . 2  6 . 17 14 . 6  3 . 3  6 . 5  

881214 . 002 2 6 . 4  6 . 6  6 . 56 14 . 1  3 . 3  . 6 . 2  
881214 . 003 2 6 . 5  6 . 6  6 . 57 14 . 2  3 . 3  6 . 3  

881214 . 004 2 6 . 5  6 . 5  6 . 43 14 . 5  3 . 3  6 . 4  
881214 . 005 2 6 . 5  6 . 3  6 . 30 15 . 8  3 . 2  6 . 2  

881214 . 0 0 6  2 6 . 5  6 . 5  6 . 48 14 . 0  3 . 3  6 . 4  
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Table B-5 . Data Summary for Direct-Contact Condenser . Tests (Cont inued ) 

ERROR MARGINS 

multiple sensor readings 

Qww Qcw, l Qcw, 2 
(1/s) corr 

Leak Xii, l Xii, 2 

(mq/s) (\) 
Xio Ja1 Fl 

(%) 
Ja2 F2 Gl G2 Ll 

(kq/m2s )  
L 2  ErrorError Vent Total Total 

Heat NC Ratio Eff F 

3 9 . 92 15 . 5 6  . 6 0 . 25 1 . 0  47 0 . 95 7 2 . 2  1 . 16 97 . 6  0 . 61 0 . 4 9  37 . 5 1  42 . 19 1 27 0 . 72 0 . 7 6  9 9 . 3  
3 9 . 9  15 . 57 6 . 01 0 . 2 6  1 . 1  51 0 . 98 7 4 . 1  1 . 2 6  9 8 . 0  0 . 60 0 . 4 5  37 .53 42 . 2 6  1 1 9  . 0 . 2 0 . 7 3  9 9 . 5  

39 . 1 12 .03 6 0 . 25 0 . 9  4 1  0 . 77 6 9 . 1  1 . 12 97 . 5  0 . 61 0 . 55 28 . 9 9  42 . 19 3 26 0 . 59 0 . 86 9 9 .2 
3 9 . 8  12 . 0 0  5 . 98 0 . 25 0 . 9  48 0 . 7 8  6 9 . 7  1 . 08 98 . 0  0 . 61 0 . 54 28 . 9 1  42 .04 4 26 0 . 7 1  0 . 85 9 9 . 4  

3 9 . 56 1 1 . 98 6 0 .2 6  1.0 52 0 . 81 72.4 1.22 98 . 3  0 . 59 0 . 48 28.86 4 2 . 19 2 1 8  0 . 80 0 . 82 9 9 . 5  
3 9 . 55 1 1 . 96 6 .02 0 . 28 1 . 9  59 0 . 96 83 . 1  2 . 08 97 . 9  0 . 54 0 . 27 28 . 81 4 2 . 33 11 0 . 92 0 . 69 9 9 . 6  
2 9 . 77 14 . 7 9  5 . 88 0 .2 6  1 . 1  35 0 . 89 72 . 4  1 . 16 9 6 . 5  0 . 45 0 .36 35 . 65 4 1 .35 4 9 0 . 7 1  0 . 80 9 9 . 0 . 
3 0 . 2 1  14 . 64 0 . 27 1.1 34 0 . 8 9  72 . 2  1 . 15 96.3 0 . 43 0 .35 35 . 2 9  4 1 . 49 5 6 0 . 7 1  0 . 80 9 9 . 0  

0 . 28 
0 . 30 
0 . 31 
0 . 28 
0 . 28 
0 . 30 

0 . 28 
0 . 27 

1 . 2  40 0 . 93 74 . 9  1 . 34 	 9 6 . 8  0 . 42 0 . 3 1  3 5 . 0 6  41 .28 4 6 0 . 81 0 . 7 6  . 9 9 . 2  
2 . 2 	 4 6  1 . 10 84 . 7  2 . 63 95 . 9  0 .39 0 . 17 35 . 11 4 1 . 28 -2 -2 0 . 87 0 . 65 9 9 . 4  

.
3 . 3  49 1 . 2 2  8 9 . 4  4 . 32 	 94 . 7  0 . 37 0 . 12 35 . 06 4 1 . 4 9  -6 -5 o . 88 o . 58 9 9 . 4  
1 . 2  3 4  1 . 03 74 . 5  1 . 04 	 9 5 . 4  0 . 4 1  0 . 3 1  38 . 92 3 1 . 7 9  1 13 0 . 63 0 . 75 98 . 8  
1 . 3  40 1 . 06 75 . 3  1 .0 6  	 9 6 . 7  0 . 4 1  0 . 30 38 . 97 3 1 . 4 4  1 5 0 . 7 6  0 . 74 99 . 2  
1 . 7  4 6  1 . 19 80 . 5  1 .4 8  	 9 6 . 2  0 . 3 9  . 0 . 22 39 .38 31 ,13 -3 1 3  0 . 8.4 0 . 65 9 9 . 3  
1 . 3  39 1 . 05 75 . 5  1 . 04 	 9 6 . 2  0 . 42 0 30 3 9 . 4 3  3 1 . 15 2 1 6  0 . 7 3  0 . 74 99 . 1  
1 . 2  39 0 . 83 7 5 . 5  1 .0 1  	 9 6 . 6  0 . 43 0 . 31 2 6 . 15 23 . 84 7 1 6  0 . 64 0 . 91 9 9 . 2  

30 •.0 8  1 4 . 55 5 .87 
30 . 03 14 . 57 5 . 87 
3 0 . 08 14 . 55 5 . 9  
30 . 07 1 6 . 15 4 . 52 
3 0 . 02 1 6 . 17 4 . 47 
30 . 04 1 6 . 34 4 . 44 

30 . 02 1 6 . 36 4 . 43 
30 . 09 10 . 85 3 . 39 
30 . 37 1 0 . 93 0 . 2 9  1 . 5  4 9  0 . 95 78 . 7  1 .2 5  95 . 9  0 . 4 1  0 .2 5  2 6 .33 23 . 9 1  4 43 0 . 80 0 . 79 9 9 . 1  
3 0 . 27 1 1 0 1  3 . 35 0 . 27 1 . 3  . 4 9  0 . 85 7 6 . 3  0 . 99 97 . 9  0 . 43 0 .30 2 6 .53 2 3 . 55 7 9 0 . 84 0 . 90 9 9 . 5  
2 9 . 88 1 1 . 00 3 . 33 0 .27 1 . 4  52 0 . 87 7 8 . 0  1 . 09 98 . 0  0 . 42 0 . 27 2 6 . 5 1  23 . 4 1  . 6  3 0 . 88 0 . 87 9.9 . 6  
2 9 . 99 1 0 . 99 3 . 33 0 . 2 9  2 . 1  54 0 . 9 j  84 . 5  1 . 66 7 . 6  0 . 40 0 . 18 2 6. 4 8  2 3 . 42 2 -7 0 , 90 0 . 7 9  9 9 . 6  
2 9 .82 1 1 . 32 2 . 4 9  0 . 28 2 . 0  54 0 . 99 84 . 0  1 . 2 0  97 . 7  0 . 4 1  0 . 19 27 . 28 17 . 5 1  4 -6 0 . 89 0 . 83 9 9 . 6  
3 0 . 06 1 1 . 33 2 . 4 9  ' "' 0 . 28 1 . 6  48 0 . 93 8 0 . 8  0 . 98 97 . 4  0 . 42 0 . 23 27 . 30 17 . 51 5 4 0 . 78 0 . 87 99 . 5  
3 0 . 0 6  1 1 . 32 2 . 48 0 . 28 1 . 6  52 0 . 94 8 1 . 2  0 . 98 97 . 9  0 . 42 " 0 . 2 3  27 .28 17 . 44 6 - 6  0 . 86 0 . 87 9 9 . 6  
2 9 . 94 1 1 . 32 2 . 4 6  0 . 28 1 . 6  40 0 . 93 8 0 . 8  1 .0 1  9 6 . 1  . 0 . 42 0 .2 3  27 .28 17 . 30 5 1 0  0 . 63 0 . 88 9 9 . 2  
3 0 . 4 8  1 1 . 24 4 . 67 20 0 . 2 8  1 . 1  39 0 .7 9  7 1 . 2  1 . 06 97 . 1  0 . 42 0 . 36 27 . 10 32 . 84 6 1 1  0 . 74 0 . 89 99 . 2  
30.43  11 . 2 1  4 . 7 1  0 .28 1 . 1 44 0 .80 7 1 . 8 1 . li 97 . 8  0 .42 0 .35 27 .02 33 . 12 6 6 0 . 87 0 .87 99 . 4  

3 0 . 4 3  1 1 . 22 4 . 68 0 . 2 9  1 . 3  48 0 . 86 7 6 . 0  1 . 38 97 . 9  0 .4 1  0 . 2 9  2 7 . 05 32 . 91 4 -2 0 . 95 0 . 82 9 9 . 5  
30 37 1 1 . 2 1  4 . 68 0 . 2 9  1 6 50 0 . 90 7 9 . 5  1 . 70 97. 7  0 . 40 0 . 2 4  27 .02 32 . 9 1  2 - 6  0 . 96 0 . 78 9 9 . 5  
30 . 55 1 1 . 20 4 . 64 0 . 31 2 . 8  53 1 . 03 87 . 5  2 . 99 9 6 . 8  0 . 38 0 . 14 27 . 00 32 . 63 -2 -13 0 . 98 0 . 68 99 . 6  
3 0 . 5 1  

3 0 . 4 9  

7 . 77 

7 . 81 

3 . 37 

3 . 32 

0 . 27 

0 .27 
1 . 0  
1 . 0  

42 
5 1  . 

0 . 75 
0 . 7 6  

6 9 . 5  
6 9 . 9  

1 . 00 
0 , 9 6  

97 . 8  
9 8 . 5  

0 . 44 
0 . 43 

0 . 39 18 . 73 23 . 6 9  
0 . 38 1 8 . 8 1  2 3 . 34 

7 

1 
1 5  

1 3  

0 . 66 

0 . 80 

0 . 93 

0 . 91 

9 9 . 3  

9 9 . 5  
30 . 43 7 . 80 3 . 33 0 . 27 1 . 0  56 0 . 77 70 . 1  0 .85 9 8 . 8  0 . 43 0 . 38 1 8 . 7 8  23 . 4 1  8 9 0 . 92 0 . 90 9 9 . 7  
3 0 . 4 4  7 . 7 6  3 . 33 0 . 28 1 .2 60 0 . 83 73 . 4  0 . 93 ' 98 . 9  0 . 42 0 .32 18 . 70 2 3 . 4 1  6 1 0 . 98 0 . 84 99 .7 
3 0 . 06 7 . 7 6  3 . 31 0 . 31 . 2 . 5  64 1 .02 8 6 . 1  2 . 02 9 8 . 2  0 . 37 0 . 15 1 8 . 7 1  23 . 27 -2 -9 1 . 01 0 . 68 9 9 . 8  
3 0 . 04 1 3 . 86 2 . 45 0 . 3 1  1 . 8  4 6  1 .2 9  7 8 . 2  1 . 02 9 6 . 7  0 . 38 0 . 2 4  33 . 39 17 . 23 -6 1 5  0 . 81 0 . 65 9 9 . 3  
30 83 13 . 90 2 . 42 0 . 2 9  1 . 8  47 1 . 08 82 . 3  1 . 01 9 6 . 5  0 . 42 0 . 2 1  33 . 4 9  17 . 02 2 1 2  0 . 89 0 . 78 9 9 . 4  
30 . 95 13 . 88 2 . 42 0 . 2 9  1 . 8  51 1 . 09 82 . 4  1 . 00 97 . 2  0 . 42 0 . 2 1  3 3 . 4 4  17 . 02 2 5 0 . 97 0 . 78 9 9 . 5  
30 . 84 1 3 8 9  2 ;38 0 . 30 2 . 5  53 1 . 2 1  8 6 . 5  1 . 37· 9 6 . 8  0 . 40 0 . 16 33 47 1 6 . 74 - 2  - 3  0 . 99 0 . 70 99 . 6  
3 0 . 7 2  13 . 91 2 . 28 0 . 2 9  1 . 9  45 1 . 10 83 . 1  1 . 00 9 6 . 1  0 . 4 1  0 . 20 33 . 52 1 6 . 03 1 1 0  0.85 0 . 78 99 . 3  
30 . 74 1 3 . 7 9  2 . 4 2  0 . 2 9  1 . 9  45 1 . 08 82 . 4  1 . 0 1  9 6 . 3  0 . 41 0 .2 1  33 . 24 17 . 02 1 9 0 . 87 0 . 78 99 . 4  
3 0 . 62 13 .78 2 . 4  0 . 2 9  1 . 9  45 1 . 02 8 3 . 7  1 .0 1  9 6 . 2  0 . 42 0 . 20 3 3 . 2 1  1 6 . 88 3 7 0 . 89 0 . 83 99 . 4  
30 . 62 1 3 .74 

3 0 . 3 9  14 : 10 

2 . 37 

2 . 55 3 5  
0 . 31 
0 .28 

3 . 6  

1 . 8  
52 

42 

1 .2 0  

1 . 04 

90 . 4  

82 . 5  

1 . 92 
i .02 

9 5 . 4  

9 6 .  
0 . 3 9  

0 . 41 

0 . 11 33 . 1 1  1 6 . 67 

0 . 2 1  33 . 98 17 . 93 
- 3  

5 
- 8  

2 
0 . 97 
0 . 82 

0 . 7 1  
0 . 81 

9 9 . 6  

9 9 . 3  
30 . 4 9  13 . 95 2 . 54 0 . 28 1 . 8  38 1 . 03 82 . 3  1 . 02 9 5 . 0  0 . 42 0 . 2 1  33 . 62 1 7 . 8 6  5 11 0 . 74 0 . 82 9 9 . 1  
30 . 45 13 . 95 2 . 51 0 . 2 9  2 . 3  50 1 . 12 8 5 . 8  1 . 2 9

. 
97 . 1  0 . 40 0 . 17 33 . 6l 17 . 65 3 -19 0 . 96 0 . 75 99 . 6  

30 . 47 13 . 94 2 . 4 6  0 . 33 6 . 6  56 1 . 4 9  94 . 4  3 . 81 93 . 6  0 . 3 6  0 . 0 6  33 . 60 17 . 30 -7 -23 0 . 98 0 . 57 9 9 . 6  
3 0 . 4 5  13 . 91 2 . 4 2  0 . 28 1 . 9  42 1 . 02 83 . 5  1 . 01 9 5 . 7  0 .4 1  0 . 2 0  33 . 52 17 .02 4 7 0 . 82 0 . 83 99 . 3  
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7 . 4  
8 . 3  

3 . 4  7 . 0 

3 . 4  7 . 1  

3 . 3  6 . 7  
6 . 7  0 . 3  

3 . 4  
6 . 7  

5 . 6  0 . 3  

5 . 6  7 . 3  0 . 3  

3 . 4  
9 . 7  

3 . 4  7 . 2 9 . 1  
6 . 9  

7 . 9  

3 . 4  6 . 9  

7 . 0 9 . 0  
5 .7 5 . 9  

0 . 5  

3 . 3  

7 . 7  1 . 5  

3 . 7  0 . 0  

3 . 1  0 . 1  

1 . 4  

5 . 4  
1 . 3  

3 . 9  

1 .7 1. 0 

5 . 9  

6 . 1  
6 . 2  
6 . 2  1 .  7 

6 . 0  0 . 6  

5 . 1  0 . 6  

3 . 4  

4 . 9  0 . 5  

5 . 5  0 . 6  

6 . 1  

6 . 3  0 . 8  

4 . 9  1 . 7 

4 . 8  0 . 8  

4 . 0  1 . 0  

3 . 3  1 . 0  

5 . 6. 1 . 2  

5 . 4  

4 . 3  0 . 7  
0 . 7  

4 . 5  
2 . 5  0 . 4  

TP-3561  

Table B-5 . Data Summary for Direct-Contact Condenser Tests ( Continued ) 

NOTE : DATA USED FOR GENERAL REFERENCE - DISCREPANCIES IN SOME READINGS WERE FOUND, WELL OUTSIDE OF PREDICTED 

Note : Some data were obtained from T differences when DT sensors were over range, - or were calculated from other 

· 
Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 DP2 Pexh 

(C) 1 i 1 2 2 2 (kPa) (Pal  

881214 . 007 ' 2 6 . 5  6 . 5  6 . 52 14 . 4  3 . 3  6 . 2  7 . 8  o . o  7 . 3  1 . 2  5 . 8  2 . 781 1 . 65 -0 . 9  10 . 8  0 . 708  

5 . 9  2 . 778 1 . 674 5.4 10 . 4  0 . 722 881214 . 008 2 6 . 5  6 . 5  6 . 4 6  14 . 6  3 . 3  5 . 7  8 . 1  -0 . 0  
881214 . 009 2 6 . 5  6 . 3  6 . 15 13 . 5  3 . 4  5 . 6  7 . 2  0 . 3  6 . 8  2 . 7 4 6  1 . 545 33.7 28 . 5  0 . 647 

6 . 6  2 . 748 1 . 535 28 . 3  26 . 3  0 . 643 881214 . 0 1  2 6 . 5  6 . 2  6 . 10 13 . 3  3 .l 6 . 0  7 . 1  0 . 2  
881214 .011 2 6 . 5  6 . 3  6 . 21 13 . 2  3 . 6  6 . 1  6 . 9  0 . 1  ,2 . 8  0 . 1  6 . 2  2 . 709 1 . 529 2 1  2 5 . 8  0 . 64 1  

881215 .003 2 6 . 5  6 . 4  6 . 33 - 13 . 3  6 . 7  6 . 3  6 . 9  0 . 3  6 . 3  4 . 8 2 . 235 1 . 545 51 . 1  53 . 6  0 . 734 

881215 . 004 2 6 . 5  6 . 4  6 . 35 13 . 3  6 . 8  6 . 3  6 . 9  0 . 4  6 . 3  0 . 4  5 . 9  2 . 234 1 . 548 53.2 4 8 . 3  0 ;593 

8812 15 . 005 2 6 . 6  6 . 7  6 . 59 13 . 6  6 . 7  6 . 3  6 . 9  0 . 4  6 . 3  0 . 2  6 . 3  2 . 248 1 . 572 53 . 1  43 . 9  0 . 522 

881215 . 006 2 6 . 6  6 . 7 6 . 61 13 . 9  6 . 7  6 . 4  7 . 2 0 . 3  4 . 9  0 . 3  6 . 7  2 . 255 1 . 606 4 2 . 3  22 . 6  0 . 438 
8812 15 . 008 2 6 . 6  6 . 7  6 . 59 13 . 6  6 . 7  6 . 3  7 . 0 0 . 3  6 . 3  0 . 2  6 . 3  2 . 2 6 1  1 . 579 4 8 . 8  4 4 . 4  0 . 539 

881215 . 00 9  2 6 . 6  6 . 7  6 . 60 13 . 6  6 . 7  6 4 6 . 9  0 . 3  6 . 3  0 . 3  6 . 2  2 . ? 6 8  1 . 57 9  48.7 4 6 . 9  0 . 537 

881215 .01 2 6 . 6  6 . 7  6 . 66 13 . 9  6 . 7  6 . 5  7 . 2 0 . 2  5 . 2  0 . 2  6 . 6  2 . 275 1 . 61 41 2 3 . 7  0 . 428 

8812 15 .011 2 6 . 7  6 . 9  6 . 83 14 . 5  2 . 4 6 . 2  7 . 6  0 1 7 . 0  1 . 0  5 . 7  2 . 958 1 . 669 35 . 4  2 9 . 5  0 . 896 
8812 15 . 012 2 6 . 7  6 . 8  6 . 80 14 . 5  2 . 4  6 . 3  7 . 6  o . o  7 . 0 0 . 5  6.4 2 . 96 1 . 674 32 . 6  27 . 4  0 . 77 

881215. 013 2 6 . 7  6 . 8  6 . 7 3  14 . 5  2 .4 6 . 3  7 . 7  o . o  7 . 0 0 . 2  . 6 . 9  2 . 961 1 . 675 3 0 . 8  24 . 1  0 . 66 
881215 . 014 2 6 . 2  6 . 6  6 . 55 14 . 3  2 . 2 6 . 2  7 . 7 0 . 1  4 . 6  . 0 . 1  6 . 9  2 . 94 6  1 . 661 3 8 . 7  22 . 2  0 . 7 9 1  
8812 15 . 0 15 2 6 . 3  6 . 5  6 . 45 13 . 8  2 . 2  6 . 2 7 . 3 0 . 3  6 . 3  0 . 1  6 . 5  2 . 938 1 . 595 5 1 . 3  3 9 . 8  0 . 86 9  

