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AN EXPERIMENTAL STUDY OF STEAM CONDENSATION ON WATER IN 
COUNTERCURREHT FLOW IN PRESENCE OF INERT GASES 

D. Bharathan* 

J .  Althof* 

Solar Energy Research Institute 

1617 Cole Boulevard 

Golden, Colorado 80401 

ABSTRACT 

Experimental results of investigating steam con
densation on water in the presence of (noncondensable) 
inert gases at low temperatures and pressures relevant 
to open-cycle ocean thermal energy conversion (OTEC) 
systems are reported. Seven different condenser con
figurations were tested. The experimental data are 
correlated using a liquid flow fraction and a vent 
fraction to yield simple relationships of ·condenser 
performance over a wide range of test conditions. Per
formance maps and envelopes are provided for evaluating 
the relative merits of tested configurations. The 
height of transfer unit (HTU) for condensation ranges 
from 0.2 to 0.3 m among the various condenser 
geometries. Also reported are the pressure-loss 
coefficients for all the tested geometries. 

2A cross-sectioned area of the condenser (m ) 
2 3a packing surface area to volume (m /m ) p 

la wetted to total area ratio 8w t 
c heat capacity ratio 

c specific heat of liquid (kJ/kg K) pl
c specific heat of vapor (kJ/kg K) pv
c specific heat of water (kJ/kg K) pw

DC outer diameter of the condenser Cm) .
d packing characteristic diameter (m) p 

2G condenser gas loading (kg/s m ) 

H nondimensional packing height 

h condenser heat load (kW) 

h latent heat of condensation (kJ/kg) f g 
HTU condensation height of transfer unit (m) 

*Member ASME 

Ja Jacob number 

K condenser pressure-loss coefficient 
2L condenser liquid loading (kg/s m ) 

height of the condenser contacting region (m) 

liquid flow fraction 

molecular weight 

m mass flow rate (kg/s) 

NTU condenser number of transfer units 

condenser inlet pressure (Pa) 

pressure loss (Pa) 
3volumetric vent rate (m /s) 

steam dynamic pressure (Pa) 

universal gas constant (kJ/kg mol K) 

St Stanton number 

T temperature (K) 

�T driving temperature differential (K) 
3 U volumetric heat transfer coefficient (kW/m K) v 

v vent fraction 

x inert gas mass fraction 

y inert gas mole fraction 

Greek 

E condensation effectiveness 

� fractional steam effectiveness 

p 3gas density (kg/m ) 

Subseripts 

a average liquid 



c condensed 

e exit 

exp experimental 

i inert, inlet 

id ideal 

� liquid 

max maximum 

min minimum 

0 outlet 

s steam 

sat saturation 

v vapor 

w water 

INTRODUCTION 

.

Direct-contact. heat transfer is an area of current 
research interest for several reasons. First, the heat 
exchange surfaces are a major expense of the total sys
tem and are subject to corrosion and fouling and need 
maintenance. Further, using a solid surface to trans
fer heat from two fluids requires a significant tem
perature difference, which resul in a loss of overall 
system efficiency. Examples of such situations can be 
found in geothermal systems, in ocean thermal energy 
conversion systems, in bottoming cycles for power 
plants situated near low-temperature sinks, solar 
ponds, and energy systems in which the available tem
perature ·difference is small. As high quality' energy 
becomes more expensive and less available, techniques 
that enhance the heat transfer efficiency and reduce 
the deterioration in the energy quality available for 
doing productive work are becoming increasingly more 
important. 

This paper reports on one aspect of direct-contact 
heat transfer problems, namely the heat and mass trans
fer between two streams of the same fluid in which the 
vapor condenses in direct contact with its own liquid. 

Specifically, condensing steam on water at low 
pressures in the presence of (noncondensable) inert 
gases is studied. The presence of inert gases is known 
to deteriorate the condenser performance and operating 
cost three ways: by increasing the condenser operating 
pressure, increasing the gas-side resistance to mass 
transfer across the gas-liquid interface, and requiring 
exhaust compressors for continuous removal of the inert 
gases. 

At the maximum potential performance of a condenser 
configuration, the operation of the condenser may be 
limited by the condensation rates (or the heat-transfer 
rates) within the condenser or the exhaust pumping 
capacity (nominally expressed as a volumetric flow 
rate) of the gas exhaust system or both. In fact, 
these two limitations are related. Poor heat transfer 
in the condenser will dictate large exhaust capacities, 
and an inadequate exhaust system will deteriorate the 
condensation heat transfer. 

Presence of inert gases is a significant problem in 
armost all types of condensers, including power con
densers. This problem is considerably larger in OTEC 
systems using the open- or Claude-cycle approach (l). 
The level of inert gases desorbed from the seawater 
streams imposes a significant burden on the conden
sation process and requires continuous exhaust pumping. 

