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SUMMARY

This report assesses the engineering and system benefits that could result
from using direct steam generation (in situ beiling) in line-focus solar col~
lector systems. In particular this work provides a systematic comparison of
an in situ boliling system with the more traditional steam~flash system and
with an unfired boiler system using a heat-transfer fluid. Emphasis was
placed on a detailed thermal and fluid transport comparison. The report also
contains a preliminary cost analysis, as well as an assessment of operational
and maintenance issues such as freeze protection, scaling, control, and
safety. Analytical comparisons are made for a baseline collector system with
4686 m2 (50,420 ft®) of aperture area.

Following a brief discussion of current technology and some specific problenm
areas, this study provides a review of the most current relevant research on
boiling phenomena to establish guidelines for flow regimes, together with
state—of-the—art correlations for boiling heat transfer and pressure drop
response and for stability consideratioms. A description 1is given of the
detailed, steady-state performance model, that is used to derive temperatures
and pressures in the collector system and piping loops. Annual performance
predictions are made using the system response characteristics defined by the
steady-state model, and using an averaging technique analogous to those devel-
oped by Rabl (1981). Analytical results are presented for a wide range of
insolation levels, mass flow rates, and steam delivery temperatures for each
of the three types of solar systems.

The steady-state performance model has a wmodular format with very flexible
field and collector geometry capabilities, and is capable of simulating the
performance of either open or closed loop solar systems. The model uses eas-—
ily modified state-of-the-—art heat transfer and pressure drop correlations,
and an ASME steam/water library equation of state. A detailed thermal and
pressure drop analysis of the receiver tube 1is provided by division of the
tube along its length into an arbitrary number of nodes. Two receiver models
are available. One model is based upon a detailed thermal network in which
only basic physical properties and dimensions of the receiver subcomponents
are supplied by the user. This allows detailed analysis of conditions through
the cross section of the receiver tube. The second model is based on a stan-
dard empirical efficiency curve measured for a good, state—of-the—~art collec-
tor. This model provides less detail than the first, but is faster and easier
to use.

Major conclusions from this study follow.

e¢ In terms of thermal performance, direct-boiling solar steam systems
appear considerably more efficient than flash or unfired boiler systems
over a wide range of operating conditions. Specifically, direct-boiling
systems should deliver up to 137 more net energy on an annual basis than
an unfired boiler system using a heat-transfer oil, and up to 12% more

net energy than a flash systemn. Furthermore, direct-boiling systems
should typically have 57 to 10% instantaneous efficiency advantages over
more counventional systems. The annual performance improvement for a

north-south oriented collector field is {illustrated in Fig. S-1.
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¢ Predicted performance advantages of in situ systems over the more conven-
tional systems result from the synergistic effect of a number of phenom~
ena including differences in collector operating temperature, heat trans-
fer coefficients, parasitic pumping power, and collector operating time.
Principal reasons for the performance advantage of in situ systems over
unfired boiler systems are lower collector operating temperature and a
lower associated collector system cut—-off temperature. Direct boiling
systems are more efficient than flash systems mainly because of much
lower parasitic pumping power and lower collector operating temperatures
especially at high fluxes.

e Incident solar flux has a greater impact on system performance than the
other two independent system variables (mass flow rate and steam delivery
temperature). The efficiency of all three systems drops off dramatically
at low fluxes. At high insolation levels, the differential temperature
across the unfired boller system receiver becomes quite large, and the
collector outlet temperature approaches the operating limit of the heat-
transfer fluid.

e System performance is always dominated by the choice and characteristics
of the solar collector. The simplified collector model, based on mea-
sured experimental data, predicts performance levels that strongly agree
with data predicted by the detailed collector model (within 17%).

® The relative benefit of the in situ system compared to flash and unfired
boiler systems increases under conditions least favorable for solar
energy collection (i.e., low insolation levels, elevated steam tempera-
tures, increased latitude, and low ambient temperatures). This situation
results because lower temperature operations reduce the collector cut-off
flux (the minimum insolation level resulting in net energy collection).

The stability analysis identified five types of instability that could arise
during operation of the direct-boiling system. The only instability that
could occur would result from density-wave oscillations, and then only at the
lowest steam—delivery temperatures. These oscillations can be eliminated by a
slight increase in flow restriction at the inlet to individual collector rows.
Flow restrictions required for uniform interrow flow distribution will most
likely obviate any potential stability problems. Thus, the operation of a
direct—boiling steam system should not produce mechanical vibrations or tube
burn-out problems that could damage the selective surface of the receiver. 1In
fact, since deterioration of the selective surface appears to be temperature
dependent, degradation will probably be more rapid in higher temperature
steam—flash and unfired boiler systems.