881215 . 016 2 6 . 4  6 . 5  6 . 44 1 3 . 7  2 . 2  6 . 2  7 .2 0 . 3  6 . 4  0 . 5  5 . 9  2. 934 1 . 589 54 . 8  50 . 1  1 . 036 

Deaerated cold seawater tests 

88122 2 . 002 2 6 . 2  6 . 5  6 . 44 13 . 5  3 . 3  6 . 3  7 . 0 0 . 1  0 . 6  6 0 2 .731 1 . 564 25 . 6  34 .7 0 . 664 
5 . 0  2 . 72 1 . 562 4 5 . 9  5 9 . 8  0 . 835 881222 . 003 2 6 . 2  6 . 7  6 . 59 13 . 5  3 . 4  6 . 2  6 . 8  0 . 3  5 . 9  

1 . 0  6 . 3  2 . 722 1 . 625 38 . 1  1 6 . 8  0 . 574 6 . 7  6 . 63 14 . 1  3 . 3  6 . 5  0 . 2881222 . 004 2 6 . 2  
6 . 8  2 . 72 9  1 . 7 05 3"7 . 9  9 . 6  0 . 494 6 . 6  6 . 56 14 . 9  3 . 3  0 . 26 . 5881222 . 005 2 6 . 2  

0 . 8  6 . 0  2 . 7 15 1 . 57 6  48 . 7  45 0 . 76 . 6  6 . 2  0 . 3  5 . 76 . 54 13 . 6  881222 .006 2 6 . 2  
0 . 1  0 . 8  6 . 0  2 . 735 1 . 595 4 1  42 . 9  0 . 689 6 . 6  6 . 1881222 . 007 2 6 . 2  6 . 52 1 3 . 7  

881222 . 008 2 6 . 2  9 . 0  8 . 96 15 . 7  3 . 3  5 . 5  6 . 7  0 1  6 . 0  0 . 6  5.8 2 . 741 1 . 811 40.4 39.2 0 . 517 

881222 . 009 2 6 . 3  9 . 3  9 . 24 16 . 0  5 . 6  0 . 8  5 . 7  2 . 741 1 . 837 4 0 . 4  4 1 . 1  0 . 52 6  0 . 2  
0 . 9  5 . 5  2 . 732 1 . 85 47 . 8  42 .7 0 . 529 881222 . 0 1  2 . 3  9 . 4  9 . 36 1 6 . 1  3 . 4  5 . 7  

4 . 7 2 . 73) 1 ;875 52 . 9  48.2 0 . 615 5 .7 6 . 6  0 . 3881222 . 0 1 1  2 6 . 3  . 9 . 7  9 . 65 . 1 6 . 4  
6 . 0  2 . 745 1 . 896 50 . 8  27 •.7 0 . 481 3 . 3  5 . 6  0 . 3881222 . 012 2 6 . 3  9 . 9  9 . 7 8  16 . 5  
6 . 2  2 . 747 1 . 911 4 7 . 9  12 .7 0 . 4 17 3 . 3  6 . 9881222 .013 2 6 . 3  9 . 8  9 . 7 2  1 6 . 7  

0 . 7  6 . 5  2 . 751 1 . 951 4 1 . 8  4 . 3 0 . 3 61 881222 . 0 14 2 6 . 3  9 . 7  9 . 63 17 . 0  3 . 3  

881227 . 002 2 6 . 1  6 . 3  6 . 23 1 6 . 4  9 . 4  2 . 617 1 . 889 2 1 . 5  . 4 8 . 2  0 . 743 0 . 07 . 5 10 . 1  
9 . 1  2 . 614 1.85 29.5 65.3 0 . 814 . 88122 7 . 003 2 6 . 1  6 . 4  6 . 27 1 6 . 1  3 . 4  7 . 4 o . o  

881227 . 004 2 6 . 2  6 . 4  6 . 2 6  15 . 5  0 . 4  8 . 4  2 . 638 1 . 791 61 . 1  102 . 6  0 . 954 0 . 3  
7 . 5  2 . 647 1 . 742 7 6 . 1  1 4 3 . 5  1 . 103 6 . 3  6 . 19 15 . 1  3 . 4  8 . 8  0 . 4881227 . 005 2 6 . 2  

0 . 8  5 . 1  2 . 64 2  2 . 305 104 . 9  94 . 8  0 . 7 1  12 . 0  1 1 . 85 1 9 . 8  3 . 3  6 . 5881227 . 006 2 6 . 1  
6 . 6  2 . 638 2 . 33 9 8 . 7  68 . 2  0 . 604 881227 . 007 2 6 . 1  11 . 9  1 1 . 80 20 . 0  3 . 3  6 . 5  8 . 1  0 . 8  

11 . 9  11.78  20 . 7  7 . 2 2 . 627 2 . 424 83 . 2  39 0 . 53 o . 78 . 8881227 . 008 2 6 . 1  
7 . 4 2 . 614 2 . 464 84 3 2  0 . 513 12 . 0  1 1 . 8 6  2 1 . 0  3 . 3  0 . 7881227 . 00 9  2 6 . 1  
4 . 7 2 . 757 1 . 456 4 0 . 7  24 0 . 58 1  .6 . 4  6 . 32 12 . 3  3 . 3  0 . 2881228 . 002 2 6 . 0  

881228 . 003 2 6 . 0  6 . 5  6 . 38 12 . 7  3 . 3  5 . 8  6 . 2  0 .7 5 . 5  2 . 746 1 . 464 47 . 4  1 5 . 1  0 . 47 

881228 . 004 2 6 . 0  6 . 4  6 . 33 1 3 . 7  3 . 3  6 . 1  7 . 2  1 . 1  5 . 8  2 . 728 1 . 5  4 5 . 2  -2 0 . 39 

881228 . 005 2 6 . 1  6 . 7 6 . 58 12 . 3  3 . 3  5 . 7  5 . 7  _ -o . o  5 . 5  5 . 0  2 . 725 1 . 481 4 7 . 3  1 6 . 3  0 . 491 
0 . 5  5 .7 2 . 731 1 . 51 47 . 3  -1 . 4  0 . 389 881228 . 00 6  2 6 . 1  6 . 6  6 . 52 12 . 6  3 . 3  6 . 0  6 . o  -o . o  

6 . 5  2 . 736 1 . 575 4 4 . 5  -9.4 0 . 327 8812 2 8 . 007 2 6 . 0  6 . 4  6 . 30 13 . 3  6 . 6  7 .0 o .o 
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Table B-5 . Data SUlllllary -for Direct-Contact Condenser Tests ( Cont inued ) 

OR MARGINS 

multiple sensor readings 

Qww Qcw, 1 Qcw, 2 Leak Xii, 1 Xii, 2 Xio Ja1 F1 Ja2 F2 · G1 G2 L1 L 2  ErrorError Vent Total Total 
(1/s) corr (mq/s) (%) · (%) (kq/m2s )  Heat NC Ratio Eff F 

30 . 48 1 3 . 95 2 . 39 0 . 2 9  1 . 8  41 1 . 09 82 . 5  1 . 02 9 5 . 7  0 .4 1  . 0 .21 33 . 62 16 .a1 3 8 0 . 7 9  0 . 78 9 9 . 2  
30 . 55 13 . 94 2 . 3a 0 . 31 1 . a  41 1 . 19 ao . 6  1 . 02 95 . a  0 . 39 0 . 22 33 . 60 1 6 . 7 4  -2 8 0 . 7 5  0 . 71 9 9 . 2  
2 9 . 7 5  13 . 93 5 . 9a 0 . 2 9  1. 5 45 1 . 04 77 . 6  1 . a5 97 . 0  0 . 3 9  0 . 2 6  33.58 4 2 . 0 6  -1 3 0 . 89 0 . 67 9 9 . 3  
2 9 . 79 13 . 94 5 . 9a 0 . 2 9  1 . 7  45 1 . 01 a 1 . 2  2 . 11 9 6 . 5  0 . 40 0 . 22 33 . 60 4 2 . 0 6  2 3 0 . 90 0 . 69 9 9 . 3  
2 7 . 9 1  13 . 92 5 . 99 0 . 27 1 . a  44 0 . 99 a2 . 9  2 . 24 9 6 . 1  0 . 39 0 . 20 33 . 55 42 . 13 0 4 0. 91 0 . 70 9 9 . 3  
15 . 4 6  1 3 . 7 3  3 . 64 0 . 14 0 . 7  33 0 . 90 7 a . 4  1 . 02 9 6 ; 2  0 . 4 3   0 . 27 3 3 . oa 2 5 . 60 5 20 0 . 63 0 . 87 · 9 9 . 2  
15 . 4 3  1 3 . 7 2  
1 5 . 4 2  1 3 . 72 

3 . 63 
3 . 65 

0 . 14 
0 · 14 

0 . 7  
0 .7 

40 
43 

0 . 90 
0 . 90 

7 a . 7  
7 a . 7  

1 . 04 
1 . 04 

97 . 2  
97 . 7  

0 . 43 
0 . 43 

0 . 27 3 3 . 0 6  2 5 . 53 
0 . 27 3 3 . 0 6  2 5 . 67 

5 
6 

19 
1 4  

0 . 7 6  
0 . 81 

0 . 87 
0 .  87 

9 9 . 4  
9 9 . 5  

1 5 . 4 4  1 3 . 7 4  3 . 63 0 . 14 47 0 . 9a a 3 . 0  1 . 40 97 . 6  0 . 4 1  0 . 20 33 . 11 2 5 . 53 3· 6 o . a8 0 . 81 99 . 6  
44 0 . 90 7 8 . a  1 . 04 97 . 6  0 . 43 0 . 27 3 3 . 08 2 5 .53 5 2 0  0 .82 0 . 87 99 ; 5  
43 0 . 90 7 a . 8  1 . 04 97 . 6  0 . 43 0 .27 33 . 06 2 5 . 53 6 1 8  0 . 7 9  0 . 88 9 9 . 5  
47 0 . 95 82 . 1  1 . 30 97 . 9  0 . 42 0 . 22 33.06  2 5 . 53 5 6 0 . 88 0 . 83 9 9 . 6  

15 . 4 1  1 3 . 7 3  3 . 63 

15 . 4  1 3 . 7 2  3 . 63 
15 . 42 1 3 . 7 2  3 . 63 

41 1 . 04 a2 . 4  1 . 02 94 . 5  0 . 4 1 0 . 2 1  33 . 31 17 . 5 8  2 9 0 . 72 0 . 81 9 9 . 043 . 15 13 . 82 2 . 5  
4 3 . 2 1  13 . a 1  2 . 49 4 6  1 . 05 82 . 6  1 . 02 95 . 6  0 . 41 0 . 2 1  " 3 3 . 2 9  1 7 . 5 1  2 5 0 . 82 0 . 80 9 9 . 2  

50 1 . 06 82 . 9  1 . 01 9 6 . 4  0 . 4 1  0 . 20 3 3 . 2 6  17 . 4 4  2 -2 0 . 8 9  0 . 80 9 9 . 4  
50 1 . 08 83 . 5  1 . 4 9  9 5 . 4  0 . 40 0 . 19 3 3 . 2 1  24 . 61 - o  11 0 . 8 9  o . 73 9 9 . 2  
46 0 . 97 7a . a  1 . 05 9 6 . 0  0 . 42 0 . 2 6  33 . 06 24 . 54 3 1 1  0 . 83 0 . 82 9 9 . 1  

4 3 . 14 13 . aO 2 . 4a 
4 6 . 91 1 3 . 7 a  3 . 5  0 . 45 

4 6 . 61 13 . 7 2  3 .49 
4 6 . 52 13 . 7 0  3 . 31 0 .43 2 . 3 4 2  0 . 96 7 9 . 0  1 . 03 94 . 7  0 . 42 0 . 2 5  33 . 0 1  2 3 . 2 8  2 1 8  0 . 7 4  0 . 83 98 . 9  

30 . 57 13 . 1 0  3 . 4 5  20 0 . 30 1 . 8  42 0 . 93 a 1 . 1  1 . 1a 96 . 3  0 . 40 0 . 22 3 1 . 5a 24 . 2 6  - 1  3 0 . 85 o . a4 9 9 . 3  
3 0 . 4 5  13 . 0a 3 . 37 0 . 30 1 . 6  34 0 . 91 7 9 . 6  1 . 04 95 . 1  0 . 4 0  0 . 24 31 . 52 2 3 . 70 -1 4 0 . 67 o . a7 9 9 . 0  

30 . 5  13 . 0 6  3 . 34 0 . 3 1  2 . 5 46 1 . 02 8 6 . 3  1 . 6a 95 . 6  0 . 3a 0 . 15 3 1 . 4 7  23 . 4 9  -4 - 3  0 . 87 0 . 77 99 . 4  

30 . 5a·  13; 0 6  3 . 3 9  0 . 33 5 . 3  51 1 . 22 93 . 1  3 . 91 92 . 7  0 . 36 0 . 07 3 1 . 4 7  23 . a4 -9 -a o . 9o o . 65 9 9 . 5  
30 . 6  13 . 07 3 . 4 0 .30 1 .7 42 0 . 94 ao . 1  1 .09 9 6 . 2  0 . 39 0 . 2 3  31 . 50 23 . 91 -2 a o . a1 o . a4 9 9 . 2  

30 . 59 13 . 1a 3 . 4 6  0 . 30 1 . 6  4 5  0 . 97 7 9 . 0  1 .0 6  9 6 . 6  0 . 39 0 . 2 4  31 75 2 4 .33 -2 12 o . a2 o . a1 9 9 . 3  
30 . 57 13 . 3 6  3 . 4 9  0 . 32 1 . 6  42 0 . 9a 7 7 . 4  1 . 03 97 . 5  0 . 37 0.25 32 . 1a 24 .53 -7 -2 9 0 .83 o . a1 9 9 . 4  
30 . 7 9  13 . 54 3 . 5  0 . 31 ' 1 . 6  4 1  0 . 97 7 7 6  1 . 02 97 . 4  0 . 3a 0 . 25 32 . 6 1  24 . 60 - 6  -32 o . a1 o . a2 9 9 . 4  
30 . 67 13 . 4 3  3 . 57 0 . 31 1 . 5  40 0 . 95 77 . 1  1 .0 1  97 . 5  0 . 3 9  0 .2 6  32 .35 2 5 . 0 9  -5 -35 0 . 7a o .a3 99 . 4  

30 . 7  1 3 . 3 5  3 64 0 . 3 1  1 . 5  35 0 . 93 7 6 . 5  0 . 98 9 6 . 9  0 . 39 0 . 2 6  32 . 15 2 5 . 5  - 5  -33 0 . 67 0 . 83 9 9 . 3  
30 . 65 13 . 35 3 . 62 0 . 31 1 . 5  4 3  0 . 96 77 . 3  1 . 05 97 . 7  o . 3a o . 2s 32 . 15 2 5 . 4 4  -6 -3a o . a5 o . a2 9 9 . 5  

30 . 5  13 . 37 3 . 64 0 . 32 1 . 8  45 1 . 02 7 9 . 9  1 .2 6  97 . a  o . 37 0 . 2 2  32 . 2 0  2 s . sa - a  -51 o . a9 0 . 11 9 9 . 6  

30 . 55 13 . 3 9  3 . 6a 0 . 35 2 . 6  47 1 . 16 a5 . 4  1 . 97 97 . 3  0 . 34 0 . 15 32 .25 2 5 . 87 -14 -66. 0 . 91 0 . 67 99 . 6  
4 6 . 13 1 5 . 2 0  5 . a9 25 0 . 32 1 . 7  5 6  1 . 10 7 9 . 7  1 . 64 97 . 7  0 .56 0 .33 3 6 . 6 4  4 1  .42 . -9 1 3  0 . 8 9  0 . 65 9 9 . 5  

4 6 . 16 15 . 2 1  5 . 9  0 . 32 1 . 5  5 4  1 . 05 11 . 1  1 . 43 97 . 7  o . 57 o . 3a 3 6 . 66 4 1 . 4 9  - a  1 a  0 . 86 o . 69 9 9 . 5  
" 45 . 68 15 . 16 5 . 96 0 . 31 1 . 4  ·51 0 . 98 74 . 6  1 . 2 9  97 . 4  0 . 57 0 . 42 36 . 54 4 1 . 91 - 7  2 6  0 . 7 8  0 . 73 9 9 . 3  

4 5 . 74 1 5 . 3 0  5 . 9  0 . 32 1 . 3  45 0 . 96 7 3 . 3  1 .2 0  9 6 . 9  0 . 56 0 . 4 4  36 . a7 4 1 . 4 9  . -7 2 7  0 . 67 0 . 74 9 9 . 2  
4 5 . 34 1 5 . 2 3  6 . 19 0 . 35 1 . 6  3 4  0 . 96 7 6 . 0  1 . 4 9  97 . 3  0 . 51 0 . 3 6  36 . 6a 4 3 . 4 8  -1a -66 0 . 54 0 . 74 9 9 . 3  

4 5 . 3  15 . 1a 6 0 .35 1 .  7 43 0 . 99 77 . 2  1 . 61 97 . 8  0 . 50 0 . 33 36 . 55 4 2 . 15 -18 -50 . 0 . 72 0 . 72 
_ 
99 . 5  

4 5 . 2 7  1 5 . 2 0  6 . 07 0 . 34 2 . 0 4 7  1 . 06 8 1 . 0  2 . 11 97 . 9  0 . 51 0 . 28 36 . 60 4 2 . 64 -17 -56 0 . 77 0 . 67 9 9 . 6  
45 . 1a 1 5 . 2 a  6 .0a 0 . 35 2 . 4 4 7  1 . 1 1  a 3 . a  2 . 61 97 . 6 0 . 50 0 .24 3 6 . 7 8  4 2 . 7 1  - 1 a  -59 0 .77 0 . 64 9 9 . 6  

1 5 . 2 7  6 . 19 2 . 01 0 . 32 1 . 4  . 32 o . a2 7 4 . 9  1 .02 94 . 1  0 . 18 0 . 13 14 . 93 14 . 14 - 9  23 0 . 7 1  0 . 91 9a . 5  
15 . 27 

15 . 2 6  

6 . 1 9  

6 . 2 1  

2 

1 . 99 

0 . 32 

0 . 33 
. 1 . 5  

1 . 9  
39 

4 4  

o . a6 

1 . 00 

75 . 9  

8 1 . 0  

1 .05 

1 . 4 1  

9 5 . 4  

9 5 . 5  

0 .18 

0 . 1a 

0 . 13 14 .93 14 .06 

0 . 10 14 9a 13 . 9 9  
- 9  
- 9  

2 1  
1 6  

o . a3 
o . aa 

o . a7 
0 . 75 

a . 9  
9 9 . 1  . 