This study identifies condenser configurations that 
can increase condensation efficiencies and decrease the 
amount of exhaust pumping power needed to remove inert 
gases from the condenser area. It also describes an 

experimental investigation of the relative merits of 
various configurations. The scope of the study is 
limited to studying steam condensation in direct con
tact with water at temperatures and pressures relevant 
to open-cycle OTEC systems. Seven different counter
current condenser geometries were studied. The experi
mental variables include steam mass flow rate, water 
flow rate, inert gas content in steam, and a volumetric 
exhaust flow rate. 

Experimental results are presented as steam-side 
and water-side effectiveness and steam pressure loss 
through the condenser as functions of a liquid flow 
fraction and a vent fraction. Limitations posed by 
condensation (heat-transfer) rates and the vacuum 
exhaust capacity for all the seven configurations are 
identified in a performance map of water and steam 
effectiveness. Relative merits of the various config
urations can be identified through performance maps of 
parasitic power and cost for a typical open-cycle OTEC 
application. 

Suitable liquid loadings for countercurrent con
2 densation are in the range of 20 to 40 kg/s m based on 

pressure loss considerations. For the best condenser 
configuration at optimum steam and water effectiveness 
the condensation HTU ranged from O. 2 to O. 35 m. The 
pressure losses between the different configurations 
varied widely over an order of magnitude. 

BACKGll.OUND ts 

Beat Transfer 

Literature in the area of direct-contact con
densation (DCC) is scant. Comprehensive treatments of 
suitable designs and analyses of industrial and power 
systems, such as those available for surface con
densers, are not available. Sideman and Moalem
Maron (2) provide a brief review of the majority of 
earlier works on this subject. Since DCC depends 
strongly on the geometry of the vapor-liquid interface, 
they categorize the earlier works according to the 
available interface, such as free-liquid interfaces 
(including jets, films, and drops), bubble columns, and 
other contacting devices (packed beds and baffle 
trays). Among some hundred works cited, we found the 
works of Wilke et al. (3), Cheng (4), and Thomas et al. 
(5) of particular interest to this study. Wilke (3) 
reported Cheng's (4) experimental data on steam con
densation in countercurrent flow with Aroclor as the 
coolant in 60- and 90-cm-high, 3-cm-diameter, packed 
columns with 2. 5-cm Raschig rings. The condensation 
was primarily controlled by the liquid-side resistance. 
Measured HTU varied from 24 to 46 cm for liquid 

2loadings of 20 to 40 kg/s m . 
Thomas et al. (5) studied condensation of Freon 

R-113 on water in a 15-cm (outside diameter), 
122-cm-high column packed with 3. 2-cm diameter ceramic 
spheres and 2. 5-cm-ceramic Berl saddles. Their data, 
along with Cheng's (4) data, were correlated by a 
Stanton Number, 

Uv St ------'-----= 
(�v/A) Cpv ap (aw/at) (1) 

Here the Jacob number Ja is defined as 
hfg (2) 

where 

T the vapor saturation temperature sat 

T the average temperature of the liquid in a the packed column. 
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Fig. 1 Schematic of the Experimental AJ>paratus. 

A heat capacity ratio C ls defined as 

�l c ::.-....= Cnl = (3) 
mv Cpv 

The variable H represents the packing height made 
dimensionless by the characteristic packing diameter 
d . p

A review of available literature on process direct
contact heat exchange is provided by Fair ( 6-8). He 
summarizes available correlations for gas and liquid
side heat transfer coefficients for various types of 
contact ors including packed beds, baffle trays, spray 
columns, cross-flow columns, and pipe line contactors. 
His analyses and design methods, however, are limited 
to conditions where the sensible and the latent heat 
loads are of nearly equal magnitude. Little data are 
included for conditions where the latent load is the 
major heat duty of the contactor. 

Flooding and Pressure Drop Considerations 

The countercuri:ent geometry for this condensation 
study was chosen to achieve a maximum possible concen
tration of inert gases as they exit the condenser. 
However, countercurrent geometries are prone to the 
flooding phenomenon, when the gas and liquid loadings 
through a packed column limit e.ach other. For mass
transfer applications in packed columns Ref. 10 has a 
generalized correlation of flooding limits proposed by 
Sherwood et· al. (9). Typical liquid loadings asso
ciated with mass-transfer applications range from 60% 
to 80% of the flooding limits with, approximately 

2 90 kg/s m as an upper limit. 
For a direct-contact condenser, however, the HTU 

for condensation ranges from 0. 2 to 0.4 m. Typically, 
the liquid free-fall space at the bottom of the packing 
is approximately l HTU. Considerable condensation may 
occur in this space, causing a significant reduction in 
the vapor loading at the bottom of the packing. Thus, 
estimated flooding limits based on mass-transfer appli
cations may prove to be overly conservative for a 
direct-contact condenser. Usually, an upper limit of 
allowable pressure loss through the condenser would 
limit the gas and liquid loadings for condenser 
applications. 