1 5 . 27 6 . 3 1  1 . 95 0 . 32 1 . 5  3a o . ao 7 6 . 1  1 . 01 95 . 1  0 . 1a 0 . 13 15 . 2 1  1 3 . 7 1  -9 24 0 . 7 9  0 . 94 9a . a  

15 . 2 5  6 . 32 1 . 99 0 . 32 l . a  44 o . a5 ao . 3  1 . 32 95 . 7  0 .1a 0 . 10 1 5 . 2 3  1 3 . 9 9  - 8  16 o . a8 o . a9 9 9 . 2  

15 . 2  6 . 30 2 . 03 0 . 32 3 . 2  4a 0 . 97 aa . 6  . 2 . 63 94 . 3  0 . 18 0 . 0 6  15 . 1a 14 . 2a - 6  10 0 . 90 0 . 77 99 . 3  
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Table B-5 . Data Summary for Direct-Contact Condenser Tests ( Concluded ) 

NOTE : DATA USED FOR GENERAL REFERENCE - DISCREPANCIES IN SOME READINGS WERE FOUND, WELL OUTSIDE OF PREDICTED  

Note : Some data were obtained from T differences when DT sensors were over range, or were calculated from other  

Identifier Twwi Tcwi, 1 Tcwi, 2 Tsi, 1 DTww DTcw DTsiwiDTsiso DTcw DTsowiDTsiso Pevap Pi, 1 DP1 DP2 Pexh  

(C) 1 1 1 2 2 2 (kPa) (Pal 

Fresh water 

8 9010 6 . 002 25 . 3  9 . 6  9 . 47 1 6 . 1  3 . 3  6 . 1  6 . 5  o . s  6 . 1  1 . 5  4 . 3  2 . 563 1 . 877 4 9 . 2  2 1 . 4  0 . 5 17 

890106 . 003 2 5 . 3  9 . 5  9 . 42 0 . 6  5 . 4  2 . 567 1 . 875 501 6 . 1  6 . 1  6 . 6  0 . 6  6 . 1  13 0 . 4 5 6  
0 . 3  5 . 9  2 . 582 1 . 895 89010 6 . 004 2 5 . 3  9 . 6  9 . 51 . 1 6 . 2  6 . 3  6 . 7  0 . 6  5 . 9  -1 . 8  0 . 4 19 

2 5 . 3  9 . 42 1 6 . 7  3 . 2  6 . 3  7 . 3 0 . 6  4 . 1  0 . 4  6 . 3  2 . 589 1 . 944 4 8 . 1  -18 . 5  0 . 351 8 90106. 005 
6 . 4  0 .7 3 . 5  0 . 5  6 . 4  2 . 603 1 . 97 89010 6 . 00 6  2 5 . 3  9 . 5  9 . 38 1 6 . 9  3 . 2  39 . 4  -19 . 8  0 . 34 6  

2 5 . 3  9 . 7  9 . 64 1 6 . 3  3 . 3  6 . 1  6 . 6  0 . 6  6 . 1  0 . 7  2 . 587 1 . 905 12 . 6  -17 . 9  0 . 47 1  89010 6 . 007 

89010 6 . 008 25 . 3  9 . 8  9 . 68 1 6 . 3  3 . 3  6 . 1  6 . 6  0 . 6  6 . 1  0 . 7  5 . 3  2 . 6  1 . 908 18 17 . 8  0 . 472 
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Table B-5 . Data Summary for Direct-Contact Condenser Tests (Concluded ) 

ERROR MARGINS 

multiple sensor readings 

Oww Ocw, 1 Ocw, 2 Leak Xii, 1 Xii; 2 Xio Ja1 F1 Ja2 F2 G1 G2 L1 L 2  ErrorError Vent Total Total 
(1/s) corr (mq/s )  (%) (%) (kq/m2s )  Heat NC Ratio Eff F 

30 . 98 13 . 07 3 . 38 0 . 32 1 . 3  0 . 91 7 6 . 86 0 . 95 9 7 . 2 6  0 . 37 0 . 2 5  30 . 68 23 . 15 -5 -14 0 . 69 0 . 87 
30 . 99 13 . 05 0 . 32 1 . 5  4 1  0 . 91 .  77 . 14 0 . 95 9 7 . 7 9  0 . 37 0 . 25 30 . 63 23 . 08 -5 -2 0 . 84 0 . 87 
3 0 . 9 6  13 . 07 3 . 37 0 . 32 1 . 6  0 . 94 7 7 . 94 1 . 0 1  97 . 98 0 . 37 0 . 24 30 . 68 23 . 08 -5 -2 0 . 91 0 . 85 9 9 . 6  
3 0 . 9 1  12 . 99 0 . 35 2 . 0  4 7  1 . 11 83 . 14 1 . 57 9 7 . 6 9  0 . 34 0 . 17 30.48 22 . 94 -13 -15 0 . 93 0 . 72 9 9 . 6  
30 . 86 1 3 . 04 0 . 37 2 . 3 48 1 . 18 84 . 89 1 . 85 9 7 . 4 2  0 . 33 0 . 14 30 . 60 22 .87 -13 -13 0 . 94 0 . 67 99 . 6  
3 0 . 9 6  1 3 . 0 6  0 .32 1 . 5  4 1  0 . 91 7 6 . 95 0 . 95 97 . 73 0 . 37 0 . 25 30 . 65 2 3 . 28 -2 1 0 . 92 0 . 87 9 9 . 5  
30 . 98 1 3 . 06 3 . 36 0 . 32 1 . 6  4 1  0 . 91 7 7 . 18 0 . 95 97 . 70 0 . 37 0 . 25 30 . 65 23 .01 -5 1 0 . 86 0 . 87 99 . 5  
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Table B-6 . Effect of Principal Parameters on Cocurrent Stage 

Data file Tcwi , 1  

( C) 

Tsi, 1 DTcw 

1 

Pi1 1 

(kPa) 

DP1 

'(Pa) 

Xii, 1 

(%) 

G1 L1 

(kq/m2s) 

Ja1 F1 

(%) 

Effl 

Effect of . Jakob Number (coaxial data) 

8904 13.006 6 . 0  1 3 . 2  7 . 08 1 . 573 18 . 3  0 . 34 0 . 4 1  25 . 68 0 .75 70 . 9  0 . 94 

8904 13 . 005 6 . 0  13.4  1 6 . 4  0 . 34 0 . 4 1  25 . 68 0 . 78 7 3 . 6  0 . 94 

890307 . 006 6 . 2  12 . 5  6 . 2 5  1 . 523 1 9  0 . 33 0 . 41 32 . 03 0 . 81 77 . 9  0 . 96 

890310 .002 6 . 6  12 . 8  6 . 2  1. 522 1 6 . 5  0 . 33 0 . 4 1  32 . 16 0 . 82 77 . 7  0 . 94 

890307 .003 6 . 1  12 . 6  6 , 42 1. 528 1 8  0 . 33 0 . 4 1  32 . 04 0 . 84 7 9 . 8  0 . 95 

890413 . 009 5 . 9  12 . 5  6 . 2 5  1 . 501  -3 . 5  0 . 34 0 . 41 3 2 . 4 2  0 . 85 7 8 . 7  0 . 93 

890413 .008 5 . 9  12 . 6  6 .26  1 . 518 . 0 . 34 . 0 . 4 1  32 . 4 5  0 . 87 80 . 0  0 . 92 

890426 . 01 6 . 2  14 . 8  8 . 44 2 . 1  1 3 . 7  0 . 31 0 . 4 1  25 . 27 0 . 88 82 . 2  0 . 94 

890317 . 006 6 . 2  1 3 . 5  6 . 47 1 . 52 6  19 . 1  0 . 33 0 . 4 1  31 . 6 3  0 . 89 80 . 5  0 . 90 

890306. 005 

890306 .006  

6 . 2  

6 . 3  

12 . 7  

12 : 9 

6 . 3  

6 . 36 

1 . 497 

1 . 506 

2 . 8  

1. 7 

0 . 27 

0 . 27 

0 . 4 0  

0 . 40 

33 . 37 
.
33 . 40 

0 . 90 

0 . 91 

83 . 4  

84 . 2  

0 . 93 

0 . 93 

890317 . 007 6 . 1  13 . 8  6 . 8  1 . 54 6  0 . 33 0 . 4 1  3 1 . 61 0 . 92 83 . 4  0 . 91 

89030 6 . 009 6 . 3  12 . 9  6 . 43 1 . 506 0 . 27 0 . 40 33 . 47 0 . 93 86 . 1  0 . 93 

890306 . 008 6 . 1  1 3 . 2  6 . 8  1 . 535 -1 . 6  0 . 27 0 . 40 3 3 . 4 0  0 . 99 90 . 8  0 . 92 

Effect of Steam Loading (side-by-side data) 

88120g . 007 6 . 2  13 . 1  5 . 9  1 . 489 -13 . 2  0 . 27 0 . 22 1 8 . 05 . 0 . 9 6  7 8 . 8  0 . 82 

881212 . 012 6 . 4  15 . 3  7 . 6  1 . 756 13 . 7  0 . 29 0 . 4 1  2 6 . 33 0 . 95 7 8 . 7  0 . 82 

881215 . 016 6 . 5  1 3 . 7  6 . 2  1 . 589 54 . 8  0 . 4 3  0 . 42 3 3 . 0 1  0 . 96 7 9 . 0  0 . 82 

881201 . 012 6 . 3  13 .4  . 6 . 1  1 . 556 2 9 . 3  0 . 0 0 . 43 34 . 16 0 . 94 17 . 9  0 . 83 

881208 .006  6 . 5  14 . 2  6 . 5  · 1 . 62 1  74 . 8  0 . 2 6  0 . 44 32 . 7 3  0 . 96 78 . 2  0 . 82 

881207 . 006 6 . 2  1 5 . 2  7 . 5 1 .732 30 . 5  0 . 28  0 . 52 33.44  0 . 96 77 . 6  0 . 81 

881209 .013 6 . 2  15 . 4  7 . 2 1 . 773 5 1 . 6  0 . 2 6  0 . 60 37 . 61 0 . 96 73.0 0 . 76  

6 . 2  1 5 . 4  7 . 2  1 .78  39 . 6  881209.01 0 . 2 6  0 . 60 37 . 6 1  0 . 96 7 2 . 8  0.76  

881209 .014 6 . 2 15 . 4  7 . 2 1 . 774 5 6 . 8  0 . 25 0 . 61 37 . 51 0 . 95 72 . 2  0 . 7 6  

Effect o f  Inlet Steam saturation Temperature 

890413.011 6 . 0  12 . 3  6 . 28 1 . 483 13 . 1  0 . 32 0 . 44 3 6 . 77 0 . 90 84 . 8  0 . 94 

890414 .002 6 . 0  12 . 8  6 .75  1 . 526 2 1 . 2  0 . 32 0 . 47 3 6 . 4 8  0 . 8 9  84 . 1  0 . 95 

890425. 009 6 . 3  12 . 8  6 . 54 1 . 584 13 0 . 2 9  0 .4 4  35 . 22 0 . 88 84 . 3  0 . 95 

8904 18.003 6 . 1  12 . 9  6 . 76  1 . 565 17 . 9  0 . 3 1  0 . 4 5  34 . 97 0 . 8 9  85 . 0  0 . 95 

890414 . 004 6 . 2  1 3 . 0  6. 78 1 . 545 2 1 . 4  0 . 33 0 . 47 3 6 . 44 0 . 89 84 . 9  0 . 95 

890310 . 004 6 . 6  13 . 5  6 . 83 1 . 586 1 1 . 7  0 . 33 0 . 4 2  32 .22 0 . 8 9  84 . 9  0 . 95 

890317 .004 6 . 3  1 3 . 7  6 . 86 1 . 554 18 . 5  0 . 31 0 . 44 32 . 12 0 . 88 80 . 1  0 . 91 

890315. 004 6 . 5  14 . 3  7 . 31 1 . 645 15 . 4  0 . 34 0 . 4 6  3 1 . 93 0 . 91 7 9 . 7  0 . 88 

890426 . 01 6 .2 14 . 8  8 , 44 2 . 1  1 3 . 7  0 . 31 0 . 4 1  25 . 27 0 . 88 82 . 2  0 . 94 

890310 . 009 6 . 6  1 5 . 7  9 . 24 1 . 844 -2 . 4  0 . 34 0 . 40 2 3 . 95 0 . 91 88 . 8  0 . 98 

Effect of Inlet Noncondensable Gas Concentration 

881215 .01 6 .7 13 . 9  6 . 5  1 . 61 4 1  0 . 14 0 . 4 2  3 3 . 0 6  0 . 95 82 . 1  0 . 86 

881201 .005 6 . 2  1 . 571  6 . 3  13 . 6  2 0 . 7  0 . 22 0 . 4 1  32 . 04 0 . 97 7 8 . 4  0 . 81 

8812.12 .012 7 . 6  1 .756 6 . 4  15 . 3  1 3 . 7  0 . 29 0 . 4 1  26 .33  0 . 95 7 8 . 7  0 . 82 

8812 15 .016 6 . 2  1 . 589 6 . 5  1 3 . 7  54 .8  0 . 43 O .A2 33.01  0 . 96 7 9 . 0  0 . 82 
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Table B-7 . Effect of Principal Parameters on Countercurrent .Stage 

Datafile Tcwi, 2: Tsi, 2 DTcw Pin, 2 DP2 Xii, 2 Xio Height G2 L2 Ja2 · Eff2 
( C) 2 (kPa) (Pa) (\) (m) (kg/m2s )  

Effect of Jakob Number 

8 9 0 307 . 003 6 . 0  12 . 33 6 . 18 1 . 510 35 3 . 8  4 1  1 . 35 0 . 2 5  24 . 16 1 . 01 94 . 4  0 . 93 
8 90310 . 0 1  6 . 4  1 2 . 9 3  6 . 19 1 . 543 5 9 . 2  1 . 8  37 1 . 35 0 .25 24 . 2 1  1 . 0 3  96 . 6  0 . 94 

8 90317 . 005 6 . 3  12 .77 6 . 23 1 . 500 2 8 . 4  2 .0 . 40 0 . 2 5  24 . 3 1  1 . 04 96 . 8  0 . 93 
43 .8 90 310 .011 6.4 12 . 98 6 . 07 1 . 544 4 2 . 8  1 . 9  1 . 35 0 .24 2 4 . 24 1 . 0 9  97 . 1  0 . 89 

8 9 0317 . 00 6  6 . 3  12 . 83 5 . 99 1 . 507 1 5 . 7  2 . 1  1 . 35 0 . 24 24 . 10 1 . 11 97 . 1  0 87 
890315 . 005 6 . 4  13 . 95 6 . 8  1 . 627 24 . 9  2 . 0  0 . 26 23 . 91 1 . 12 97 . 5  0 . 87 
890310 . 003 
8 9 0 4 13 . 00 9  
8 9 0 4 1 8 . 002 
890425 . 003 

8 90 310 . 005 
890413 . 008 

8 9 0317 . 004 
8 9 0 42 6 . 006 

6 . 5  12 . 85 
5 . 4  12 . 32 
5 . 5  12 . 32 
5 . 6  1 2 . 2 9  

6 . 5  13 . 1  
5.4 12 . 3 6  

6 . 4  13 . 12 
5 . 5  13 . 79 

5 . 47 
5 . 22 
5 .03 
4 . 79 

4 . 99 
4 . 82 

,4 . 61 
4 . 63 

l .Si8 
1 . 505 
1 .498 
1 . 4 98 

1 . 550 
1 . 522 

1 . 536 
1 . 94 8  

4 8 . 4  
-0 . 6  
4 4 . 5  
5 1 . 4  

30 . 9  
-7 . 3  

2 1 . 8  
54 . 2  

1 . 8  
2 . 1  
2 . 3  
2 . 1  

2 . 0  
2 . 2  

2 . 0  
2 . 0  

43 

4 6  
4 6  
4 6  
45 

4 7  

47 
51 

1 . 35 

1 . 35 
1 . 35 
1 .35 

1 .35 

1 .35 

1 . 35 
1 . 35 

0 . 26 
0 . 2 6  
0 . 24 
0 . 2 6  

0 .24 

0 .24 

0 . 2 6  
0 .25 

28 . 88 
30 . 59 
2 9 . 4 6  
32 . 57 

28 . 85 

30 . 59 

34 . 87 
32 . 60 

1 . 20 

1 . 28 
1 . 32 
1 . 37 

1 . 37 

1 . 40 

1 . 53 
1 . 68 

97 . 3  
97 . 3  
97 . 0  
97 .  
97 . 3  
97 . 2  

97 . 4  
97 . 9  

0 . 81 
0 . 7 6  
0 . 74 
0 . 7 1  

0 . 7 1  
0 . 69 

0 . 64 
0 . 58 

Effect o f  Steam Loading 

8 9042 5 . 01 
890418 . 005 
8 9 0 3 10 . 003 
890426 . 004 

6 . 3  12 . 82 
5 . 8  12 . 4 2  
6 . 5  12 . 85 
5 . 8  12 . 92 

5 . 42 
5 . 21 
5 . 47 
5 . 86 

1 . 586 
1 . 504 
1 .518 
1 .862 

20 . 6  
19 . 5 .  
4 8 . 4  
88 . 9  

2 . 8  
2 . 6  
1 . 8  
1 . 6  

4 6  
4 5  
43 
4 6  . 

1 35 
1 . 35 
1 . 35 
1 . 35 

0 . 19 
0 . 21 
0 . 26 
0 . 31 

20 . 98 
24 .07 
28 . 88 
32 . 93 

1 . 2 1  
1 ._20 
1 . 20 
1 . 20 

96 . 5  
96 . 4  
97 . 3  
97 . 9  

0 . 80 
0 . 80 
0 . 81 
0 . 81 

Effect of Noncondensable Gas concentration 

8 9 0 4 2 6 . 008 

8 9 0 4 13 . 003 

8 90 3 10 . • 011 
8 9 0 315 . 005 

8 9 0 317 . 00 6  
8 9 0 3 13 . 005 
890425 . 00 9  
8 9 0 307 . 006 

4 .7 13.8 

5 . 5  13 . 27 

6 . 4  12 . 98 
6 . 4  13 . 95 

6 . 3  12 . 83 
5 . 8  12 . 95 
6 . 4  12 .74 
6 . 1  1 2 . 4 3  

. 6 . 96 

6 . 65 

6 . 07 
6 . 8  

5 . 99 
5 . 72 
5 . 86 
5 . 72 

1 . 983 

1 . 584 

1 . 544 
1 . 627 

1 . 507 
1 . 527 
1 . 571 
1 . 504 

1 18 . 8  

7 0 . 4  

4 2 . 8  
24 . 9  

15 . 7  
10 . 5  
3 0 . 2  
2 6 . 6  

1 . 3  

1 5  

1 . 9  
2 . 0  

2 . 1  
2 . 1  
2 . 7  
3 . 5  

4 6  

48 

43 
47 
44 
4 2  
4 3  
4 2  

1 . 35 

1 . 35 

1_. 35 
1 .35 

1 .35 
1 . 35 
1 . 35 
1 . 35 

0 . 37 
0 .35 

0 . 2 4  
0 . 2 6  

0 .24 
0 . 18 
0 . 21 
0 27 

32 ;78 

32 . 4 5  

24 . 24 
i3 : 91 

24 . 10 
19 . 13 
20 . 98 
28 .74 

1 . 11 

1 . 12 

1 . 0 9  
1 . 1  

1 . 11 
1 . 12 
1 . 12 
1 . 09 

98 . 3  

98 . 2  

97 . 1  
97 . 5  
97 . 1  
9 6 . 7  
96 . 2  
94 . 9  

0 . 89 

0 . 88 

0 . 89 
0 . 87 
0 . 87 
0 . 87 
0 . 86 

0 . 87 

· Effect o f  Freefall Height 

8 9 0227 . 002 
8 90225 . 011 
8 9 0 1 2 6 . 004 

8 9 0 130 .021 

8 90317 . 006 
8 90310 . 011 

6 . 5  12 . 62 
' 

6 . 3  1 1 . 9  

6 . 3  12 . 8  
6.4 12 . 85 
6.3 12 . 83 
6.4 12 . 98 

5 . 43 
4 . 94 

5 . 7 6  
5 .77 

5 . 99 
6 . 07 

1 . 4 91 
1 . 431 

1 . 499 
1 . 501 

1 . 507 
1 . 544 

-7 . 9  
27 . 6  

30 . 4  
-9 . 9  

15 . 7  
4 2 . 8  

2 .7 
2 . 2  

2 . 9  
2 . 3  

2 . 1  
1 . 9  

30 
23 

35 

40 
44 
43 

0 . 92 
0 . 92 

1 . 2 2  
1 . 22 

1 . 35 
1 . 3 5  

0 . 2 3  
0 . 2 5  

0 . 24 
li . 23 

0 . 2 4  
0 . 2 4  

24 . 1 9  
2 9 . 2 6  

24 . 33 
23 . 98 

24 . 10 
24 . 24 

1 . 11 
1 . 10 

1 . 12 
1 . 13 
1 . 11 
1 . 09 

93 . 1  

9 1 . 9  

94 . 4  

96 . 3  
97 . 1  
97 . 1  

0 . 84 
0 . 84 

0 . 84 

0 . 86 

0 . 87 
0 . 89 
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APPENDIX C  

PHYSICAL PROPERTIES  



Subscri2ts 

Description 

TP-35 6 1  

NOMENCLATURE 

Abbrev. 	 Unit s 

p 	 pres sure kPa 
dimensionless dens ity at temperature T 

temperature 
temperature 
temperature R 

eq equil ibrium 
exh exhaust 
£ liquid 
g gas 
FW fresh water 
1 liquid 
s saturated vapor 
sat saturation 
SW seawater 
v vapor 
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Density :  

Specific  

Viscosity:  

273 . 15 )/647 . 3  

Conductivity :  

where a =  ( T  + -

TP-3561   

Thi s appendix describes the phys ical property functions used in · the data 
analysi s .  The properties shown in Section C . l were used in the evaporator , 
mi s t  el iminator , predeaerator , direct-contact condenser , and co2 release sec
t ions . These are based on property functions documented in Bharathan , Parsons 
and Altho£ ( 1988 ) for fresh water and modi fied for seawater as shown below. 
Sl i ghtly different physical property functions · were used for the surface con
denser data , as shown in Section C . 2 .  These funct ions are presented in the ·original Briti sh unit s  used by the principal investigator to calculate the 
performance parameters shown in the data table .  These calculated values were 
then converted to metric units  . The original property functions must  be used 
to reproduce the original calculations . Functions in Section C . l  can be used 
as metric equivalents for the funct ions shown in Section C . 2  because the cal
culated values for the same property are within about 1% of those shown in · 
Sec tion C . l .  

C . l  PHYSICAL PROPERTIES-DIRECT-CORTACT COHDENSER AND FLASH EVAPORATOR 

Phys ical properties are f itted to curves as funct ions of temperature T in 
degrees Celsius from data in Kel logg ( 1975 ) as follows : 

= 1000 +PSW aT 

ar = 27 . 7154 - o . 04992 T - o . 006773 T2 + 4 .  766 lo-s T3x 

PFW = 1ooo ;  - (-0 . 6922 - o . 00 1 757  T + o .ooss11  T2 ) 

for T > 1 1 . 85 ° C ;  otherwi se p = 1000 . 0  

Heat : 

cp , sw = 3 . 9867 + 4 . 773  x 1o 4T ( kJ/kg ° C )  

= ( 4217044 - 3504 . 25T + 1 1 3 . 17T2 - 1 . 309T3 ) / 106 ( kJ/kg ° C )  Cp , FW 

lJsw = 1 . 079 lJFw ( kg/ms ) 

lJFw = ( 2 .  414 x 10-s ) loa (kg/ms) 
0 . 38 281  [

Thermal 

10-3 Tk = o .S441  + 2 . 1s xsw 

= 0 . 569 + 0 . 001575  T kFW 

0 . 2 163 ]  
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(Tsa
0!62;r ;384 ) ] 

Enthalpy 

Enthalpy 

Temperature Evaporator ) : 

Propert ies : 

Properties : 

TP-3561   

Saturation Pressure : 

= 0 • 9816  * ( Pa )  psat , SW psat , FW 

Psat , FW = 16 1 . 7574  * exp ( 18 .47 79 - + 3 . 74 (Pa )  

of Seawater : 

hf , SW = Cp , sw · * Tsat (kJ/kg ) 

h£ ,.FW = Cp , FW * Tsat (kJ/kg)  

of Steam: 

= 250 1 . 6  + 1 . 86 - (kJ/kg ) hfg · Tsat Cp , SW Tsat 

Exhaust Flow Rate :  

V = 0 . 313  + 0 . 1  Pexh - 0 . 032  P!xh 
for Pexh < 1 . 5 kPa 

whi le V = 0 . 39 

for Pexh  1 . 5  kPa 

Steam Saturation (Condenser and 
I 

=Tsat Teq , FW + 0 . 28 and Tsat = Teq , FW + 0 . 3 1 

C · 2  PHYSICAL PROPERTIES-SURFACE COHDENSER 

For temperature t in ° F  

Seawater 
3 >Density p = 64 . 29 7 1  - 0 . 00662 t (lb/ft 

Vi scosity  = O o 0019863 exp (3791 . 39 / ( 459 . 699 + t ) )  ( lb/hr ft ) 

Conductivity k = 0 . 3 104 + 0 . 00052t 

Fresh-Water 

Dens ity p = 62 . 4  - 6 . 61818 t ( lb/£t3 ) 

Viscosity  = 0 . 0009146 - exp (4157 . 2 7 / ( 459 . 69 + t ) )  ( lb/hr ft ) 

Conductivity k = 0 . 29 5 1  + 0 . 000745 t 
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Enthalpy 

Densitz: 

Refrigerant Propert ies : 

Engineering 

Open-Czcle Applicat ions , 

( t  - t s ) 

TP-356 1 

Pressure of Fresh Water : 
K ( mrn of mercury) =p 10  

where. K = 7 . 89182 - 2967 . 77 1 / ( 3 7 8 . 4  + t )  ê

of  Steam and Water :  

Steam hv = 1061  . 36 + 0 . 43 ts + 0 . 444 ê ( Btu/lb )   

t = steam temperature  
t s saturation temperature  = 

Water = -3 1 . 97 + 1 . 0008 t	ê ( Btu/ lb)  hl 

Gas Mixture 

p P/ ( 0 . 731  (459 . 69 . + t ) )= 

P in atmosphere 

Density p = 7 7 . 025 + 0 . 1 175 1 t - 0 . 000176 t2 

Vapor Pressure : 

p = exp ( 12 . 708 - 4379 . 06 /TR + 3 . 1496 10-8 1og(TR ) )  (psia)  

Ent:ha1py:  
Saturated Vapor 

= t57 7  .02  + 0. 1 175 - 0 . 0001 766  ts
2 ( Btu/lb )  

Vapor hv = + 0 . 1072  - 0 . 000 171  t ( t  - ts ) ( Btu/ lb)  , s  

Saturat ion temperature ts in ° F  

Liquid = 8 . 5389 + 0 . 21331  t + 0 . 0001208 t2 ( Btu/ lb)  

C.J REFEREHCES 

M .  	W .  Kel logg Company , Oct . 1975 , Sal ine Water Conversion Data 
Book , NTI S  rNo . PB 250 907 ,  Washington , DC : Office of Water Research and 
Technology. 

Bharathan , 	 D . , Parsons , B .  K . , and Altho f ,  J.  A. , Oct .  1988 ,  Direct-Contact 
Condensers ·for OTEC SERI /TR-252-3108 , Golden , CO : 
Solar Energy Research Ins titute . 
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APPENDIX D  

OXYGEN DESORPTION FROM WARM SEAWATER : SUPPORTING INFORMATION  

A. A. ·Pesaran  
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Description 

TP-3561   

NOMENCLATURE  

Abbrev. 

8cal 
8wink 
ceq 
cerror , i  

c .1. 
cin 
co 
cout 
crandom 
cspout 
[ Cl- ] 

Frandom 
H ·1. 

p •a1.r 
patm 
p .1. 
Po 
psat 
PT 
Rcal , i .  

Rread 
Rs 
Rwink 
s .1. 
St 
T 
uFpd
Uwink 

Units 

overall  sensor cal ibrat ion error mg/L 
bias error for Winkler method measurement mg/L 
equil ibrium dis solved oxygen concentrat ion mg /L 
error in D .O .  concentration for either "in" or "spout" mg/L 
positions 
concentration of dissolved gas i in water mg /L 
inlet dis solved oxygen concentration mg/L 
dissolved oxygen concentration mg/L 

.•outlet dis solved oxygen concentrat1.on from evaporator mg/L 
combined root-sum-square random error in C mg/L 
inlet dis solved oxygen concentrat ion at the spout entrance mg/L 
concentration of chlorine ion in water g/kg or ppt 
propagated bias errors in Fpd 
fract ion of oxygen desorbed at equilibrium (Eq .  D-6 ) 
fraction of oxygen desorbed in the predeaeration 
chamber 
propagated random errors in Fpd 
Henry ',s  Law proport ional ity constant for gas 1. Pa/ (mg/L) 
(Eq . D-1 )  
partial pres sure of air Pa 
oxygen pressure at one atmosphere Pa 
part ial pressure of gas i Pa 
partial pres sure of oxygen Pa 
saturation pres sure of water Pa 
tota  pres sure of  air Pa 
difference between Winkler and sensor readings mg/L 
( Column J ,  Table D-2 ) 

random sensor reading error mg/L 
random error for sensor-to-sensor variations mg /L 
random error for Winkler method measurement mg/L 
solubil ity of dis solved gas i in water mg/L 
two-tailed student t value 
temperature 
overall  uncertainty in Fpd 
uncertainty for Winkler met4od measurement mg/L 
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The data collected for the . predeaeration tests  and the error analyses for 
before and after· the experiment have been separated from the other data 
because the data analys i s  methodology is different from that used in the other 
sections and the raw data cannot be presented in the same foTmat . 

Section D . l  describes the thermodynamic aspects of dis solved oxygen ; it  
describes the solubil i ty of the main noncondensable gases and their equi l ib
rium level.s .  

Section 0 . 2. describes in detai l  the uncertainty analys i s  for the dissolved 
oxygen measurements ;  i t  describes cal ibration and sensor errors and the propa
gati on of the.se  errors into the measurements .  The detailed postexperiment 
analysi s  was conducted to verify that the data collected did indeed fall in 
the appropriate error margins of the measur ment techniques . 

Sect i on D . 3  makes recommendat ions to improve the measurement accuracy for 
future oxygen measurements .  

Sect ion D . 4  presents the data tables for the predeaeration tests. . These are 
not raw data as presented for other component s  tested ; i . e . , data files cannot 
be retrieved directly to show the vaiues . presented in Section D . 4 .  Rather , 
the raw data were handled as described in Section 5 . 4 . 2 . 3  of Chapter 5 .  · 

D  1 THERMODYIIAMIC ASPECTS OF DISSOLVED OXYGEH 

The solubil i ty o f  oxygen and nitrogen in water depends primarily upon 
pres sure , temperature , and concentration of di ssolved salts  (Hi tchman 1978 ) .  
At constant .temperature , the solubili ty of  a gas follows the general ized form 
of Henry ' s  Law. For dilute solutions and low pressures Henry ' s  Law becomes 

·p . = H · S ·  , (D- 1 )   .   

where Pi . i s  the partial pres sure o f  gas i ,  i s  concentrat ion of  dissolved Si gas in mg/L,  and Hi i s  the proportionali ty constant for gas i .  

The solubil i ty o f  dissob1ed gases , such as oxygen and nitrogen , decreases with 
increas ing temperature ( Hitchman 1978 ) .  The solubility of oxygen and nitrogen 
decreases with the increase of salt concentration .  ( Solubil ity decreases in 
many nonelectrolytes  when an electrolyte i s  added to the solution ,  a phenom
enon called the salting-out effect . )  Several curve fits  to the exi st ing data 
of oxygen and nitrogen solubilities in water are well documented ( Zapka 1988 ; 
Hitchman 1978 ) .  For the · solubil ity of oxygen in s l ine water exposed to dry 
oxygen at a pressure of one atmosphere , Hitchman ( 1978 ) recommends the 
following correlation: 

s0 = 1 .427 7 {(a  + bT + cT2 + dT3 + eT4 ) 

- [ Cl- ] ( p  + qT + rr2 + sT3 + tT4 ) }  , (D-2 ) 

where s0 i s  the dis solved oxygen concentration in mg/L and T is: water 
temperature in degrees Cel sius . The coefficients a-e and p-t are gj.veri, in 
Table D-1 .  [ Cl-] i s  the concentrat ion of chloride ion i n  parts per thousand 
(g/ 1 000 g )  and i s  related to salinity of seawater through the relation 
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Psat 
=--- '--p p 

t s he 

Patm' and So i s  

TP-356 1  

sal inity = 1 . 805 [ Cl- ] + 0 . 03 • ( D-3 ) 

The typical value of the salinity for warm surface seawater at the site of the 
experiment performed for this study i s  about 34 .  parts per thousand ( Krock 
1981 ) .  

Table D-1 . Values of the Coefficients in Eq . D-2 

a 4 .  900El p 5 . 5 16E-l 
b - 1 . 335 q - 1 .  759E-2 
c 2 .  759E-2 r 2 .  253E-4 
d -3 . 235E-4 s -2 . 654E-7 
e 1 . 614E-6 t 5 .  362E-8 

For a sealed chamber conta1n1ng water and air . in equil ibrium,  Henry ' s  Law 
(Eq .  D-1 )  can be used to obtain the solubil ity of oxygen at partial pres sures 
other than atmospheric pres sure but at the same temperature , 

, PoSo = So -- , ( D-4 ) Patm 
where i s  the solubi l ity of oxygen at pressure ofs0 From this relation a useful relat ion solubil i ty o f  oxygen at pres sure o f  P0 • 
can be derived (Hitchman 1978 ) :  

-r PT 'so = so -air sat 
(D-5 )  

where i s  the solubility of oxygen in water at an atmospheric pres sure ofs0and 0 is  solubil i:y of  oxygen in water at total pressure of PT . ThePair ' 
term P 1s  the saturat 1on vapor pres sure of water at the solution tempera
ture . express ion PT - i s  the partial pressure of dry air above thePsatsolution . 

Figure D-1 shows the dissolved oxygen (D .O .  ) concentration of seawater in 
equilibrium with atmospheric  air containing 20 . 95% oxygen as a function of 
temperature . Figure D-2 shows equil ibrium D .O .  contents of 7 ° C  and 26 . 5 ° C  . 
seawater at various air pressures . Figure D-3 shows the fract ion of oxygen
desorbed at equil ibrium when exposed to different air pres sures . Thi s figure 
is obtained as suming the concentration of dis solved oxygen Cin at the inlet of 
the test chamber is 6 . 6  mg/L. At equilibrium, the concentrat ion of  D . O .  
equal s the solubil ity i n  seawater . The fraction o f  oxygen desorbed a t  equi
librium is defined as 

F = - C ) /Cin • (D-6 ) eq (Cin eq

Note that in Figure D-3 , the equilibrium level depends on the fraction of  oxy
gen in the air in equi librium wi th seawater . It  can be shown that the equi
l ibrium level is not very sensitive to the level of inlet D .O .  concentrat ion . 
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Figure 1.  Temperature 
dependence of solubility 
of oxygen in water at 
equilibrium with 
atmospheric air 

Figure D-2 . Pressure 
dependence of solubility 
of oxygen in seawater 
in equilibrium with air 
containing 20 .95% oxygen 

Figure D-3 . Fraction of 
oxygen desorbed at 
equilibrium from seawater 
as a function of 
total pressure 

6 1 0  1 4  1 8 22 26 30 

( temperature : 26 . 5 ° C ,  
inlet dissolved oxygen 

6 . 6 mg/L) Total Air Pressure (kPa) content : 
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D.2  UHCERTAINTY ANALYSIS IN DISSOLVED OXYGEN MEASUREMElfl'S 

D.2 . 1  

A postexperiment error analys is  i s  documented here to estimate the uncertainty 
in the measurements .  To estimate the total uncertainty in the calculated 
fraction of  oxygen des()rbed in the predeaerator , the cal ibrat ion errors , 
random errors ,  and bias errors in the dissolv d oxygen (D .O .  ) measurement are 
estimated .  Then , the errors are appropriately propagated into the estimation 
of fraction of oxygen desorbed . Note that bias errors are systematic errors 
( e . g .  , a zero offset of a sensor ) and random errors have a random distribution 
( e . g . ,  note scatter among several readings from one sensor for the same 
measurement ) .  Cal ibration error i s  the difference between values obtained 
with the sensors and vatues measured with a standard , in this case the Winkler 

. method for D . O .  measurements .  	 ) 

To estimate various error elements ,  the sensor measurements were checked us ing· 
the 	 Winkler method . The seawater was pas sed through the three sensors to 
measure its dis solved oxygen content . Simultaneous measurement of the D . O .  
concentrations o f  two or three different samples o f  thi s water were made using · 
the 	 Winkler method . This approach was repeated at various times to obtain a 
sense of the performance of the sensors wi th ,t ime . Table D-2 shows the 
results of these measurement s .  Various errors are est imated in the following 
sections . 

D . 2 . 2  Error Elements 

D . 2 . 2 . 1  Uncertainty in Winkler Measurements 

1 .  	 The Winkler method has a preci sion of better than ±0 . 1  mg/L when performed 
·careful ly (Hitchman 1978) . Thi s  i s  a systemat ic or bias error for the 

Winkler method Bwink"  
2 . 	 ê Us ing the Winkler method , variations exi st  in D .O .  concentrat ions in water 

samples taken from the same water . Thi s produces a random error from water 
sampling .  The mean of the D .O .  measurement s  of different samples of the 
same water ( column J of Table D-2 ) i s  used . The maximum value of  the 
standard deviation of each mean (column K)  i s  chosen as the random error 

in water sampling for the Winkler · measurement s .  This error i sRwink0 . 1 1 mg/L. 
3 .  	 To combine the above two errors , the root-sum-square model (ANSI IASME 

1986 ) ,  which has a confidence level of 95% , i s  used . 
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Table D-2 . Comparison of Dissolved Oxygen Concentrations Measured with the Polarographic 
Instruments and by the Winkler Titration Method 

Polarographic Instruments (mg/L) Winkler Method (mg/L)  

A B c D E  G H I J K L 

Date Sensor 1 Sensor 2 Sensor 3 Mean STD Sample 1 Sample 2 Sample 3 Mean STDmean mean Real
+ 

6/ 15/89 6 . 1 8  6 . 2 7  6 .4 1  6 . 29 0 . 07 6 . 76  6 . 74 6 . 76  6 . 75 o . 01 . 0 . 46 

! !6/ 17 /89 6 . 20  6 . 20  6 . 59  6 . 75  6 . 7 1  6 . 68  0 . 05 0 .48  
! 6 . 75 ! 
! 

6 . 75  6 . 7 7   7 o02 6 . 75  6 . 85 0 . 09 0 . 10  
I 0 . 35 0 . 35 -- 0 . 75  0 . 8 1  0 . 83 0 . 80 o •. o2 0 .45 

6/23/89 6 . 7 7  ! 6 . 75  6 . 76 0 . 01 6 .  7 1  6 . 73 * 6 .  72 . 0 . 01 0 . 04 
4 . 49 4 . 63 4 . 87  4 . 66 0 . 11 4 . 41  4 .3 7  * 4 . 39 . 0 . 02 0 . 27  
0 .60 0 . 63  o . 7 7  0 . 67 0 . 05 0 . 37  0 .40 * 0 . 39 0 . 02 0 . 28 

00 
VI 

6/28/89 6 . 7 7  6 . 86 6 . 82 6 . 82 0 . 03 7 . 02- 6 . 98 * 7 . 00 0 . 02 0 . 18  
5 .48 5 . 64 5 . 66  5 . 59 0 . 06 5 . 98 6 . 10 * 6 . 04 0 . 06 0 .45 
2 .47 2 . 52 2 . 5 7  2 . 52 0 . 03 3 .07  2 .85 * 2 . 96 0 . 01 0 .44 

8/02 /89 I 6 . 88 6 . 90 6 . 89 0 . 01 6 . 98 6 .93  * 6 . 96 0 . 02 0 .07  
5 . 14 5 . 1 9  5 . 17 0 . 03 5 .42 5 . 5 1  * 5 . 47 0 . 03 0 . 30 

Mean 0 . 04 Mean 0 . 04 
Maximum 0 . 11 Maximum 0 . 1 1 

Mean of Root-Sum-Square Bcai@ 0 . 33 = 

1 Thi s sensor was not used at the time . 
*Only two water samples were taken for Winkler t i tratiqn.  
+R 1 = Absolute value of  (Ins truments mean - Winkler mean ) or absolute value of  ( Column E - Column J) . 

·ca 
12 

H 
'1;1@8cal = L Rcal , i  
wi=l U1 

. 0\ 
..... 

I 

http:7.02-6.98
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( D-7 ) 

where t is  the 95th percentile point for the two-tailed Student t distribution 
(ANSI /ASME 1986 ) .  There are a total of 26 Winkler measurements  in Table  D-2 , 
and the value of t for this many measurement s  i s  about 2 (ANSI /ASME 1986 ) .  
Us ing 0 . 1 mg/L for and 0 . 1 1  mg/L for the value of cal ibration Bwink Rwink ' uncertainty i s  

= ±0 . 24 mg/L • ( D-8 ) Uwink 
1. 

This uncertainty is  a systemat ic error for· D . O .  sensors and 1 s  treated as a 
bias ( fixed ) error . 

D.2 . 2 . 2  Sensor-to-Sensor Error 

There i s  a variation in readings of three D .O .  sensors in measuring the same 
water sample .  These values were averaged (column E )  to arrive at a mean value 
for compari son wi th the Winkler result s  of the same water sample . The maximum 
standard deviation of the mean values ( column F )  i s  taken to be the sensor-to
sensor error . Thi s  error is  considered a random error because it  does not 
change in a systematic fashion .  The magni tude of thi s error R is 0. 1 1  mg/L .  s 
D . 2 . 2 . 3  Sensor Calibration Error 

The difference between the average reading from the sensors (column E of  
Table D-2 )  and the average of Winkler result s  (column J)  for the same water is  
the sensor cal ibrat ion error These errors for various water samples 

. 

Rcal , 1· • . .are comb1ned 1n the fo 1 1ow1ng manner : 

N 2 1 / 2J1
(Rcal , i  ) 

= ( D-:-9 ) Bcal N 

where N i s  the number of average differences ,  12 , and B 1 i s  the overall e sensor cali brat ion error. Because the cal ibrat ion errors ifcal fluctuated 
with t ime over the course of two months of test ing (Table B i s  
cons idered a random error . After , calculation ,  was estimated c  beBcal0 . 33 mg/L .  