EXPEIUHKNTAL APPARATUS 

The heat and mass transfer laboratory of the Solar 
Energy Research Institute (SERI) is designed to study 
and improve methods of transferring heat and mass under 
the small driving forces that often exist when the sun 
is the energy source for the process. The near-term 
objective of the laboratory research is to investigate 
the heat and mass transfer phenomena relevant to 
various open-cycle OTEC systems. 

The experimental apparatus, shown in Fig. 1, con
sists of a test cell that houses the evaporator and the 
condenser, and warm and cold water loops that supply 
heat to and from the water jets. The warm water loop 
consists of a pump with a bypass, a heat exchanger with 
a bypass, a static mixer, a turbine flow meter, and a 
spout evaporator. A valve upstream of the heat 
exchanger regulates the warm water flow rate from 7 to 
40 kg/s. The heat exchanger is supplied with hot water 
from a boiler with a variable heating range of 50 to 
300 kW. The cold water loop is similar to the warm 
water loop except that the water is piped directly to a 
chiller. Falling streams of cold water through the 
countercurrent condenser condense the vapor generated 
in the evaporator. Since both loops are closed, an 
interconnecting line between the loops replenishes from 

cold to warm loop the amount of water lost during 
evaporation. 

The test cell is a horizontal, 1. 5-m-diameter, 
1.8-m-long cylinder. Reservoirs underneath the evap
orator and the condenser sections allow separate col
lection of warm and cold water. Glass ports on the top 
and side provide for lighting, viewing, and 
photography. 

The cell is evacuated by a three-stage gas exhaust 
system, consisting of a lobe-type blower, an oil-sealed 
compressor, and a liquid-ring vacuum pump. Nominal 
venting capacity of the exhaust system is 0.56 m3/s. 
During tests, a butterfly valve located in the gas 
exhaust line controls the actual vent capacity. A 
threshold pressure of 700 Pa can be attained in the 
cell. At operating conditions the air leakage into the 
cell is nominally less than 1 mg/s. Additional details 
of the apparatus may be found in Green et al. (11). 

A typical countercurrent condenser module was 
designed as shown in Fig. 2. Seven different condenser 
geometries were tested. The primary and common 
features of all the geometries were: 
• A central 12. 7-cm (inside diameter), plastic (PVC) 

water feed pipe 
• A cylindrical enclosure to confine steam entry to the: 

bottom annular opening around the condenser module I 
• A central 15 . 2-cm (inside diameter) pipe to exhaust· 

uncondensed steam and inert gases from above the con
denser module. 

The relevant dimensions and feature• of each of the 
tested geometries is summarized in Table 1. The water 
distributor plate, when used, was located about 25-mm 
below the top of the water feed pipe. This plate was a 
0. 61-m-diameter plastic (Plexiglas®) plate with 9.5-mm 
perforations on a square pitch of 25 111111, with six 
7-cm-long and 7-cm (inside diameter) plastic tubes 
inserted for vapor escape. The vapor escape space 
above was nominally 20 cm long for all cases. 

lllSTRUMENTATION AND UNCERTAINTIES 

Typical temperature and pressure measurement loca
tions around the countercurrent coridenser module are 
also shown in Fig. 2. 

Temperature in the liquid streams is measured with 
platinum resistance temperature detectors. The 
detector for measuring the condenser water inlet tem
perature T was located in the water inlet pipe. The wi 
water outlet temperature T was measured nearly wo 3 m 
downstream in the drain pipe to ensure uniformity in 
the bulk temperature distribution. 

Steam inlet and outlet temperatures, T and Ti so• 
respectively, were measured using wet-bulg detectors 
blanketed with cotton wicks wetted from a small water 
reservoir. 
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Table I. Summary of Seven Tested Condenser Configurations 

Length Diameter 
Configuration 

Description 

(
1 
') (

D 
') Remarks Number 

m m

Spiral o. 6096 0.4572 First tested configuration; screens were 
Screen perforated metal with 4.7 mm diameter holes �t a 

triangular pitch of 6. 4 mm. The spiral was a trip le 
lead screw with a pitch of 20 cm. No �ater 
distributor plate was used here. 

Three 0.5842 o. 6096 The baffles were disc-donut type, with the 
Baffles disc or the donut providing a steam flow path 

blockage of 50%. The distance between baffles was 
nominally 20 cm. 

Two 0.5842 0.6096 Same as in 2, except the bottom pair of disc 
Baffles and donut was removed. 