D.2.2.4 Sensor Reading Error 

To obtain a measurement from orie D.O.  sensor over a 30-second interval , 
instantaneous values of about 470 readings are averaged . The standard 
deviat ion of these readings is the sensor reading error for the measurement , 

This i s  a :an om error . During experiments ,  the av rage readings and 
standard dev1at1ons are recorded. Most  of the read1ngs have s tandard 

deviations of less than 0 . 05 mg/L. Thi s value was selected as R d ; any
reading having standard deviation of more than 0 . 05 mg/L was rejected ea 
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D . 2 .3  Error 

The errors ident i fied in D . O .  measurement s are propagated to est imate the 
frac t ion of oxygen desorbed by us ing Taylor series expans ion (ANSI /ASME 1986 )  . 
Bi a s  and random errors are propagated separately. According to ANSI /  ASME 

=( 1986) standards , if  Q f ( x1 , x2 • • • xn ) '  then the propagat d error in Q
caused by errors in i s  · xi N 2L (  R · ) 1 / 2 ( D- 1 0 ) QR = 1 axii=1 
where Ri i s  the error in xi . 

The fract i on of oxygen desorbed in the predeaerator i s  def ined as  

( D-1 1 )  

Propagat ing the errors in D . O .  measurement s into the e s t imat ion of the 
fra c t i on of oxygen desorbed in the predeaerator according to the above 
approach wi l l  resul t in 

2 2 1 / 2 2 
=Ferror , i  Cerror , i  * [ { Cin + Cspout > /Cin 1 ' (D-1 2 ) 

where i s  the error in D . O .  concentrat i on that i s  the same for bothCerror i 
and Cs t · In thi s app oach , random and bias errors are to be propagated Cin o

s eparately  · There are four · separate errors identified in Sect ion D . 2 . that2 
need to be ·propagated . The term i s  considered to be a bias error , andUwink 
the others are random errors .  The random errors are combined by the root-sum-
square method : 2 2 2. 1 / 2 

( D-13 ) Crandom 

Then the propagated errors are 
. 2 2 1 /2 2 

= Uwink * [  ( Cin + Cspout > /Cin1· 

2 1 /2 2 
Frandom Crandom * [  ( Cin + Cspout > / Cin 1 ( D-14)  

To  e s t imate the overal l  uncertainty UF d the errors in the fract ion of oxygen
combined us ing the root-sJk-square model (ANSI /ASMEdesorbed 1986 ) :  are 

UFpd 
( D-l5  ) 

Table D-3 shows the resul t s  of the uncertainty analysis  for about 100 randomly
selected data points .  The average uncertainty obtained from these data sets 
is  selec ted as an overall uncertainty for all the data obtained . 

D.2 .4 

The errors ident i fied in the D .O .  measurement s are as  fol l ows : 

=Uncertainty in stahdard Winkler values Uwink ±0 . 24 mg/L  
Error in sensor relat ive to sensor measurement s  Rs ±0 . 1 1  mg/L  = 

=Error i n  sens ors relat ive t o  Winkler resul t s  ±0 . 33 mg/L 8cal 
=Random error in sensor reading ±0 . 05 mg/ L .  Rread 
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4 . 5 9  

6 . 49 3 . 9 5  

6 . 59 

5 . 33 4 . 34 

Table D-3 . Results of Uncertainty Analysis of Dissolved Oxygen Measurements  

Wi nkler Uncertainty (mg/L) 0 . 24 Fpd Bias Error 0 . 04 5  
Sensor Cal ibra t i on Error ( mg / L )  0 . 33  
Sensor-Sensor Error (mg/L)  0 . 1 1  Fpd Uncertainty  0 . 14 
Sens or Reading Error (mg / L )  0 . 05 
RSS Random Errors (mg/L) 0 . 3 5  F

pd Random Error 0 ; 066  

Date Datecin  cs pout cin  c spoutF Uncr F F Uncr F
( 1 98 8 )  (mg/L) mg/ L )  pd Frandom Fbi  as pd ( 1988 ) ( mg/L)  (mg / L )  p_d Fran om Fbias  pd 

6/21  6 . 8 1  3 . 1 2  0 . 5 4  0 . 05 7  0 . 039 0 . 1 20 8 /4 6 . 49 4 . 30 0 . 34 0 . 065 0 . 044 0 . 137 
6 . 8 1  4 . 14 0 . 3 9  0 . 060 -0 . 041 0 . 1 28 6 . 49 4 . 47 0 . 3 1  0 .066 0 . 045  0 . 1 39 
6 . 8 1  0 , 3 3  0 . 06 2  0 . 043 0 . 1 32 6 . 49 2 . 49 0 . 62 0 . 058 0 . 040 0 . 123 
6 . 8 1  4 .45 0 . 35  0 . 06 2  0 . 042 0 . 1 30 8 / 5  6 . 59 1 . 37 0 . 79 0 . 0 54 0 . 03 7  0 . 1 15 

6/22  0 . 3 9  0 . 06 3  0 .043 0 . 1 34 6 . 59 1 . 62 0 . 75 0 .055 0 . 038  0 . 116 
6 .49 5 .43  0 . 1 6  0 . 07 1  0 . 048 0 . 149 6 . 59 3 . 29 0 . 50 0 . 060 0 . 04 1  0 . 1 26 
6 . 49 5 ;o 1  0 . 23  0 . 06 8  0 . 047 0 . 1 45 6 . 59 2 . 50 0 . 62 0 . 057 0 . 03 9  0 . 12 1  N 

6 . 5 2  -4 . 8 6  0 . 25  0 . 06 7  0 . 046 0 . 142 3 . 85 0 . 42 0 . 062 0 . 042  0 . 1 3 1  00 
00 

6 . 5 2  5 . 7 0  0 . 1 3 0 . 07 2  0 . 049 0 . 1 5 1  6 • .5 9  4 . 03 0 . 39 0 . 063 0 . 043  0 . 1 32 
6/23  6 . 7 6  4 .45  0 . 34 0 . 06 2  0 . 043 0 . 1 32 6 . 59 4 . 92 0 . 25 0 . 067 0 . 045  0 . 14 1  

6 . 7 6  3 . 99  0 .4 1  0 . 060 0 . 041 0 . 128 6 . 59 3 . 69 0 . 44 0 . 061 0 . 042 0 . 1 29 
6 . 7 6  3 . 5 8  0 .4 7  0 . 05 9  0 .049 0 . 1 24 8 / 8  6 . 22 4 .  76 0 . 23 0 . 0 7 1  0 . 049 0 . 150  
6 . 7 6  3 . 98 0 .4 1  0 . 060 0 . 041 0 . 1 27 6 . 22 4 . 40 0 . 29 0 •.069 0 . 047  0 . 146 
6 . 7 6  4 . 7 2  0 . 30 0 . 06 3  0 . 043 0 . 1 34 6 . 22 3 . 72 0 . 40 0 . 066 0 . 045  0 . 1 39 
6 . 76 4 . 84 0 . 28  0 . 064 0 . 044 0 . 1 35 6 . 22 2 . 5 1 0 . 60 0 .061  0 . 042 0 . 1 29 
6 . 7 6  4 . 5 7  0 . 32  0 . 06 3  0 . 043 0 . 1 33 6 . 22 3 . 18 0 . 49 0 . 063 0 . 043  0 . 1 34 
6 . 76 4 . 10 0 . 3 9  0 . 06 1  0 . 042 0 . 1 28 6 . 22 3 . 26 0 . 48 0 . 064 0 . 044 0 . 1 35 . 
6 . 76 3 . 85  0 . 43  0 . 060 0 . 041 0 . 126 6 . 22 3 . 90 0 . 37 0 . 067 . 0 . 046 0 . 141  
6 . 76 4 . 16 0 , 38  0 . 06 1  0 . 042 o : 1 29 6 . 22 4 . 20 0 . 32 0 . 068 0 . 047  0 . 1 44 
6 . 7 6  4 . 05 0 .40 0 . 06 1  0 . 041 0 . 1 28 6 . 22 5 . 18 0 . 17 0 . 074 0 . 05 0  0 . 1 55  

6 / 27 ; 6 . 46 4 . 4 1  0 . 32  0 . 066 0 . 045 0 . 1 39 6 . 22 4 . 90 0 . 2 1  0 . 072 0 . 049 0 . 1 52 
0 . 1 8 0 . 07 0  0 . 048 0 . 147 6 . 22 0 . 30 0 . 069 0 . 047  0 . 146 6 . 5 2 

6 . 6 2  6 . 1 7  0 . 0 7  0 . 07 3  0 . 050 0 . 1 5 3  6 . 22 3 . 78 0 . 39 0 . 066 0 . 045 0 . 140 
6 .7 1  6 . 32  0 .06  0 . 06 2  0 . 049 0 . 152 6 . 22 3 . 06 0 . 5 1  0 . 063 0 . 043 0 . 1 33 

6 / 28 6 . 8 1  5 . 5 9  0 . 18 0 . 06 7  0 . 046 0 . 14 1  6 . 22 4 . 22 0 . 32 0 . 068 0 . 047  0 . 144 
6 . 8 1  4 . 5 7  0 . 33  0 . 06 2  0 . 042 0 . 1 3 1  6 . 22 4 . 89 0 . 2 1 0 . 072 0 . 049 0 . 1 5 2  
6 . 8 1  4 . 2 9  0 . 37 0 . 06 1  0 . 042 0 . 1 29 8 /9 6 . 04 5 . 03 0 . 17 0 .076 0 . 05 2  0 . 160  

1-d 
I 

I.N 
VI
"' 
...... 



--

4 . 99 

5 . 59 

0 . 0 1 2  

Table D-3 . Results of Uncertainty Analysis of Di ssolved ygen Measurements (Concluded )  

Winkler Uncertaint y (mg/L)  0 . 24 Fpd Bias Error 0 . 045  
Sensor Cal ibra t i on Error ( mg/L)  0 . 3 3  
Sensor-Sensor Error (mg/L)  0 . 1 1  Fpd Uncertainty 0 . 14 

.Sensor Reading Error (mg / L )  0 . 05 
RSS Random Errors (mg/L) 0 . 3 5  Fpd Random Error 0 . 066  

Dat e Date c in cs pout F Uncr F 
ci n  c spout F Uncr F 

( 1 988)  (mg/L) mg /L)  pd Frandoni Fbias pa ( 1 988) ( mg /L ) ( mg / L )  pd Frandoni Fbias pd 

6 . 8 1  4 . 03 0 . 4 1  . 0 . 060 0 . 041 0 . 127 · 6 . 04 4 . 73 0 . 22 0 .074 0 . 05 0  0 . 1 56 
6 . 8 1  4 . 2 7  0 . 3 7  0 . 06 1  0 . 042 0 . 129 6 . 04 5 . 36 0 . 1 1 0 . 078 0 . 05 3  0 . 164 
6 . 8 1  3 . 98 0 . 42 0 . 060 0 . 041 0 . 1 26 6 . 04 5 . 5 1 0 . 09 0 . 079 0 . 054  0 . 166 

6/29 6 .45  5 .8 1  0 . 10  0 . 07 3  0 .050 0 . 1 5 5  ' 6 . 04 5 . 18 0 . 14 0 . 077 0 . 05 2  0 . 1 62 
6 .45  5 .49 0 . 1 5  0 . 072  0 . 049 0 . 15 1  6 . 04. 4 . 61 0 . 24 0 . 073 0 . 05 0  0 . 1 55 
6 .45  5 . 3 3  0 . 1 7  0 . 07 1  0 . 048 0 . 1 49 6 . 04 3 . 34 0 . 45 0 . 066 0 . 045  0 . 141 

N 
6 .45  5 . 02 0 . 2 2  0 . 069 0 . 047 0 . 1 46 6 . 04 2 . 63 o . 56  0 . 063 0 . 043  0 . 1 34 

00 6 .45  5 . 6 1  0 . 1 3  0 . 072  0 . 049 0 . 1 5 3  6 . 04 4 . 23 0 . 30 0 . 0 7 1  0 . 049 0 . 1 50 
\0 6 . 45 5 . 04 0 . 22  0 . 069 0 . 047 0 . 146 6 . 04 5 . 22 0 . 14 0 . 077 . 0 . 05 3  0 . 1 63 

6 .45  5 . 7 2  0 . 1 1  0 . 07 3  0 .050 0 . 1 54 6 . 04 5 .41 0 . 10 0 .078 0 . 05 3  0 . 165  
6 .45  5 . 33  0 . 1 7  0 . 07 1  0 .048 0 . 149 6 . 04 5 . 12 0 . 15 0 . 0 76 0 . 05 2  0 . 1 61  
6 . 95  5 . 07 0 . 2 7  0 063 0 . 043 0 . 1 32 6 . 04 4 . 87 0 . 19 0 . 075 0 . 05 1  . 0 . 1 58 
6 . 95  0 . 28  0 . 06 2  0 .043 0 . 1 32 8 / 1 0  6 . 04 3 ; 03 0 . 50 0 . 065 0 . 044 0 . 1 38 
6 . 89 5 . 2 7  0 . 24 0 . 064 0 .044 0 . 136  6 . 04 3 . 83 0 . 37 0 . 069 0 . 047  0 . 146 
6 . 89  5 .  77  0 . 1 6  0 . 06 7  0 .045 0 . 141 6 . 04 2 . 84 0 . 53 0 . 064 0 . 044 0 . 1 36 
6 . 89 5 . 1 7  0 . 2 5  0 . 064 0 .044 0 . 1 3 5  6 . 04 4 . 28 0 . 29 o . o 7 i  0 . 049 0 . 1 5 1  
6 . 39  5 . 33  o . u  0 . 072  0 . 049 0 . 1 5 1  ;;; ; _  6 . 04 3 . 55 0 . 4 1  0 . 067 0 . 046 0 . 1 43 8 / 3  
6 . 39  6 . 04 4 . 36 0 . 28 0 . 0 72 0 . 049 0 . 152 
6 . 39  4. • 42 0 . 3 1  0 . 06 7  0 . 046 0 . 141 6 . 04 3 . 94 0 . 35 0 . 069 0 . 04 7  0 . 147 
6 . 39  5 . 7 6  0 . 1 0  0 . 074 0 . 051  0 . 156  6 . 04 3 . 70 0 . 39 0 . 068 0 . 047  0 . 144 

8/4  6 .49 2 . 2 6  . 0 . 6 5  0 . 05 7  0 . 039 0 . 1 2 1  6 . 04 4 .  71  0 .- 2 1  0 .074 0 . 05 1  0 . 1 57 
6 . 49 3 . 10  0 . 5 2  0 . 060 0 . 041 0 . 127 
6 .49 2 . 80 0 . 5 7  0 . 05 9  0 . 040 0 . 1 25 Mean 0 . 066 0 . 045  0 . 141 

0 . 1 3 0 . 073  0 . 050 0 . 1 54 8 / 11 

Standard Deviat ion 0 . 006 0 . 004 

H 
'1:1 
I 
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VI 
a. 
...... 



Uncertainty , 

Oxygen ; 

TP-3561   

Combining the last three random errors by root-sum-squaring will  result in  an 
overall random error of 

= ±0 . 35 mg/L (D:_l6 )  Crandom • 

Propagating these errors into 100 randomly selected data points ( Table D-3 ) 
for estimating fraction of oxygen desorbed Fpd resul ts  in 

Overall average bias error F = ±0 . 045 biasOverall average random error = ±0 . 066 . Frandom 

Combining these two errors using the root-sum-square model (ANSI IASME 1986 ) 
and using a- value of 2 for Student t ,  the overall average uncertainty in frac
tion of oxygen desorbed will  be 

u = ±0 . 14 • (D-17) Fpd 
Thi s represents a large uncertainty in the absolute value of Fpd ' which ranges 
from 0 to 1 .  For as serting relative changes between two Fpd measurement s ,  the 
bias error i s  the same for both easurement s  and cancel s out . For example ,  i f  
the effect o f  bubble inject on for tests pe,:rformed within two hours i s  con
sidered , then the err<lr from the Winker analys i s  Uwink and the error from sen
sor cal ibrat ion Seal will  not enter into the comparison.  Only the sensor-to
sensor error and random reading error contribute to uncertainty inRs Rread 
relative comparisons . In thi s case , the overall uncertainty in Fpd wi l l  be 
0 . 05 .  Furthermore ; if only one D .O .  sensor i s  used for comparing the data , .
only the random error in sensor reading Rread needs to be considered . · Thi s 
wil l  result in an uncertainty of 0 . 02  in Fpd " 

To reduce the uncertainty F d ' focus should be on reducing the errors  that 
contribute the most , i . e . , J'Wink and Beat • To reduce Uwink' the method of  
sampling water for Winkler analys i s  should be identical each time , and al s o  
more samples shoul d  be taken. To improve Seal ' the accuracy of D .O .  sensors 
and the method of exposing water samples to sensors should be improved . More 
accurate sensors or methods to measure di s solved oxygen sensors where thei r  
response does not depend on the sample water conditions , such as flow rat e ,  
should be used . 

D.2.5  References 

ANSI /  ASME PTC 19 . 1-1985 , 1986 , Measurement supplement to ASME 
Instrument and Apparatus Performance Test  Codes , New York, NY : American 
Society of Mechanical Engineers . 

Hitchman , M .  I . ,  1978 , Measurement of Di s solved New York: John Wiley 
and Sons·. 

D .. 3 METHODS OF IMPROVING DISSOLVED OXYGEN MEAsUREMEHT ACCURACY 

In Sections 5 . 4 and 5 . 5  of Chapter 5 the difficulties of and uncertaint ies 1n 
measurement accuracy were di scussed • . In this sect ion of the appendix , ways to 
improve the dis solved oxygen measurements  are di scussed . One source of scatter 
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in  the data may be changes in  the seawater qual ity and the s ize and number 
dens ity of nucleation s ites . However , the larger source of the scatter was 
the rather large errors in the D .O .  measurement s .  These errors (estimated in 
Section D . 2  of thi s appendix) were an uncertainty of 0 . 2 1  mg/L in the Winkler 
method as the cal ibration standard ( 0 . 10 mg/L ,  from accuracy of Winkler , and 
0 . 1 1  mg/L, from water sampling technique ) ,  an average error of 0 . 33 mg/L 
between the sensor readings and the cal ibration values , an average error of 
0 . 1 1 mg/L among various sensors , and a sensor fluctuation of  0 . 05 mg/L.  

The largest  of these errors i s  the average error between the sensor reading 
and the Winkler calibration values . Thi s error s.tems from the inherent 
inaccuracy of the Clark-type polarographic  D.O.- sensors , which i s  about 
0 . 1  mg/L (Yellow Springs Instruments 1987 ) ;  the drift from cal ibrat ion ; 
and the variation in sample flow condit ions , such as flow rate .  The only
remedy for improving the inherent inaccuracy is to change the sensors  . 
Although small , the error caused by drift from Winkler cal ibration can be 
improved by cal ibrat ing more frequently, every day of testing . It  i s  believed 
that the variat ion in flow condit ions · i s  the major contributor of .error . The 
D . O . measurement s  are sensitive to water flow rate pas sed acro s s  the sensors . 
Flow velocit ies below 0 . 3  m/ s cause oxygen deplet ion at .the electrodes of  the 
sensors because the D .O .  sensors consume oxygen by oxidat ion .  A cont inual 
supply of oxygen should be available for the sensors . The impel ler pumps that 
provide sufficient flow rate caused cavitat ion.  The peri staltic pumps , which 
did not cavitate ,  could not produce sufficient flow rate . Incoming bubbles in 
the sampl ing water ·also added to the error . To reduce the error caused by 

. sample flow condit ions , the sampl ing set-up needs to be redes igned and 
moni tored closely to ensure the repeatability of the sampl ing technique . 

Another approach i s  to replace the exi sting sensors wi th sensors or measure
ment techniques that do not depend on the sample flow conditions . For exam
ple ,  gas chromatography and mas s  spectrometry techniques , or "balanced elec
trode reaction" sensors , do not consume oxygen , and therefore their operation 
does not depend on water flow rate .  One other advantage of these sensors i s  
that unlike the Clark-type sensors their electrolyte solution and membrane do 
not need frequent replacement . Current ly, one drawback . of the "balanced 
electrode reaction" sensors i s  that they cannot automatically compensate for 
the salinity of seawater . Note. al so that gas chromatography and mas s  
spectrometry techniques are not eas i ly adaptable for onl ine measurements .  