4 One 0.5842 o. 6096 Same as in 2, except the bottom two pairs of 
Baff le disc and donut were removed. 

Spiral 0.7842 o. 6096 Similar to 1, but a spiral rubber screen with 
Rubber Mat 7.1-mm-diameter holes at a pitch of 10.7 mm 

was used to ease fabrication. The spiral consisted 
of six lead screws with a pitch of 60 cm. A 
distributor plate was used here. 

6 Hunters 0.8128 o.6096 Commercially available cooling-tower fills, made 
Pack 27060 of polyethylene (Hunter's trade product PLASdek 

227060). Surface area ratio a 
p 

= 98 m / 3
m • 

Munters 0,8128 0.6096 Same as in 6 with Hunter's trade produ
Pack 19060 

zt �PLASdek 
19060). Surface area ratio ap = 138 m /m • 

Water 
distributor 

plate 

Steam 
exhaust 

Dp 
Water 
inlet 

@ 

Water 
drain 
pool 

@© 
Ji Steam 
\J inlet 

Fig. 2 Cross-sectional View of the Condenser Showing 
Details. 

The pressure measurements include the condenser 
pressure P ' a pressure loss across the condensing c
region �p, and the exhaust pressure P ' e

Similar instrumentation is provided on the warm 
water side to evaluate the evaporation rates and an 
overall heat balance of the test loop. 

Warm and cold water flow rates are measured using 
two turbine meters, each connected to a separate flow 
rate indicator and a frequency counter. 

Inert gas injected into the test. chamber was com
pressed air from the building air supply. The gas flow 
rate was monitored and controlled using two gas mass 
flow controllers (TYLAN, model FC-262). 

The exhaust gas volumetric venting rate was mea
sured by monitoring the absolute pressure and temper
ature of the exhaust stream just upstream of the 
exhaust compressor and by using a previously calibrated 
volumetric venting capacity of the compressor as a 
function of the compressor inlet pressure. 

Detector resistances, pressure transducer voltages, 
flow meter pulses, and gas flow controller outputs were 
scanned through a data acquisition and control unit 
controlled by a desk-top computer (Hewlett-Packard 
Model 9845A). At each test condition ten samples of 
each measurement were collected, and an average was 
stored on a magnetic tape for later data processing and 
analyses. 

Temperatures throughout the system were monitored 
continuously to ensure steady-state operation during 
condenser tests. 

Uncertainties in liquid and vapor temperatures 
arise from calibration errors in the detector probe, 
self-heating of the probe, stem conduction through the 
support elements, background radiation, and random 
errors in reading. The uncertainties in the inlet and 
outlet liquid temperatures are estimated. to be 
±0 .015 K. Uncertainty in the vapor temperature mea-
surements are estimated to be ±0.02 K. 

· 

Uncertainties in the liquid flow rate measurements 
arising from calibration errors in the flow .meter and 
from random errors in reading are estimated to be 



±0 .14 kg/ s. Uncertainty in the inert gas inject ion 
rate is estimated to be less than ±0.5% of the reading. 

Based on random error propagation analyses for a 
typical experimental condition (200 kW heat flux, 
10 kg/s cold water flow rate, 2 g/s inert gas flow 

. rate, and a 0.20 m3 / s exhaust vent rate), the estimated 
uncertainties in the reported water and steam effec
tiveness are ±0.005 and ±0.010, respectively. Uncer
tainties in the reported pressure loss and the volu
metric vent rate are estimated to be ±8%. 

DATA ANALYSES 
At every test condition, the raw experimental data 

obtained include the following measurements: 

Tsi steam inlet temperature (K) 

Tso steam outlet temperature (K) 

Twi water inlet temperature (K) 

Two water outlet temperature (K) 

mwi water inlet flow rate (kg/s) 
"::ii inert gas inlet injection rate (kg/s) 

condenser pressure at inlet (Pa)pc exp 
t:.p pressure loss across the condenser (Pa) 
Q0 steam and inert volumetric vent rate at exp condenser exit (m3(s). 

For presentation of the experimental results, the 
data are processed as follows. 

The following assumptions are made with respect to 
all calculations: 
• The sensible heat content of the inert gas and steam 

is, in general, small compared with the latent heat 
of steam (typically less than 0. 5%) and can be 
ignored in the calculations. 

• The condensate flow rate is again small compared to 
the coolant water flow rate (typically less than 2%) 
and can be ignored. 

• The average value for both the latent heat of con
densation h · and the specific heat of water C are f g adopted as 2470 kJ/kg K and 4. 186 kJY'tlg K,
respect! vely. 

The experimentally measured condenser pressure 
Pc exp is verified by an iterative calculation for the 
theoretical pressure P and was found to agree withinc 
± 2% for all test conditions. 

A theoretically required vent rate � is calculated 
based on the inert gas flow rate and its exit density 
p10 and compared with the experimental value Q0 and x found to agree within ±10% for all the test condit�ons. 
Most of the data indicate that the experimental value 
is approximately 10% higher than Q0• 

The water and steam effectiveness, e; and e; ' are w sdefined as 
Two - Twi 

Ew (4) Tai Twi 
and 

Tsi - Tso 
Es = • T (5) 

si Twi 
respectively. The water effectiveness e; provides a 
measure of the water temperature rise as ft relates to 
the overall available driving temperature difference, 
whereas, the steam effectiveness relates to the temper
ature (partial pressure) decrease in steam at·· the con
denser exit and, thus, provides a measure for the con
centration of the inert gases. 

Ideal Condenser 

For data reduction an ideal case is defined as when 

the condenser attains equilibrium conditions at the 
inlet and outlet;· i.e., e; £s w l; however, a finite 
pressure loss may occur through 

= 
the 

= 
condenser. 

For the ideal case, the exit density of the inert 
gas can now be calculated as 

[Pc - Psat<Twi) - t:.p) Mi 
Piid (6) 

The ideal vent rate for the case is 

(7) 

The vented steam flow under this condition can be 
calculated as 

�soid = Qid Psat<T ) wi • (8) 

where Psat is the saturated steam density at the given 
temperature. Now the condensed steam at ideal condi-
tions is 

mscid = msi - msoid (9) 

With e; w = 1, the ideal (minimum) water flow rate 
required to condense this steam is 

�wid = �scid hfg/Cpw (Tsi - Tw1) • (10) 

Correlating Variables 

Now, a new variable, a liquid flow fraction 1 
defined as 

(11) 

is formed. This variable 1 can now be used to cor
relate the water effectiveness iy• It can be readily 
shown that, provided the vented steam flow is small 
compared with the inlet steam flow, 

,(12) 
To correlate e;s• a function of vent rate and pres

sure loss, first a maximum exit steam temperature 
T8 max is found by stipulating Pii = p ; i.e., inlet ioand outlet volumetric flow rate of the steam-gas 
mixture is the same, 

(13) 

Now, defining two new variables � - a modified 
fractional steam effectiveness 

Ts max - T� =� so 
Ts -max --- T�- (14) wi 

and v - a modified volumetric vent fraction 
Pio - Pii v = P iid - Pii (15) 

it can be readily shown that when v o, � = o and when 
v = 1, � = 1. Further, � increases 

= 
monotonically with 

increasing v. 
The liquid and gas loadings L and G for the con

denser packing are calculated as 

(16) 

and 

G = (�si + �i1)/A • (17) 

where A is the cross-sectional area of the condenser. 
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A pressure-loss coefficient based on the dynamic pres
sure of the inlet steam-gas mixture K defined as 

K (18) 

is also calculated. 

The experimental data for the seven packings are 
presented as plots of c: versus 1, I; versus v, and w K 
versus v. 

The number of transfer units (NTU) for condensation 
is evaluated as 

_ Two dTw NTU - T _ (19) T T s w wi 
To evaluate this integral, it is convenient to view the 
heat transfer process during condensation as a plot of 
condenser heat load versus a steam outlet temperature 
T ' as shown in Fig. 3. This figure is generated for llothe following conditions: 

0.8; 

Mwi 6.9 kg/s; IDii 2 g/s • 

The heat load curve is generated by assuming 
various values for T ranging from T to T . Theso wi sipressure loss in the condenser ·is assumed to be neg-
ligible for these calculations. 

At an assumed T T , the inert out�et concenso stration x
= 

and the outlet steam flow rate mio so are ca
lculated. Therefore, the condensed steam flow is 

(20) 

and the condenser heat load is 

h = msc hfg • (21) 

As the outlet steam temperature decreases from· T , ithe heat load increases rapidly at first. With furt�er 
decreases in T ' the heat load levels off to a more or soless constant value. 

A similar calculation for the heat absorbed by the 
water stream is straight-forward, 

h = mwiCpw (Two - Twi) • (22) 

yielding a straight line. 
As the water temperature rises from T to Twi wo 

because of increasing contact with the steam through 
its fall through the condenser, the steam temperature 
decreases from T at the bottom of the condenser to si T at the top. so At any location within the condenser, the driving 
temperature differential for the heat transfer between 
the steam and water is 

(2J) 

Note that at the low inert gas levels dealt with in 
this paper, �T is small at both the condenser inlet and 
exit, and reaches a maximum somewhere within the con
denser area. 

The NTU integral is obtained by integrating the 
inverse of this temperature difference by an. adaptive 
quadrature routine QUANC8 (12). 