The second larges t  source of error was the uncertainty in the Winkler method ; 
0 . 10 mg/L of  this error i s  inherent in the Winkler titration method and cannot 
be reduced . The other 0 . 1 1  mg/L i s  because of sampl ing techniques and can be 
reduced by taking more samples ( five rather. than two or three ) or adapt ing a 
procedure to ensure uni formity in sampl ing . 

The 0 . 1 1  mg/L error caused by sensor-to-sensor variation may be el iminated by 
using only one sensor for all measurement s .  The error caused by the 
fluctuation of the sensor reading (0 . 05 mg/L)  does not . contribute much to the 
overall uncertainty in the fraction of oxygen desorbed . 

D . 3 . 1  References 

Yel l ow Springs Instruments ,  198 7 ,  Instruct ion YSI Model 58 Di s solved 
Meter , Item No . 069387 , Yellow Springs , OH : Yellow Springs · 

Instruments  Co . ,  Inc a 
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D. 4 SUMMARY OF MEASURED AND CALCULATED PARAMETERS FOR PREDEAERATION TEST  

Abbrev .. 

Qww 
Tww 
pev 
ppd 
oo . .l.n 

DOspout 

Warm-water volumetric flow rate 
Warm-water temperature 
Evaporator pressure 
Predeaerator pres sure 
Di s solved oxygen content of water , measured 

at the evaporator supply pipe 
Dissolved oxygen content of water , measured 

at the spout entrance after the 
predeaerator 

Dissolved oxygen content of water ,  measured 
at the evaporator discharge 

Fraction of oxygen desorbed in the 
predeaeration chamber 

Total fraction of oxygen desorbed from the 
warm water in the evaporator and 
predeaeration chamber 

Units 

L/s  

kPa 
kPa 

mg/L 

mg/L 

mg/L 
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Tww 

9 . 33  4 . 45 

5 . 59 

4 . 86 

33 . 79 

3 . 94 

0 . 76  

4 . 89 

4 . 18 

4 . 16 
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Table D-4. Data Table £or Predeaeration Tests 

Run ID De scrip Qww pev ppd DOin DOspt DOout . Fpd Ft 

621 . 2&3 N8 ,NI 3 7 . 5 3  26 . 0  2 .45 1 6 . 64 6 . 82 3 . 12 0 . 53  0 . 53 0 . 92 
621 . 004 N8 ,NI 37 . 66 26 . 1  5 . 19  18 . 13 6 . 82 3 . 43 1 . 38 0 . 49 0 . 79 
621 . 005 N8 ,NI 3 7 . 47 26 . 1  7 . 89 2 1 . 14 6 . 6 1  3 . 76 3 . 07  0 . 44 0 . 54  
621 . 006  N8 ,NI . 37 . 34 26 . 2  1 1 . 06 24 . 7 7  6 . 68 4 . 14 2 . 17 0 . 38 . 0 . 68 
621 . 007  N8 ,NI 3 7 . 04 26 . 2  16 . 10 29 . 47 6 . 66 4 . 59 3 . 59 0 . 3 1 0 . 46 
621 . 008 N8 ,NI 75 . 30 26 . 1  2 . 78 19 . 54 6 . 70 4 . 09 o . so  0 . 39 0 . 92 ê
621 . 009 N8 ,NI  73.45  26 . 0   24 . 70 6 . 50   2 . 36  0 . 33 0 . 65  

622 . 00 1  N8 ,NI 26 . 10 25 . 9  2 . 33 . 15 . s o  6 . 62  3 . 95 o . so  0 . 39 0 . 92 
622 . 002 N8 ,NI 25 • .5 3  26 . 0  5 . 91  18 .45 6 . 63 4 . 65 2 . 12 0 . 28 0 . 67 
62.2 . 00 3  N8 ,NI 25 . 09 26 . 0  10 . 94 23 .42 6 . 60 5 . 04 2 . 26 0 . 22 0 . 65 
622 . 004 N8 ,NI 24 . 60 26 . 0  15 . 77 28 . 75 6 . 60  5 . 43 2 . 68 0 . 16 0 . 59 
622 . 005 N8 ,NI 23 . 99 26 . 0  2 1 . 98 34 . 62, 6 . 60  5 .  77 3 . 46 0 . 1 1 0 . 47  
622 . 006  N8 ,NI 49 . 3 7  26 . 0  19 . 80 33 . 5 0  6 . 22  5 . 80 3 . 15 0 . 11  0 . 5 1   

5 . 01   
622 . 007  N8 ,NI  5 0 . 07 26 . 1  15 . 22 30 . 09 6 . 39   2 . 32  0 . 14 0 . 64  

1 . 90 0 . 23 o .  7 1   622 . 00.8 N8 ,NI :$1 .0 1  26 . 1  10 . 13 25 .41  6 . 52   
. 622 . 009 N8 ,NI - 5 1 . 77 26 . 1  2 26 18 . 75 6 . 20  

622 . 010 N8 ,NI 5 1 . 23 26 . 1  6 . 76 21 . 1 1  6 . 5 2   
5 . 07 0 . 44 0 . 22  0 . 93  

s . 3s  
1 . 32 0 . 25 0 . 80  
2 . 27 0 . 18 0 . 65  622 . 0 1 1  N8 ,NI 75 . 72 26 . 2  13 . 6 1  30 .39  6 . 52  · ê

34 . 38 ê
622 . 012 N8 ,NI 47 .41  26 . 1  20 . 22  6 . 52  5 . 70 3 . 52  0 . 12 , 0 . 47  

0 . 15 622 . 013 N8 ,NI 49 .49 26 . 1  19 . 88 . 6 . 5 2  5 . 49 3 .  77  0 . 43  .49 . 5 1  26 . 1  1 9 . 5 1  33 . 1 1  622 . 014  N8 ,NI  6 ". 42 5 . 56   2 . 85 0 . 14 0 . 56  

.623 . 001  N8 ,NI 26 . 42 26 . 0  2 . 3 1  15 . 02 6 . 76 4 . 56 0 . 74 0 . 33 0 . 89 
623 . 002N1 N8 ,NI 24 . 70 26 . 0  2 . 28 15 . 68 6 . 76 4 . 05 1 . 7 1 0 . 40 0 . 75 
623 . 00281 N8 , HI 24 . 70 26 . 0  2 . 28 15 . 68 6 . 76 3 . 65 1 . 5 7  · 0 . 46 o .  7 7   

3 . 93  
·623 . 00282 N8 ,LI 24 . 10 26 . 0  2 . 28 15 .68  6 . 76 

623 . 00283 N8 ,LI 24 . 70 26 . 0  2 . 28 15 . 68  6 . 76  
1 . 58 0 . 42 o .  7 7  
1. 71 . .  0 . 42 0 . 75 ê

0 . 75  
623 .00284 N8 ,LI 24 . 70 26 . 0  2 . 28 15 .68 6 . 76  4 . 05 1 . 62 0 . 40  
623 . 002N2 N8 ,NI 24 . 70 26 . 0  2 . 28 15 . 68 6 . 76 4 . 07 1 . 66 0 . 40  
623 . 002N1 N8 ,NI 23 . 80 26 . 0  12 . 07 24 . 8 1  6 . 76 4 . 95 3 . 08 0 . 27 0 . 54 
623 . 00381 N8 ,HI 23 . 80 26 . 0  12 . 07 24 . 8 1  6 . 76 4 . 58 2 . 52 0 . 32 0 . 63 
623 . 00382 N8 ,LI 23 . 80 26 . 0  12 . 07 24 . 8 1  6 . 76 4 . 84 2 . 61  0 . 28 0 . 6 1   

4 . 91  
623 . 00383 N8 ,LI 23 . 80 26 .0 .  12 . 07 24 .81  6 . 76  
623 . 00384 N8 ,LI 23 . 80 26 . 0  12 . 0 7  24 . 8 1  6 . 76  

2 . 58 0 . 28 0 . 62  
2 . 66 0 . 27 0 . 6 1   

623 . 003N2 N8 ,NI 23 . 80 26 . 0  12 . 0 7  24 . 8 1  6 . 76 4 . 95 2 . 99 0 . 27 0 . 56 
623 . 004N1 N8 ,NI 49 . 34 26 . 0  1 1 . 99 26 . 28 6 . 76 4 . 93 2 . 64 0 . 2 7 0 . 6 1  
623 . 00481 N8 ,HI 49 . 34 26 . 0  . 1 1 . 99 26 . 28 6 . 76 4 . 67 2 . 74 0 . 3 1  0 . 60 
623 . 00482 . N8 ,LI 49 . 34 26 . 0  11 . 99 26 . 28 6 . 76 4 . 88 2 . 85 0 . 28 0 . 58 

· 623 . 004N2 N8 ,NI 49 . 34 26 . 0  1 1 . 99 2 6 . 28 6 . 76 4 . 94 3 . 07 0 . 27 0 . 55 
623 . 005N1 N8 ,NI 5 1 . 08 2 6 . 0  2 . 67 19 . 04 6 . 76 4 . 19 0 . 87 0 . 38 0 . 87 
623 . 00581 N8 ,HI 5 1 . 08 26 . 0  2 . 67 . 19 . 04 6 . 76 3 . 94 1 . 13 0 . 42 0 . 83   

4 . 04  
623 . 00582 N8 , LI 5 1 . 08 26 . 0  2 . 67 1 9 . 04 6 . 76  1 . 05 0 . 38 0 . 84  

0 . 91  0 . 40 0 . 87   623 . 006  N8 ,NI 50 . 67 26 . 0  2 . 66 16 .• 65 6 . 76 

4 . 10  
623 . 007  N8 ,NI 5 0 . 65 26 . 0  2 . 73 20 .99 6 . 76  0 . 94 0 . 38 0 . 86  
623 . 008 N8 ,NI 5 0 .40 26 . 0  2 . 60 16 . 73 6 . 76  0 . 73 0 . 39 0 . 89  
623 . 009 N8 ,NI 5 0 . 38 26 . 0  2 . 60 16 . 55  6 . 76 4 . 04 1 . 34 0 . 40 0 . 80  
623 . 0 10 N8 ,NI s o .  7 7  26 . 0  2 ,; 66 16 . 5 7  6 . 76 4 . 05 2 . 21  0 . 40 0 . 67 
623 . 0ll N8 ,NI 43 . 56 26 . 0  2 . 56 16 . 0 1  6 . 76 4 . 07 3 . 76 0 . 40 0 . 44 
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Table D-4. Data Tatile for Predeaeration Tests (Continued ) 

R.un ID Descrip Qww Tww pev ppd DOin DOspt 00out Fpd Ft ê

627 . 002  BI , NI 24 . 93 26 . 1  7 . 97 20 . 33 6 . 52  s . o1  3 . 50 0 . 23 0 . 46' 
627 . 003 BI ,NI 25 . 30 26 . 1  13 . 07 25 . 46 6 . 52 5 . 33 . 3.  50 0 . 18 0 . 46 
627 . 004 BI , NI 24 . 7 1 26 . 1  1 7 . 74 30 .09  6 . 56 5 . 78 4 . 62 0 . 12 0 . 29 

5 . 72  
26 . 2  . 22 . 66 35 .41  6 . 62 6 . 17  0 . 07 

0 . 06 0 . 15 
627 . 005  8I , NI  25 13  

6 .  7126 . 2  22 . 8 1  35 . 26  6 . 32  627 . 006 8I , NI 49 . 2 7   
.627 .007  8I ,NI 5 0 . 15  26 . 1  18 . 15 32 . 65 6 . 63 6 . 19 0 . 07 

5 . 18  
2 . 96 0 . 19  25 . 9  18 . 15 32 . 14  6 . 82  628 . 00 1  8I , NI  49 . 62  0 . 5 7   

25 . 9  1 2 . 42 26 . 5 6  6 . 68  3 . 03 0 . 22  0 . 55  628 . 002  BI ,NI 5 1 . 08  
628 . 003  8I , NI 49 . 26 26 . 0  8 . 20 22 . 17 6 . 69 4 . 73 1 . 80 0 . 29 0 . 73 
628 . 004 8I ,NI 75 . 07 26 . 2 15 . 08 3 1 . 88 6 . 81  5 . 59 2 . 52 0 . 18 0 . 63 

4 . 5 7   
26 . 2  10 . 06 27 . 22 6 . 50  0 . 20  1 . 81   o . 72  628 . 005  BI ,NI 76 . 90  

2 . 33  20 . 24 6 . 50   a·. 7 6   0 . 30  8I , NI 70 . 87  0 . 88628 . 006  

26 . 3   
2 . 21 17 . 2 1  6 . 37 4 . 29 0 . 41 0 . 33 50 . 0 1  0 . 94628 . 007  BI , NI  
2 . 16 1 7 . 2 1  6 . 46 4 .46 0 . 45 0 . 3 1  49 . 87  0 . 93628 . 008N1 .BI ,NI  
2 . 16 1 7 . 2 1  6 . 46 4 . 19 0 . 44 0 . 35  81 , HI 49 .87   0 . 93  628 . 008BI  
2 . 16 1 7 . 2 1  6. •  46 4 . 40 0 . 43 0 . 328I , LI  49 .87   0 . 93   628 . 00882  

26 . 3   
0 . 45  0 . 3 1   2 . 16 17 . 2 1  6 . 46  0 . 93  628 . 008N2 BI , NI 49 .87   

3 . 85  
1 . 81  14 . 92 6 . 56  0 . 44 0 . 36  24 . 64  0 . 93  628 . 009N1 8I , NI  

24 . 64  1 . 81  14 . 92 6 . 56   0 . 41   0 . 43  0 . 93  628.00981 BI , HI . 
1 . 8 1  14 . 92 6 . 56  0 . 42  24 . 64  0 . 39  0 . 94628. 00982 8I , LI  
1 . 81  14 . 92 6 . 56  0 . 44 0 . 37  0 . 93  628 . 009N2  BI , NI 24 . 64  

629 . 00 1N1 8I ,NI 25 .83  26 . 0  22 . 75 35 . 13 6 .45 5 . 85 3 . 43 0 . 09 0 . 47 
629 . 00181 8I , HI 25 . 83 26 . 0  22 . 75 35 . 13 6 . 45 5 . 50 3 . 29 0 . 15 0 . 49 
629 .00182 8I , LI 25 . 83 26 . 0  22 . 75 35 . 13 6 . 45 5 . 70 3 . 41  0 . 12 0 . 47 
629 . 00 1N2 8I NI 25 . 83 26 . 0  22 . 75 35 . 13 6 . 45 5 . 87 3 . 52 0 . 09 0 . 45 
629 . 002N1 8I ,NI 25 . 09 26 . 0  13 . 37 25 . 73 6 . 45 5 . 30 2 . 86 0 . 18 0 .• 56  

5 . 19  
26 . 0  13 . 3 7  25 . 73 6 . 45 2 . 89 . 0 . 22 629 . 00281 8I , HI 25 . 09  o . s s  
26 . 0  13 . 3 7  25 . 73  25 . 09  6 . 45  3 . 10 0 . 20 0 . 52629 . 00282 8I ,LI  

5 . 6 1  
26 . 0  1 3 . 3 7  25 . 73  0 . 17  25 . 09  6 . 45  8I ,NI  0 . 50 .629 . 002N2  

2 . 38 
26 . 0  12 . 33 26 . 23  49 . 60 . 6 . 45  0 . 13  8I ,NI  0 . 57   629 . 003  

0  6326 . 0  12 . 30 26 . 23  6 .45 5 . 36  0 . 1 7  629 . 004N1 8I ,NI 49 . 66  
629 . 00481 8I , HI 49 . 66 26 . 0  12 . 30 26 . 23 6 . 45 5 . 04 2 . 25  0 . 22 0 . 65 
629. 00482 8I , LI 49 . 66 26 . 0  1 2 . 30 26 . 23 6 . 45 5 . 24 2 . 34 0 . 19 0 . 64 
629 . 004N2 8I ,NI 49 . 66 26 . 0  12 . 30 26 . 23 6 . 45 5 . 29 2 . 38 0 . 18 0 . 63 
629.005N1 8I , NI 49 . 82 26 . 0  1 7 . 84 3 1 . 86 6 .45 5 .  72  3 . 12 0 . 1 1 0 . 52 

49 . 82 26 . 0  . 17 . 84 3 1 .86  6 . 45  2 . 95 0 . 17 ·629 . 00581 8I , HI  

5 •.66 
49 . 82 26 . 0  1 7 . 84 3 1 . 86 6 . 45  3 . 08 0 . 14  629 . 00582 8I , LI  

26 . 0  17 . 84 3 1 . 86 6 . 45  3 . 12 0 . 12629.005N2 8I , NI 49 . 82  

12 . 58  80l2. 003WD BI ,NI  24 . 85  
$1!JJ2 . 004WD  8I ,NI 37 . 17  

***24 . 99 6 . 76 5 . 07 0 . 25 . '"1:** 

***1 1 . 92 25 . 00 6 . 76  0 . 26 
10 . 98  25 .00   802 .005WD 8I ,NI  5 0 . 13  0 . 22***6 . 76 5 . 27 

6 . 76 802 . 006WD 8I ,NI  75 . 60  7 . 92 24 . 99  ***5 . 20 0 . 23 *** 

802 . 008WD  8I , NI  75 . 66  13 . 14 30 . 07 6 . 76  0 . 15  *** 

26 . 9 5 . 1 7  
8I , NI  74 . 96  8 . 08  25 . 0 1  6 . 76  8®2. 009WD  0 . 21  
8I ,NI  76 . 25  2 . 29 20 .87  6 . 76  0 . 24  8@2.012WD  
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Table D-4 . Data Table for Predeaeration Tests (Cont inued ) 

Run ID Descrip Qww Tww pev ppd DOin DOspt 00out Fpd Ft ê

5 . 00  
25 . 5 1  26 . 6  1 . 73 14 . 96 6 . 33   0 . 34  803 . 003WD BI ,NI  *** 

26 . 7  ê
12 . 69  25 .07  6 . 33   25 . 0 7   0 . 2 1  803 . 004WD BI ,NI  *** *** 

25 . 14  7 . 56  19 . 99 6 . 33 4 . 6 7  *** 0 . 26 '803 . 005WD  BI ,NI  *** 

24 . 30  1 7 . 7 1  30 . 06 6 . 33  5 .33  803 . 006wD  0 . 16  BI ,NI  ****** 

2 7 2   5 . 47  
22 . 10  24 . 99  34 .54 6 . 33   0 . 12  803 . 007WD BI ,NI  ** 

16 . 15  49 . 59  30 . 1 1 6 . 33  0 . 13  803 . 015WD BI ,NI  ****** 

**'"': **"�e 803 . 016WD BI ,NI 49 . 85 27 . 2  20 . 25 34 . 28 6 . 3 3  5 . 76 0 . 09 
803 . 01 7WD . BI ,NI  49 . 5 7  2 7 . 2  1 1 . 14 25 .05 6 . 33  4 . 99  0 . 21  **-I: 

803 . 018WD BI ,NI 50 . 15 27 . 2  6 . 16 20 . 04 6 . 33 4 . 42  ***0 . 30 

*** ***804 . 003WD BI ,N! 24 . 84 27 .1 1 . 86 8 . 93 6 . 46 2 . 26 0 . 65 
804 . 004WD BI ,NI 24 . 93 2 7 . 2  2 . 44 9 . 08 6 . 46 2 . 30 *** 0 . 64 *** 

4 . 22  
24 . 90 27 . 2   6 .46 3 . 10  804 . 005WD  9 . 41  0 . 52   BI ,NI  *** *** 

24 . 83 2 7 . 2   3 . 26  804. 006WD  9 . 73 6 . 46  0 . 49  BI ,NI  *** 

*** "'!:<>!:* 804 . 008WD BI ,NI 24 . 82 2 7 . 3  4 . 46 9 . 67 6 . 46 2 . 80 0 . 5 7 
804 . 009WD BI ,NI 24. 76 27 . 3  5 . 67 10 .43 6 . 46 3 . 07 . 0 52  *** 

4 . 30  
24 . 68 27  . J.  7 •. 10 1 1 . 74 6 . 46 0 . 41  804 . 010WD  BI ,NI  ****** 

"k':.-k24 . 5 1  27 . 3  10 . 35 14 .92  6 . 46  804 .0 1 1WD  0 . 33  BI ,NI  ""'** 

804 . 012WD BI ,NI 25 .46 27 . 3  15 . 30 19 . 90 6 . 46 4 . 27 0 . 34 
***804 . 014WD BI ,NI 49 . 84 . 2 7 . 3  13 . 1 1 19 .81  6 . 46 4 .47 0 . 3 1  

804 . 015Wp BI ,NI 50 . 68 2 7 . 2  8 . 15 15 • .0 1  6 . 46 3 . 33 
804 . 016WD 

0 . 48 -1:** 

6 . 00 13 . 26  50 . 92 27 . 2   6 . 46 2 . 95  BI ,NI  *** ***0 . 54 
804 .017WD BI ,NI 50 . 33 27 . 2  4 . 35 12 . 23 6 . 46 2 . 49 *** 0 . 61  

805 . 002DW BI ,NI 50 . 0 1  26 . 9  2 . 12 10 . 63 6 . 5 2  1 . 3 7  0 . 79 
805 . 004WD BI ,NI 49 . 96 27 . 0  2 . 63 1 1 .01  6 . 5 2  1 . 37 *** 0 . 79 *** . 