A height of transfer unit (HTU) is obtained by 
dividing the overall height of the condenser gas-liquid 
contacting area by NTU as 

HTU ( 24) 

Tso 

s 
� 200 
"O rn 
.9 b.T 
<e � Q) �I' r.
(i; �6 
Cf) il'o c 'O Q) <90' "O 100 c � 0 () ft..� �,,. 

10 15 
Steam or water outlet temperature (° C) 

Fig. 3 An Operating Diagram for the Countercurrent 
Condenser. 

EXPERIMENTAL RESULTS 

A summary of the tested range of important con
denser parameters is provided in Table 2. A total of 
1003 data points are reported in this paper. Tests 
with seven different configurations include a steam 
inlet temperature range of 8.6° to 24.2°c, an inlet 
inert gas mass fraction of 0.15% to 10. 2%, and an out
let inert gas mass fraction of 2% to 78%. 

Water Effectiveness 

The measured water effectiveness c: is plotted as a w function of the liquid-flow fraction 1 in Fig. 4. Data 
for all seven configurations is included in this 
figure. To improve clarity, only a shaded region over 
which the experimental data fell is shown. The water 
effectiveness appears to be primarily a function of the 
liquid flow fraction. 

For 0.1<1<0.85, c: data fall close to the line w c:w = 1. Measured c: is, however, slightly smaller than w 1 by at most 3%. 
For O. 85<1<1. 2, c:w data deviate considerably from

the line E:w = 1. In fact, c: increases from about 0.84w to 0.95, as 1 increases from 0.85 to 1.0. The effec
tiveness then levels off at 0.95 with further increases 
in the fraction. 

Scatter in the experimental measurements is quite 
small (±2% in the worst case), but is not self-evident 
from this figure. 
Steam Effectiveness 

The measured steam effectiveness E: is plotted as a 
modified fractional steam effectivene�s I; vs the vent 
fraction v for all the tested configurations in 
Fig. 5. Again, to improve clarity, only a shaded area 
over which the experimental data fell is shown in this 
figure. The measured I; data fall along a diagonal 
line, increasing with v. 

Two solid lines representing th"l theoretical vari
ations of I; with v at two steam inlet temperatures are 
also shown in this figure. At a steam inlet tem
perature T . of 8°C, the theoretical line is almost a 
straight cfPagonal line beginning at the origin. At 
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Table 2. Condenser Parameters Test Range 
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T = 2S0c, because of the nonlinear variation of steam 
s�furation pressure with temperature, the theoretical 
variation is curved and falls below the diagonal. 
These two curves bound the � data variation for all the 
measurements. 

These data indicate that � is primarily a function 
of v and T ; i.e., � i = � (v, T ). However, note that 
by definitfon �.and v are depe1i'Jent upon the condenser 
pressure loss lip and the inert gas content in steam 
xii" 
Performance Maps 

At a given . ffisi • x ' and T ' the lowest achievable ii wicondenser pressure Pc may be limited by the heat
transfer rate or by the exhaust capacity or both, for a 
particular condenser configuration. 

CJ) CJ) Q) c Q)> 
ti 
2Qi
E crl 
2 CJ) 
ca c 
0 
ti �
u. 0.2

Vent fraction 

Fig. 5 Measured Fractional Steam Effectiveness I; vs. 
the Vent Fraction v. 

The heat-transfer rate (or the condensation rate) 
is a function of the condenser configuration, the 
available interfacial area for condensation, the driv
ing temperature potential, and the pressure loss 
through the condenser. The limitation posed by the 
exhaust system is a function of the condenser pressure, 
the pressure-loss, and heat-transfer characteristics of 
the condenser. In fact, the limitations due. to the 
heat-transfer rate and the exhaust capacity are inter
related and cannot be estimated prior to testing. 

One of the goals of this study is to map out the 
operating characteristics of the tested configurations 
and identify these limitations. This was accomplished 
by testing a configuration over a wide range of test 
parameters to include operating conditions where these 
limitations did and did not occur. 

A typical performance map for configuration 6 is 
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Pig. 6 Performance Map of Configuration 6 Plotted as 
Water Effectiveness versus Steam Effectiveness. 

shown in Fig. 6 as a plot of measured e:w vs. e:s. The 
experimental data cover a wide range of e:s, �· and 
other condenser test parameters (see Table 2). Also 
shown in this figure is the maximum potential per
formance for this configuration as an envelope of the 
data representing the maximum e:s for a given � or vice 
versa. Along this envelope, as e:s increases from 0.1 
to 0. 8, �.W decreases only slightly from 0. 95 to nearly 
0.86. W1th further increases in e: , s � decreases 
sharply to nearly 0.4. 

The limitations on the maximum potential per
formance of the condenser can now be identified as 
follows: At low values of e: (O.l<e:s s<0.7), since E:w 
remains nearly constant and since � "' 1, increasing 
the coolant flow rate results in a corresponding reduc
tion in P · At this point, the condenser pressure is a cfunction of the condensation rate, which, in turn, is 
related to the liquid flow rate within the condenser. 
On the contrary, any changes in e: in .this region, cors respond to changes in exhaust capacity, but do not 
alter the condenser· pressure. 

At high values of e:s (>0.9), e: decreases rapidly w with increasing e: . In this region, any increase in sliquid flow rate is accompanied by a corresponding 
reduction in e: , causing no changes in P . P is w c c 
limited by the exhaust capacity. Since e: is nearly s constant, increasing the exhaust· capacity will result 
in lowering P 

There exf sts 
• 

a region over which both the con
densation rate and the exhaust capacity limit the 
condenser performance. This region corresponds to 
0.7(e: (0.9. At all other experimental conditions when 
the d'ata fall Within the envelope, neither · of these 
limitations occur. 

A precise value of e: on the envelope at which the s condenser pressure changes from being limited by the 
condensation rate to being limited by the exhaust 
capacity is difficult to define. A method to estimate 
this transition is to identify an e: value at which the s 
product e:s x E:w attains a maximum. This method iden
tifies the transition point for all the configurations. 

Similar maximum potential performance envelopes for 
all the tested configurations are shown in Fig. 7. 
Transition values of e: above which the exhaust s capacity limits the condenser pressure are included. 
At a given Ew we obtained increasingly higher e: values s for configurations in the following order: 4, 3, and 
5; 1 and 2; and 6 and 7. 

Among all the configurations tested, configurations 
6 and 7 yielded the highest overall condenser perfor
mance because of their large available surface area per 
unit volume (approximately 98 and 138 m2 /m3, respec
tively) and low pressure-loss coefficients (approxi
mately 10 to 20, see section on pressure loss). We 
observed 11 ttle difference between the performances of 
these two configurations. 

Configurations 3 and 5 yielded a somewhat lower 
performance. Configuration 5, despite its low pres
sure-loss coefficient, perhaps did not provide as much 
contact area as configurations 6 and 7. Whereas con
figuration 3, consisting of two pairs of disc-and-donut 
baffles, yielded rather large pressure-loss 
coefficients. 

Configurations 1 and 2 yielded similar per
formances, Note that for either of these config
urations, the vacuum capacity limited the condenser 
operation at all test conditions. Configuration 1, 
despite its low pressure-loss coefficient (of nearly 30 
to 40), was of a smaller diameter and cross-sectional 
area than all others and, hence, was tested at liquid 
and gas loadings nearly twice that for all others. 
Thus, the associated· larger vapor pressure losses 
limited the test conditions to regions where the vacuum 

capacity restricted tlie condenser operation. A high 
pressure-loss coefficient for configuration 2 posed 
similar restrictions in this condenser operation 
.(despite its lower liquid and gas loading levels). 

Configuration 4, consisting of a single pair of 
disc-and-donut baffles, yielded the lowest performance 
among all. However, since its pressure-loss coef
ficient is low (nearly 10 to 20), the performance 
reduction is caused by inadequate contact between steam 
and water. 
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Pressure Loss 

The pressure loss through the condenser is a func
tion of the configuration, its liquid, and gas loading. 
For the tested configurations the pressure-loss data is 
presented in terms of a pressure-loss coefficient K 
defined in eq. (1 8). 

The pressure-loss coefficient is plotted as a func
tion of the vent fraction in Figs. 8 and 9. Fig. 8 
includes the loss coefficients for the low-loss config
urations (all except 2 and 3). The pressure-loss data 
exhibit considerably large scatter. This scatter, per
haps, arises from varied liquid loadings and a con
tinuously decreasing gas loading through the condenser. 
Attempts to correlate the data with liquid loading did 
not reduce this scatter. Despite the large scatter, 
the data does provide bases for obtaining order 
of magnitude estimates for the pressure-loss coef
ficient K. From the measurements, approximate esti
mates of K for the five configurations presented in 
Fig. 8, are 40, 5, 10, 10, and 10, for configurations 
No. 1, 4, 5, 6, and 7, respectively. 

Configurations 2 and 3 yielded considerably larger 
pressure losses because of the additional obstruction 
introduced by the added set of baffles. These data are 
included in Fig. 9. Estimates of K for these config
urations are about 80 and 100, respectively. Uncer
tainty in these K estimates is about ±50%, based on the 
data scatter. 