805 . 005DW BI ,NI 49 . 90 27 . 0  2 . 87 1 1 . 04 6 . 52  1 . 62  *** 0 . 75 *** 

805 . 006DW BI ,NI 49 . 7 7  27 . 0  4 . 07 1 1 .40 6 . 5 2  3 . 29 0 . 50  *-!.'"* *** 

805 . 007DW BI ,NI 49 . 87 27 . 0  3 . 23 11 .05 6 . 5 2  3 . 04 *** 0 . 54 -'n * 

805 . 008DW BI ,NI 49 . 74 27 . 0  2 . 13 10 . 64 6 . 52  2 . 50 0 . 62 
-1..-k* ***805 . 009DW BI , NI 49 .42 27 . 0  5 . 42 12 . 25 6 . 5 2  3 . 5 7  0 . 46 

805 . 010DW BI ,NI 49 . 10 27 . 0  7 . 22  13 .85 6 . 5 2  3 . 85 *** 0 . 42 *** 

805 . 0 1 1DW BI ,NI 48 . 5 6  2 7 . i  10 . 74 17 .25 6 . 5 2  3 . 97 *** 0 . 40 *** 

805 . 012DW BI ,NI 48 . 04 27 . 0  13 . 36 19 . 82 6 . 5 2  4 . 03 *** 0 39 *** 

805 . 013DW BI ,NI 74 . 72 27 . 0  9 . 67 19 .83 6 . 5 2  4 . 92  *** 0 . 25 *** 

4 . 50  
*** 

*"'i':* 

805 . 0 14DW BI ,NI 74 . 87 27 . 1  ê
805 . 015DW BI ,NI  75 . 3 6  27 . 0   

16 .96 6 . 52  4 . 53  *** 0 . 31  
6 . 5 2  3 . 69  14 .67   0 . 44  

805 . 016DW BI ,NI 75 .41  27 . 0  2 . 28 13 . 79 6 . 5 2   *-1..-k 0 .49 

808 . 002ND BI ,NI 25 . 19 26 . 7  15 . 3 7   19 .96 6 . 22  4 . 76 *-!.'"* 0 . 24 *** 

1 7 . 24 6 . 22  4 . 54 *-1..-k 0 . 27 '1-""** 
26 . 7  ê

12 . 22  808 . 003ND BI ,NI 25 . 38  
808 . 004ND BI ,NI  25_ . 5 2   9 . 77  14 . 82 6 . 22  4 . 40  0 . 29  *** · 

*-!.."'*0 . 40 
-1..-k* 

808 . 005ND BI ,NI 25 . 77 26 . 7  4 .  77   10 . 03 6 . 22  3 .  72   
808 . 006ND BI ,NI 25 . 90  1 . 70 9 . 03 6 . 22  *** 0 . 45 

""'"**808 . 007DW BI ,NI 25 . 88  
808 . 008DW BI ,NI 25 . 79  

26 ;7 

26 . 7  

1 . 70  
1 . 67  

8 .85 6 . 22   0 . 60  2 . 5 1  
10 .39  6 . 2 2  3 . 18 '"1..7* 0 .49 *** 

2 . 05  
808 . 009WD BI ,NI 49 . 66  
808 .. 010WD BI ,NI 49 . 93  
808 . 0 1 1WD BI ,NI 5 0 . 22  

*** ***14 .05 6 . 22  . 3 .45 0 ;45 
12 . 17  6 . 22   3 . 26 *** 0 .48 *** 

26 . 7  ê 2 . 05  . 10 . 97 6 . 22  2 . 69 0 . 57  
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Table D-4. Data Table for Predeaeration Tests (Cont inued ) 

Run ID Descrip Qww Tww ppd ê DOin DOs pt 00out Fpd Ft 

49 . 79 26 . 7  10 . 70 1 7 . 35 6 . 22 3 . 90 0 . 37 808 . 0 12WD BI ,NI  
49 . 72 26 . 7  13 . 23 1 9 . 90 6 . 22 4 . 04  0 . 35  808 . 0 13WD BI ,NI  *** 

***49 . 9 7  26 . 7  15 . 74 22 . 43 6 . 22 4 . 20 0 . 33 808 . 0 14WD BI ,NI  
***49 . 19 26 . 7  18 . 43 25 . 05 6 . 22 5 . 18 0 . 1 7 808 . 015WD BI , NI  *** 

49 . 82 26 . 7  15 . 74 2 2 . 44 6 . 22 4 . 90 0 . 21 808 . 016WD BI ,NI  *** 

•k**50 . 16 26 . 7  13 . 26 19 . 95 6 . 22 4 . 64 0 . 25 808 . 0 1 7WD. BI ,NI  *** 

50 . 30 26 . 7  10 . 60 17 . 33 6 . 22 4 . 34 0 . 30 808 . 018WD BI ,NI  *')':of: 

0 . 35  50 . 68 26 . 8  8 . 37 15 . 17 6 . 22 4 . 04  808. 019WD BI ,NI  *** 

0 . 39  50 . 5 7  26 . 8  6 . 00  12 . 90 6 . 22 3 . 78  808 . 020WD BI ,NI  *'i--k 

***49 . 3 1  26 . 7  2 . 03 1 1 . 13 6 . 22 3 . 06 0 . 5 1  808 . 02 1WD BI ,NI  
0 . 34  75 . 00 26 . 7  2 . 14 13 . 65  6 . 22  4 . 10 

4 . 89 

808 . 022WD BI ,NI  *** *** 

0 . 3 2   26 . 6  2 . 28 18 . 48 6 . 22  808 . 023WD BI ,NI 75 . 10  ****** 

0 . 2 1   9 . 03 19 . 28 6 . 22  808 . 024WD BI ,NI 74 . 88  *** 

***10 . 30 20 . 40 6 . 04 . 5 . 03 0 . 17 809 . 002WD BI ,NI 75 . 5 1  26 ;. 7   *** 

2 . 14  
18:� 92 

25 . 04 
28 . 5 1  

" *** 6 . 04 4 . 73 0 . 22 809 . 003WD BI ,NI 76 . 07 26 . 7   *** 

6 . 04 3 . 89  0 . 36  26 . 7   809 . 004WD BI ,NI 75 . 3   
809 . 005WD BI ,NI 74 . 5 8   

*** "" 

26 . 7   
•!c**6 . 04 5 • .36 0 . 1 1  15 .28  

18 . 87  6 . 04  ***5 . 5 1  0 . 09 809 . 006WD BI ,NI 73 . 25  
***50 . 13 26 . 8  22 . 88 29 . 56 6 . 04 5 . 58 0 . 08 809 . 007WD BI ,NI  *** 

***50 . 78 26 . 8  18 . 25 25 . 02 6 . 04 5 . 18 0 . 14 809 . 008WD BI ,NI  
***49 . 34 26 . 8  13 . 20 19 . 8 1  6 . 04 4 . 6 1  0 . 24 809 . 009WD BI ,NI  *** 

***50 . 36 26 . 8  7 . 84 14 . 63 6 . 04 3 . 98 0 . 34 809 . 010WD BI ,NI  *** 

'i.-k* 0 . 45  50 . 4 1  26 . 7  2 . 05 10 . 75 6 . 04 3 . 34  809 . 01 1WD BI ,NI  *-1..-l,c 

***25 . 39 26 . 7  1 .  70  8 .  77  6 . 04 2 . 63 o . 5 7  809 . 012WD BI ,NI  *** 

--h-k* 0 . 43  809 . 013WD BI ,NI 25 .41  26 . 6  4 . 83 9 . 8 1  6 . 04 3 . 45  
***4 . 23 0 . 30  809 . 014WD BI ,NI 25 . 03 26 . 7  10 . 16 14 . 73 6 . 04  *** 

5 . 22  
0 . 20  26 . 8  15 . 50 20 . 04 6 . 04  809 . 015WD BI ,NI 24 . 63  

809 . 016WD BI ,NI 24 . 1 1  
*** 

26 . 9   
20 . 45  24 . 93  6. •  04 0 . 14  **-1: *** 

0 . 10  25 . 7 7 30 . 23 6 . 04 5 . 41  809 . 017WD BI ,NI . 23 . 52  ê *** 

***24 . 14 27 . 0  25 . 86 30 . 25 6 . 04 5 . 12 0 . 15 809 . 0 18WD NB ,NI  *** 

0 . 18  24 . 86 27 . 0  20 . 56 24 .97  6 . 04 4 . 95  809 . 019WD NB ,NI  *** 

0 . 19  25 .36  26 . 8  15 .47 1 9 . 90 6 . 04 4 . 87  809 . 020WD NB ,NI  *** 

*** ***810 . 00 1WD NB ,NI 27 . 3 3  26 . 7  9 . 12 19 . 9 1  6 . 04 3 . 03 0 . 5 1  
0 . 39  26 . 7  25 . 3 1  30 . 3 6  6 . 04 3 . 73  810. 002WD NB ,NI 26 . 10  **"�e 

26 . 7   
***29 . 85 35 . 1 1 6 . 04 . 3 . 83 0 . 38 810. 003WD NB ,NI 25 . 45  

810 . 004WD NB ,NI 26 .93   0 . 47  6 . 04 3 . 26  19 . 64 24 . 95  *** 

2 . 74  
0 . 5 1   26 8 14.63  1 9 . 85 6 . 04  810 . 005WD NB , NI 27 . 34  

810 . 006WD NB ,NI 25 .67   
810. 007WD NB ,NI 24 . 78  

*** 

27 . 0  ê
0 . 5 5   9 . 43 14 . 73 6 . 04  *** *** 

1 . 74  
***1 1 . 06 6 . 04 2 . 61 0 . 5 7  '"!:*"!: 

13 . 06  
2 . 53  . 0 . 59  6 . 04  810 . 008WD N ,NI 24 . 9 1  27 . 0   *** 

0 . 54  2 . 84  2 . 10  6 . 04  8 1 0 . 009WD NB ,NI 50 . 60 2 7 . 0   **·* 

0 . 53   5 0 . 49 27 . 0  3 . 32  1 1 . 5 7  6 . 04 2 . 87  810 . 010WD NB 9NI  
*J,.-k ***810. 0 11WD NB .,NI 49 .81  26 . 9  8 . 00 14 . 7 1  6 . 04 3 . 1 7 0 . 48 
*** ***810 . 012WD NB , NI 48 . 96 26 . 9  13 . 49 19 . 89 6 . 04 3 . 50 0 . 43 

27 . 0  18 . 28 24 . 83 6 . 04 3 . 70  0 . 40  810 . 013WD NB ,NI 50 . 74  *** 

50 . 08 2 7 . 0  23 . 63 30 . 22 6 . 04  3 . 97  0 . 35  810 . 014WD NB ,NI  **"'i't 

50 . 5 0  27 . 0  30 . 23 35 . 40 6 . 04 4 . 28  0 . 30   810 . 0 15WD NB ,NI  *** 
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Table D-4. Data Table for Predeaeration Tests ( Concluded ) 

Run ID De scrip Qww Tww Pev ppd DOin DOs pt 00out Fpd Ft 

810 . 0 16WD NB , NI 50 . 85 2 7 . 0  27 . 39 33 .67  6 . 04 4 . 35 *** 0 . 29 **"'�  
810 . 0 17WD .NB , NI 75 . 02 27 . 0  23 . 72 32 . 56  . 6 . 04 4 . 23 -- ** 0 . 3 1 *** 
810 . 018WD NB ,NI 74 . 76 27 . 0  15 . 77 24 . 92 6 . 04 3 . 7 1 * 7 0 . 40 *** 

.8 10 . 019WD NB ,NI 76 . 03 2 7 . 0  1 0 . 45 1 9 . 90 6 . 04 3 . 55  *** 0 . 42 *** 
810 . 020WD NB ,NI 75 . 72 2 6 . 8  6 . 03 15 . 37 6 . 04 3 . 42 *** 0 . 44 *** 

*** 810 . 02 1WD NB ,NI 74 . 94 2 7 . 0  4 . 12 13 .19 6 . 04 3 . 28  
810 . 022WD NB ,NI 3 7 . 26 27 . 0  5 . 76 11 . 24 6 . 04 3 .• 30 

0 . 47  
*** 0 . 46  

*** 0 . 29 	 **")'( 
*** 
*** 

811 . 00 1WD NB NI 3 7 . 40 27 . 0  24 . 83 30 . 05 6 . 04 4 . 36  

3 . 94  
*** 8 1 1 . 002WD NB ,NI 37 . 93 27 . 0  1 9 . 67 24 .92 6 . 04  0 . 33  
*** 811 . 003WD NB ,NI 3 7 . 27 2 7 . 0  . 14. 74 19 . 96 6 . 04  

8 1 1 . 004WD NB ,NI 37 . 57 27 . 0  9 . 44 14 . 66 6 . 04  
8 1 1 . 005WD NB ,NI 37 . 60 27 . 1  9 . 43 14 . 66 6 . 04  

0 . 36•  
3 . 78 

3 . 43 

*** *** 0 . 38  
*** *** 0 . 40  
*** *** 8 1 1 . 006WD NB ,NI 37 . 70 2 7 . 1  2 . 73 10 . 69  6 . 04  · o . 44  

25 .62  2 7 . 1  2 . 62 8 . 54 . 6 . 04 3 . 41 *** 0 . 44 *** 8 1 1 . 007WD  NB ,NI  

4 . 53   
**"'�( 0 . 33 ***  
***  
***  

811 . 008WD NB ,NI 24 91  27 . 1  15 .44 19 . 79 6 . 04  
8 1 1 . 009WD NB ,NI 23 . 90 2 7 . 0  25 . 98 30 . 29 6 . 04  *** 0 . 26  

'1:** 81 1 . 010WD NB ,NI 23 . 6 1  27 . 1  32 . 38 35 .46 6 . 04 4 .  77   0 . 22  
5 0 . 32 27 . 3  29 . 87 35 . 10 6 . 04 4 . 67  *** 0 . 24 *** 8 1 1 . 0 1 1WD NB ,NI  

*** *** 8 1 1 . 012WD NB ,NI 49 . 36 2 7 . 4  1 0 . 43 16 . 55  6 . 04  
811 . 013WD NB ,NI 5 0 . 22 2 7 . 4  4 . 80 1 1 . 07 6 . 04  

3 . 98  0 . 35  
**7: ***  0 . 40  

Descripti on  NB = No baffle installed 
BI = Baffl  installed 
NI = No bubble injection . LI = Low bubble injection rate (40 cm3/min gas ) 
HI = High bubble injection rate ( 15 0  cm3 /min gas ) 
*** = No data obtained 
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Thi s  appendix summarizes the general management arrangement and procedures
used in normal operation of the test apparatus . During operation of such a 
large and complex facility,  valuable les sons in operational aspe·cts  and test 
procedures were acquired . These are summarized here as recommendations to be 
con s idered in the des ign and operation of future OC-OTEC facilities . 

E . l  ORGAHIZATIOH AHD MAHAGEMEHT 

The HMTSTA was designed , constructed , and operated under funding by the U. S .  
Department of Energy 1 s Ocean · Energy Technology Program. DOE gave SERI the 
res ponsibi l i ty of direct ing design and construct ion of an apparatus suitable 
for the test ing of evaporators , warm-water predeaerators , and .surface 
condensers . using seawater as a working fluid . In an interlaboratory 
agreement , SERI enl i s ted the experti se of Argonne National Laboratory (ANL) to 
des ign the apparatus , to fabricate as much of it as was practical at ANL ' s 
I ll inois facility ,  to ship i t  to the test site in Hawaii ,  and to assemble the 
apparatus and i t s  instruments .  Through other contracts , . SERI directed the 
Natural Energy Laboratory of Hawaii  (NELH) and local contractors to prepare
the s ite and to assist  ANL with erection and checkout of the apparatus . 

Once the apparatus pas sed its  acceptance test s  ( Bharathan and Hagen 198 7 )  in 
October 198 7 ,  SERI . assumed responsibi l ity for operations during Phase I and 
Phase  II testing. A SERI employee was · relocated to Hawai i as field test 
eng ineer during this period • NELH. was funded to cont inue support of test ing 
in the apparatus by providing a s ite ,  electri cal power , water , and personnel 
including one ful l-t ime technician . 

Concurrently with Phase I tes t s , SER! and ANL des igned and fabricated part s 
required for the modi fication of the apparatus for the Phase II direct-contact 
condenser tests . ANL designed and fabricated the DCC ves sel and support tower 
whi le  SERI designed and fabricated the DCC internal component s .  

The Pacific International Center for High Technology Research ( PICHTR) began 
supporting the test efforts at the HMTSTA in August  1988 by providing an 
engineer to ass ist  wfth operations . PICHTR was given responsibility to 
operate the apparatus as part of i t s  1988 subcontract from SERI . However , 
through mutual agreement , PICHTR continued to support the SERI field test 
engineer until  Phase II  tests  were completed in May, 1989 . At that time 
operational control of the facility was passed to a new PICHTR field test 
engineer . 

Each test conducted at the HMTSTA was preceded by a comprehens ive test plan 
( Parsons et al . 1989 ) which described the objectives of the test , the 
parameters to be measured , sensors , procedures ,  and expected uncertainty . The 
principal . investigator ( PI )  for the test prepared the test art ides and 
procured any special test instrumentat ion.  Typically the PI  traveled to the 
tes t site to· ensure that equipment and instrumentation were properly installed 
and that the test procedures provided reasonable results . After thi s startup 
peri od ,  the PI left the s ite and thereafter coordinated test act ivities wi th 
the f ield test engineer by telephone . The PI analyzed test data provided by
the field test engineer and specified .new test conditions and/or procedures as 
appropriate . 
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The field test engineer operated the apparatus to  obtain the des ired test 
condit ions , performed initial data analys i s  to ensure that sensors were 
operat ing properly and that data were self-consi stent , and provided the Pi s 
with test results  including computer data f iles , laboratory recor.d book,  and 
strip chart logs . The field test engineer al so coordinated activities "among 
the various Pis and with NELH and other organizations , cal ibrated instrument s ,  
maintained HMTSTA equipment , and conducted tours and other publ ic relations 
activities . 

E .2 	 STARTUP AND SHUTDOWN 

The following startup and shutdown procedures were used during Phase I and 
Phase II tests during normal operations . Variations of these procedures were 
required for special condit ions . 

E . 2 . 1  

1 .  	 Check that test equipment i s  properly installed and that all openings
into the vacuum ves sels are closed . 

2 .  	 Open i solation valves in the refrigerat ion system. 
3 .  	 Begin flowing cold water to the refrigerant condenser . ( Changing seawater 

flows always required coordination with NELH to ensure that. their water 
supply system would be properly rebalanced . )  · 

4 .  	 Start the refrigeration system and the l iquid-ring vacuum pump . 
5 .  	 Adjust warm and cold seawater flows to specified test conditions . 
6 .  	 Turn on warm and ( for DCC test s )  cold seawater di scharge pump s and set 

controls  to maintain desired discharge pool level s .  
7 .  	 When water temperatures have stabil ized , . obtain a data set to provide a 

"no-steam" temperature profile that can be used to show zero o ffsets for 
differential temperature and pres sure sensors . (Without the boos ter vac
uum pump · in operat ion ,  the . l iquid-ring pump would not bring system pres
sure low enough to begin significant steam generation in the evaporator . )  

8 .  	 Turn on the booster vacuum pump . 
9 .  	 Readjust water flows and adjust s team valves to provide the desired test 

condit ions . 
10 . 	 When steady state i s  obtained at the des ired tes t  condit ions and when 

consi stency checks have been completed among various sensors and methods 
to calculate performance parameters , record a data set for thi s tes t .  

1 1 .  	 Repeat steps 9 and 1 0  for new test conditions . 

E . 2 . 2  Shutdown 

1 .  	 Turn off the refrigerant compres sor . 
2 .  	 Turn off the booster liquid-ring and vacuum pumps . 
3 .  	 Stop cold and warm seawater flows and shut off seawater discharge 

pump( s ) .  
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,,. 4 .  	 Record system vacuum level for at least 30 min to obtain a vacuum decay
vs .-t ime curve for determining air leakage into the i solated system. 