It should be emphasized that these K estimates are 
for the tested configurations only. Caution must be 
exercised in using these K values to estimate losses 
for other geometries. The main obstacle in assessing 
presssure losses is that the gas loading through the 
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Fig. 9 Pressure-Loss Coefficient K vs. the Vent Frac
tion v for Condenser Configurations 2 and 3. 

condenser varies continuously and rapidly. The loss 
coefficients presented are based on an inlet gas load
ing. Because of condensation on the liquid draining 
from the packings and on the water pool, the gas load
ing at the entry of the packing may be considerably 
smaller. 
Height of Transfer Unit (HTU) 

For test conditions when the condenser operation 
was governed by the condensation rate, HTU was eval
uated for various configurations. A plot of HTU vari
ation with the liquid fraction is shown in Fig. 10. 
Typically, HTU decreases with increasing i, being 
almost inversely proportional to i for i values of up 
to unity. For i > 1, HTU remains more or less con
stant. Minimum values of HTU obtained for the various 
configurations range from 0.25 to 0.3 m. 

For the configurations 6 and 7, the HTU data was 
fitted to a correlation of the form of eq. (1) in a 
least-square sense. Since only two H values were 
tested, the dependence of St on H was fixed at a .power 
of -0. 67. For lack of contrary data, the wetted-to
total area ratio was taken to be unity. The resulting 
fit yielded the following relation between St, Ja, C, 
and H: 

(25) 

This equation predicts the HTU with a standard devi
ation of about 9%. 
OTEC APPLICATIONS 

To illustrate how the selection of a condenser 
subsystem performance may affect the design of an open
cycle OTEC plant, two contour maps indicating the 
relative variations of the subsystem parasitic power 
and cost as functions of the condenser water and steam 
effectiveness for a typical 5-MW gross floating plant e are shown in Figs. 11 and 12. 

These figures were generated with the following 
assumptions: 
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Flow Fraction for Various Configurations. 
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Relative Increase in Parasitic Power of Con
denser Subsystem as a Function of Water and
Steam Effectiveness for a 5-MWe Floating Open
Cycle OTKC System. 

Cold water pipe length = 1000 m 
Cold water pipe cost = 2 2000/ (length x diameter) $/m
Cold water loop head loss = 3.S m 
No. of stages in vacuum exhaust compressor train = 4 
Cold water inlet temperature = s0c 
Condenser vapor pressure loss = 100 Pa 
Price of electricity = llit/kWh 
Fixed charge rate on capital cost = 0.06 
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Fig. 12 Relative Increase in Cost of Condenser Sub
system as a Function of Water and Steam Ef fec
tiveness for a 5--MWe Floating Open-Cycle OTKC 
System. 

Additional assumptions relevent to these figures 
include: ideal water and gas exhaust pumps with effi
ciencies of unity and interstage-coolers with gas 
exhaust temperatures of s0c. The capital cost asso
ciated with the water pump and gas exhaust system were 
taken from cost models for OTEC systems provided in 
Ref. 13. 

Figure 11 illustrates the relative increase in 
parasitic power as a function of condenser effective
ness. Of course, the minimum parasitic power occurs at 
Es and Ew equal to unity. For Es in the range of 0.8 
to 1.0, the increase in parasitic power is inversely 
proportional to E • reaching 100% at Ev of 0.4. For Ew s 
values of less than 0.8, the parasitic power is 
affected by both E and Ev• Decreases in either Es s or
Ew result in increased parasitic power. 

Figure 12, indicating the increase in relative cost 
of the condenser subsystem as a function of the con
denser effectiveness, is essentially similar in 
features to Fig. 11. 

Based on these two figures and to limit the 
relative cost or power increases to less than 20%, the 
water effectiveness must be greater than about 0.8S and 
the steam effectiveness greater than about 0.60 for the 
particular set of adopted assumptions. These relative 
power and cost performances vary with the particular 

 design of a plant for a specific purpose and need. The 
choice of a condenser subsystem again depends on the 
application. 

CONCLUDING REMARKS 

Seven different countercurrent condenser config
urations were tested at experimental conditions 
relevant to open-cycle OTEC systems. Relative perfor
mances of the configurations are identified using 
maximum potential envelopes in a map of water effec
tiveness vs. steam effectiveness. We also identified 
experi;nental conditions when the exhaust capacity of 
the vacuum system limited the condenser operation. For 
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conditions when the condensation rate was limiting, the 
measured HTUs are presented as a function of a liquid 
flow fraction. For all tested configurations the water 
effectiveness is correlated as a function of the liquid 
flow fraction and the steam effectiveness as a function 
of a vent fraction. Identified pressure-loss coef
ficients for the tested configurations varied widely 
from nearly five to a maximum of 100. For the majority 
of the condenser configurations acceptable liquid 
loading for direct-contact condensation are in the 
range of 20 to 40 kg/s m2. However, limitations on the 
gas loading depend on an ·allowable maximum vapor pres
sure loss through the condenser. Performance indexes 
as relative increases in parasitic power and cost for a 
typical OTEC application provide bases for evaluating 
various condenser configuration options. 
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