5 .  	 If tests were scheduled for the following working day , vacuum, in the 
ves sel s was· maintained overnight . Otherwise air was vented into the 
vacuum ves sel s .  

E . J  OPERATIONAL LIMITATIONS 

The l imited-capacity margin afforded by the vacuum pump system resul ted in 
delays during , some experiments and l imitation of some test condit ions . The 
system was specified for 0 . 28 m3/ s  ( 600 acfm) at 1 . 33 kPa ( 10 torr )  , inlet 
pres sure and a 50% steam - 50% air inlet gas compos i t ion . The second-stage 
surface condenser was expected to reduce the steam content at the . vacuum pump
inlet to the specified condition because the refrigerant could be maintained 
at near-freezing temperatures .  Thus , the combination of refrigerant-cooled 
condenser and vacuum pump was expected to permit testing of first-stage , 
surface-type and direct-contact-type condensers over a wide range of exhaust  
gas flow rates . In  practice , two difficulties were encountered . 

First ,  the second-s tage surface condenser was not as  succes sful as had been 
anticipated at reducing the steam temperature to near. freezing ( typical outlet 
temperatures were about 7 ° C ) , resulting in difficult ies during the surface 
condenser tests , as described in Section 2 .4 . 2 .  

Second , the . l iquid-ring vacuum pump tended to have a lower capacity than the 
mechanical· booster pUmp . When the l iquid-ring pump was loaded wi th more 
noncondensable gases  than were originally specified , the cold water in the 
ring could not condense as large a percentage of the inlet steam/ gas mixture 
as normal . The pump 1 s imlet pres sure would then rise and inc·rease the· .
compres s ion rat io of the booster pump . The higher compres s ion rat io in the 
boo.s ter pump caused the gas temperature at i t s  outlet to increas e  suffic iently 
to trip the "high-temperature" safety interlock. When the booster pump 
stopped , pres sure in the vacuum system would increase rapidly and steady-state 
cond i tions would be lost . Thi s  problem was alleviated to some extent by
decreas ing the speed (and thus the capacity) of the booster compressor and by 
cooling the l iquid.;..ring pump ' s  sealant water wi th the refrigerant system.  

E.4 LESSONS LEARNED 

Des i gn and operation of the HMTSTA was aided by the experience of various 
members of the DOE Ocean Energy Technology Program with other experimental
devices and test programs . In addit ion ,  Argonne personnel brought experience 
from both the OTEC-1 experiment and their test s  in Illinoi s ;  and SERI 
personnel contributed experience gained from des igning and operat ing the 
OC-OTEC laboratory at SEIU 1 s Colorado acility .  Nonetheles s ,  a number of 
improvements were ident i fied during the shakedown and test periods , and some 
were incorporated , that enhanced operations at the HMTSTA. ·The following 
sections describe changes made as wel l  as those that should be considered for 
future tests  at the STF . 
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E.4. 1 . 1  Water Flow Control 

Water flow control was an important aspect of HMTSTA operations . The first 
major problem with the apparatus was its failure to achieve the specified 
water flow capacity. Thi s  problem was el iminated by incorporating the 
following design features : 

• 	 Pipes and valves of ample size.  Water supply pressures tend to be 
s ignificantly lower in OTEC systems than in most  other piping systems , and 
pipe diameters and valve s izes that are conservat ive for normal piping 
systems may be too small for OTEC systems . 

• 	 High-point vents .  Gas pocket s resulting from deaeration of seawater and 
leakage of  air into pipes containing water at subatmospheric pres sure can 
cause significant pres sure losses . Al l high points , especially those  just
ahead of pipes in which water flow is sharply downward (downcomers ) ,  require 
vents .  

• 	 Vent gas removal . Vents must  be connected 
I 

to a low pres sure source-
preferably to the vent l ine leading to the vent compres sor--to prevent

oncondensable gases from entering the OC-OTEC heat exchangers .  
• 	 Vent water separation.  Vents must  be  configured to prevent water from 

entering the compres sor . The easiest  method of allowing gas to vent whi le 
preventing water from flowing out the vent line i s  to provide a large
diameter tube ( 2  em or l rger for small vents )  from the water pipe to a 
point wel l  above the barometric height . At the high point , a larger volume 
should be provided to ensure that any water brought up by gas bubbles can 
settle out of the gas stream and drain back down t·he vent l ine . 

• 	 Vi sual checks . Acryl ic or glass viewport s at vents and clear vent l ines 
permit vi sual observation that gas i s  venting properly .  Viewport s  also 
provide a way to determine whether vented gas i s  deaerated from the water or 
leaking into the pipe . Downcomers should feature tees at their upper
connections . The upper leg of the tee can then be fitted with a viewport . 

Another required modification which was determined late in the design of the 
HMTSTA was that water supply controls should be based , not on the level in the 
supply sump , but on the measured flow rate.  The supply sump level i s  auto
matically determined by the physical configuration of the barometric leg and 
head losses in the supply upcomer and heat exchanger . For all tes t s , one of 
the control led parameters was water flow rate . It is more useful to control 
it directly rather tb.an to attempt control through measurement of a sump 
level . 

E.4 . 1 .2 Level Control 

A 	second area of  concern regarding high water flows typical of OC-OTEC plant s 
. i s  maintenance of correct discharge pool level s  in the evaporator and direct
contact condenser . Fai lure of a level sensor or plugging of  a discharge pump 
inlet can result in rapid overfilling of the . system. In the HMTSTA the 
fol lowing des ign features minimized that problem: 
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• 	 Use of industrial-grade pressure sensors to indicate water levels 1.n the 
evaporator and. discharge _ . sumps for the evaporator and direct-contact 
condenser 

• 	 Use of "bubblers" to prevent , where pos s ible , seawater from contacting level .
sensor diaphragms 

• 	 Provision of pres sure switches connected to audible and vi sual alarms to 
indicate higher-than-normal level s in the discharge sumps • Al though sump 
level was an indirect indicat ion of water pool level in the heat exchanger , 
the pres sure switches were located in the bubbLer system and thus were not 
exposed to seawater . 

• 	 Provis ion of float switches ins ide the heat exchangers that al so activated 
audible and vi sual alarms and opened a vacuum vent valve • .  

The above features were helpful in reducing the probabil ity of overfilling , 
but other methods should al so be considered for future experimental facili ties 
such as the NPPE : 

• 	 Use instruments  and equipment that can withstand flooding . 
• 	 Locate instrument s  and equipment that cannot withstand flooding above the 

highest  water level that can be physically reached by combined pump head and 
barometric leg .  

• 	 Besides increas ing system pres sure by venting air,  shut" off seawater supply 
pumps and .. the vent compres sor in case of high water level s .  

E .4 . 1 .3 Air Leakage 

Air leaks i,nto the vacuum system are of cri tical concern in OC-OTEC systems . 
If  large enough, they can seriously affect operation of the vent compres sor as 
wel l  as the surface and direct-contact condenser . 

Time lost searching for leaks can be minimized by incorporating the foll owing 
features into the ciesign and operat ion of the NPPE : 

• 	 Minimize piping outs ide the vacuum ves sel s .  
• 	 Provide means; to observe · bubbles in water pool s  as a way of finding leaks 

in·s ide the main vacuum ves sel . 
• 	 Provide means to i solate and vacuum check p1.p1.ng and components outs ide the 

main vacuum ves sel . 

E .4 . 1 .4 Control Room Features 

One of the least desirable features of the HMTSTA, whi ch should be avoided in 
the future , i s  the size and layout of the control room. Interruptions and 
communication difficulties  serious ly reduced the operator ' s  abi lity to conduct 
tes t s . The control room should have the following features · to enhance 
productivity: 

• 	 Provide sufficient room for the operator , one ass i s tant , and one researcher 
to observe and control operat ions without di s turbing each other . 
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• 	 Provide easy access to all parts o f  the apparatus , including office , wi thout 
requiring pas sage _through the control room. 

• 	 Provide a means for vi s itors to view the control room without entering i t  or 
disturbing the operator . 

• 	 Provide auditory and vi sual communication between the operator and other 
workers in the facil i ty .  Hand-held radios are adequate i f  radio signal s  are 
not attenuated by walls  or equi pment and i f  a frequency can be al lotted for 
operation use only.  Vi sual communications may be provided by windows or,  i f  
necessary , by video cameras and monitors . 

E.4.2 in Instrumentation 

Instrumentation in the HMTSTA was adequate.  for the research object yes of the 
Phase I and Phase II tests . It can be improved for NPPE tests  in the 
following ways : 

• 	 Use industrial-grade sensors wherever pos sible , rather than high-preci s ion 
but fragile  scientific sensors . Often the increased accuracy of  the 
scienti f i c  sensor is lost when it i s  exposed to seawater and salt spray . 

• 	 Bubble-type level sensors provided considerably bet ter rel iabil i ty than 
·sensors that required direct contact · between seawater and sensing 

diaphragms . In an experiment the s ize of NP E , the effect .of noncondensable 
gases added from bubblers should be very small . 

• 	 Provide large-diameter , clear tubing connect ions between the vacuum ves sel 
and external pressure sensors to m1n1m1ze the probabil i ty of  water 
accumulat ions that affect pressure readings . 

• 	 RTD temperature probes are characterized by high rates of calibrat ion dri ft , 
and therefore frequent recalibrat ion i s  required to maintain accuracies  
within those required for OC-OTEC experiments .  High-s tability the'rmi stors  
should be investi gated for use in the NPPE . 

• 	 Whenever pos sible. ,  wiring connections in junction boxes are prefera.ble to 
field splices . A combinat ion penetrat ion/junction box configurat ion could 
reduce the number of connect ions required between sensors and s ignal 
conditioners as well  as faci l i tate changes in instrumentation .  

• 	 Signal conditioners should be located i n  the building hous ing the control 
room, where they can be protected from dirt , salt spray , and temperature 
changes . 

• 	 Large cros s-connect panel s  are preferable to t ight ly bunched terminal 
drawers in the control room bui lding . These panel s  should provide a means 
of eas i ly changing connections from field sensors and control actuators to 
signal conditioners , analog-to-digital converters , and monitoring and 
control devices . 

• 	 Convers ion of analog signal s  to digital signal s  should be accompl ished us ing 
industrial-grade components that are protected from overvoltages and 
shorts .  The emphas i s  should be on accuracy and rel iabil ity rather than 
convers ion speed . 

• 	 Control s should be integrated wi th the data-acqui s i t ion computer us ing 
modern computer technology . 
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• 	 Data-acqui sition and storage software should be easily modi fiable to permi t 
versatility in real-t ime data analysi s ,  graphing , and modi ficat ion of  algo
rithms used to calculate key performance and operat ing parameters . 

• 	 On-site calibration equipment should be obtained to permit calibration 
checks of  temperature and pres sure sensors . A pres sure standard i s  
available on s i te for pres sure cal ibrat ions , but it  should be compl emented 
with equipment that wi ll  obtain and hold multipoint calibrat ion pres sures 
without removing the sensor from its  installed posit ion .  Similarly, i f  
constant temperature baths were provided , absolute and different ial 
temperature probes could be cal ibrated more reliably and accurately us tng 
high-preci sion temperature probes already on s ite .  

E .4 . 3  	 in Test Procedures 

A key improvement made during HMTSTA tests  was the development of real-t ime 
data analysi s  capabil ity based on a spreadsheet program. Other programs of 
s imilar capabil ity are avai lable and should be considered for use in the NPPE . 
The original FORTRAN-based dat -acqui sition program was useful for viewing and 
recording the raw sensor data , but it  was unwieldy for checking
"reasonableness" of data . Some of the features of the · real-time analys i s  
program should .be 

• 	 Di s play of key operating · and performance parameters us ing various 
combinations of sensors 

• 	 Graphic display of performance parameters for current and previous tes·t s . 
• 	 Abi l ity to scroll or page through more · data than can be di splayed on one 

screen 
• 	 Easy changing and di splay of zero offsets for sensors such as differential 

pressure and temperature sensors 
• 	 Selection of which sensors to use to calculate operating condit ions and 

performance level s .  
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Thi s  appendix indicates how component performance verif ied in  the HMTSTA tests 
can affect the performance of a complete OC-OTEC system--namely the net power
producing experiment (NPPE ) .  Within the range of parameters expected for the 
NPPE , the result s  of the sensitivity analysis show that care must be given to 

• Evaporator thermal effectivenes s  
• Direct-contact condenser overal l  thermal effectiveness  
• Gas-side pres sure drop in the condenser . 

Other parameters , such as water-s ide pres sure los s ,  steam-to-seawater approach 
temperature , and fraction of dis solved gas relea,sed , have a somewhat smaller 
effect on net power . The sensitivity results  in potent ial losses as well as 
potential gains in power if the operat ing conditions are different from those 
assumed for the NPPE nominal conditions . The as sumptions made and the resul ts  
of  the sensitivity analys i s  are described below. 

The NPPE will use the full capacity of the new seawater supply system at the 
Seacoast  Test  Faci li ty ( i. e .  , 620 kg/ s  of warm seawater and 421 kg/ s  of cold 
seawater) .  In addi tion to the spout evaporator and direct-contact condenser 
tested in the HMTSTA, the NPPE wilt feature a steam turbine , a high-efficiency 
vacuum compres sor , and a high-efficiency seawater supply system. Projections 
have been made as part of a conceptual design of the NPPE of the performance 
and power requirements of each component of the system. The des ign continues 
to be developed and performance pro}ections are · continually modified ; the 
graphs contained in thi s appendix reflect performance project ions made on 
September 26 , 1989 . _ Those proj ect ions were that the NPPE would produce 83 kW 
net pOW(!r after parasitic  loads cons'!J)Jle 134 kW of the 217  kW produced by th  

· e eturbine/generator uni t . 

The analysi s  supporting the following graphs was. performed uS 1ng a Lotus 123m 
spreadsheet program. Key inputs to these programs are that the seawater pumps 
wil l  operate at an efficiency of 72% and that the vacuum compres sor wil, l 
operate at 60% efficiency over the range of conditions cons idered here . In 
both cases efficiency accounts for los ses in electrical motors and · variable 
frequency motor speed controllers . Other key inputs are discussed for each 
graph below. 

Two of the most  important component-performance parameters having to do with 
overall  system performance are evaporator and direct-contact condenser thermal 
effectiveness . At low values of thermal effectivenes s , · the turbine i s  
underpowered because les s steam i s  generated a t  a lower enthalpy difference . 
The analysis account s for degradation of turbine efficiency when operated 
under the off-design conditions which would occur i f  the heat exchangers did 
not perform as expected . Figure F-1 shows that net power production could be 
as much as 1 1  kW lower i f  either the evaporator or direct-contact condenser eperformed with a thermal effectivenes s  of only 0 . 80 . Such poor performance i s  
not anticipated for either heat exchanger . Al though serious ly degraded , the 
NPPE would still  be able to produce 72 kW of net power . e 
Before the HMTSTA experiments ,  the range of uncertainty on water-s ide head 
loss  through the neat exchangers was higher than at present . HMTSTA tests  
quanti fied the head los ses when . thermal effectiveness  was high. Us ing the 
same heat-exchanger configurations for the NPPE greatly reduces  the 
uncertainty in water-s ide head loss and narrows the impact on system . 
performance to ±5 kW ( see Figure F-2 ) .  e 
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Figure F-2 . Effect of  
heat-exchanger head loss  
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Figures F-3 and F-4 show the potent ial impact of changes in two other pe.r
formartce parameters for the direct-contact condenser . These parameters , gas
s ide pres sure loss  and temperature approach between outlet steam and inlet 
cold seawater , have a direct effect on the fraction oJ steam condensed . As 
the value of either parameter is increased , more steam exits  the condenser and 
vacuum-compres sor power increases . As sumed in thi s analys i s  i s  that the 
vacuum compres sor wil l  have suffici ent capacity to handle the higher steam 
flow rates and that i t s  efficiency _  wi ll not change significantly under these 
off des ign conditions . 

Over a range of uncertainty shown in these figures , which i s  · broader than  
expected (but could be attained by poor design) , the gas-side pres sure drop i s   
significantly more important than temperature approach, because i t  can resul t  
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Outlet steam saturation temperature minus seawater inlet temperature (°C) approach on net power 

in a loss  of almost  15 kWe . Thi s finding suggests  not only that the condenser ê
should be designed to ensure that internal pres sure losses are not higher than  

. measured in the HMTSTA , but that care should be t'aken to prevent exces s i ve  
pressure losses in the vent pipe between the . condenser and the vacuum  
compres sor . 

The negat ive temperature approach at the outlet of the cop.denser occurs 
because the steam temperature i s  a wet-bulb measurement relative to the satu
ration temperature of fresh water . The saturation temperature with respect to 
seawater is 0 . 28 ° C  below the temperature of the seawater . Thus , condensation 
can occur when the steam saturation temperature i s  lower than the seawater 
temperature ( see Chapter 8 ) . 
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The final heat exchanger performance parameter conside-red here i s  the fract ion 
of noncondensable gas released in the evaporator and direct-contact condenser . 
Les s gas released in either exchanger resul ts  in lower inlet flows to the 
vacuum compressor and reduced power consumption by the compres sor . Again , th  
analysis  assUmes that the compressor wi ll maintain i t s  60% efficiency under 
off-design condit ions . HMTSTA tes ts  indicated that virtually all the di s
solved gas contained in seawater is  released in both the evaporator and 
direct-contact condenser . If  the fraction of gas released in either heat 
exchanger i s  reduced , performance of the NPPE might be improved by as much as 
10 kW ( Figure F-5 ) .  e 
Other components tested in the HMTSTA were warm and cold seawater prede
aerators , a mi st  eliminator , and two surface condensers . Plans for the NPPE do 
not include predeaerat ion ,  as di scussed in Chapter 5 .  Initial warm seawater 
predeaeration test s  in the HMTSTA indicated low release rates and confirmed 
projections that the device would provide li ttle improvement in NPPE perfor
mance .  Later , still  undocumented tests  indicated higher release rates might 
be achievable but only under flow condi tions significantly lower than those 
that wil l  exi st  in the NPPE . Potential complications resulting from the 
configuration tested in later predeaeration test s  include more complicated 
seawater piping arrangement s  ( resul ting in higher water-s ide head losses ) ,  
integrat ion of predeaeration gas flows. into higher pressure stages of the 
vacuum compres sor train , and maintenance of the . fine-mesh screens that 
effected high release rates . 

Figure F-5 . Effect of 
heat-exchanger 

gas release 
on net power l 

I
a;c:
iii .
c:.E
2 
E 
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• Evaporator
A Direct-contact condenser 

Fraction of dissolved gas released 
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'- Decumented HMTSTA test resuHs 

Assumptions 
• No water-side h ad loss 
• 	 Predeaerator pressure of 1 1 .3 kPa permitting released gas 

to enter the third stage of a four-stage compressor 
• Compressor configured to accept gas flows 
• Compressor efficiency of 60% 

Figure F-6 . Effect of 
0.0 0.2 predeaeration on0.6 0.8 1 .0 

Fraction of dissolved gas released 	 net power 

The analysis used to show the maximum potential impact  of  predeaeration 
performance on net power ass.umes no water-s ide pres sure loss  and no impact on 
vacuum compressor efficiency. The predeaerators would be operated at 1 1 . 3  kPa 
to permit the released gas to be admitted to the third stage of a four-stage 
vacuum compres sor train . With these assumptions , as Figure F-6 shows , warm 
seawater predeaeration could increase net power by as much as 10  If  both 
warm and cold seawater were predeaerated , as much as 20 kW be saved . eAfter accounting for water-s ide pressure losses , however ,  projections based on 
predearation' tests  described in Chapter 5 indicate only a potential 5-kWesavings . 

The pressure-drop coefficient of the mist  el iminator has a negl igible effect 
on NPPE performance because steam velocity through that component wil l  be very 
low ( 6  m/ s vs . earlier project ions · of 30 m/ s ) .  Such low velocities would 
result in a low pres sure loss  even i f  the pres sure-loss  coefficient were much 
greater than show in HMTSTA test s . 

Surface condenser performance parameters have no effect on NPPE performance 
because power production wi ll  be obtained wi th the direct-contact condenser. .
A small surface condenser will  be incorporated into the NPPE to produce
desalinated water and to obtain performance data on a new configuration ,  but 
it s  consumption will not be included in net power measurements .  

In summary, performance of the NPPE wil l  be . most  strongly affected by evapo
rator thermal effectivenes s ,  direct-contact condenser overall  thermal effec
tiveness ,  and gas-side pres sure drop in the condenser . 

3 15   
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