The report provides a cursory assessment of capital cost variations between
the three systems, followed by a qualitative investigation of control, freeze
protection, scaling, corrosion, and safety issues. Results of the cost study
indicate that capital costs may be reduced by as much as 157 when compared
with an unfired boiler system, primarily because the unfired boiler, expansion
tank and costs for the heat-transfer fluid are eliminated. An in situ system
has cost savings over a flash system because the flash valve is eliminated and
a smaller pump can be used. But the initial system cost advantage does not
appear as great as in the unfired boiler system. In total, an Iin situ steanm
system could reduce the cost of delivered energy by over 257 compared to an
unfired boiler system.
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Besides the quantitative performance benefits and the potential capital cost
reductions, other advantages identified for in situ systems are: the ease of
control over more conventional flash systems, the ease of heat-transfer fluid
handling and safety enhancement (including the elimination of recurrent fire
dangers) over unfired boiler systems, and the applicability to food processors
who will not use heat-transfer fluids in systems to generate steam because of
potential product contamination. The safety of high-temperature water systems
can be handled by automated shutdown procedures and by the restriction of per-
sonnel access to the operating collector field, where flexhoses pose the
greatest safety hazard. Corrosion and scaling problems can be controlled by
conventional water treatment practices.

A major recommendation resulting from this analysis is to pursue a comprehen-
sive costing study to more accurately estimate the economic benefit of using
direct-boiling systems. In addition, simple, low-cost experiments defined as
part of this study can and should be run at the Solar Energy Research and
Applications in Process Heat (SERAPH) facility in FY 1982 to verify important
performance and stability findings established in FY 1981, including the ques-
tion of freeze protection. Based on a successful SERAPH experiment, an indus-
trial process heat (IPH) upgrade project of an existing steam—-flash system
offers an excellent opportunity to further demonstrate the concept at minimal
cost. This demonstration should be pursued in cooperation with industrial
users and collector manufacturers.

A further extension of the study is warranted to extend the analysis beyond
IPH applications. The advantages of the direct-boiling concept increase with
temperature. Higher temperature operations up to the mechanical and tempera-
ture limitations of line—focus collectors would allow the production of elec-
tric power using water or another working fluid at relatively high thermody-
namic efficiency.
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Flow area (m2)

Area of collectors (mz)

Specific heat at constant pressure (J/kg K)
Fanning friction coefficient (dimensionless)
Pipe diameter (m)

Moody friction factor [dimensionless (f = 4C¢)]
Acceleration due to gravity (9.81 msz)

Mass velocity, (kg/mzs)

Grashof number = gBAT d3/\J2 (dimensionless)
Heat-transfer coefficient (W/mzK)

Enthalpy (J/kg)

Insolation (W/mz)

Thermal conductivity (W/m K)

Mass flow rate (kg/s)

Nusselt number = hd/k (dimensionless)
Pressure (N/mz)

Prandtl number = Cpu/k (dinensionless)

Volumetric flow rate (m3/s), Internal energy (J)

Rayleigh number GrPr (dimensionless)

Reynolds number pdu/p (dimensionless)
Time (s)
Temperature (K)

Velocity (m/s)

Superficial liquid veloeity = Qf/A; (m/s)
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Specific volume (m3/kg)
Work (J)

Length (m)

mass of wvapor
mass of vapor and liquid
volume of vapor

. . - . fonl
Volumetric quality volume of vapor and 1iquid (dimensionless)

Mass quality = (dimensionless)

Greek Letters

o Absorptivity (dimensionless)
B Coefficient of volumetric expansions (1/K)
€ Pipe relative roughness (m)
n Efficiency (dimensionless)
u Viscosity (kg/m s)
v Kinematic viscosity (mz/s)
p Density (kg/mB)
Reflectivity (dimensionless)
a Surface tension (N/m)
Subscripts
e Exit
£ Liquid
g Gas
i Inlet
NS No slip
o Outlet
T Total
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SECTION 1.0

INTRODUCTION

This report assesses the engineering and system benefits of the direct (in
situ) generation of steam in line-focus solar collectors. If realized, the
expected benefits will improve the cost/performance measure of line-focus
technologies to produce steam through better performance and system cost
reductions. Thus, this work supports efforts to reduce the cost of solar col-
lector systems and components to the point where the delivered cost of solar
energy 1is competitive with conventional fuels.

1.1 THE DIRECT-BOILING CONCEPT

Allowing water to boil directly in the receiver tube of a line-focus collector
constrains the maximum collector temperature to the steam delivery tempera-
ture. In contrast, the steam-flash and unfired boiler system using a heat-
transfer oil currently employed to generate steam, operate at collector temp-
eratures considerably higher than the required steam conditions. (A collector
and system performance penalty is associated with increased operating tempera-
ture.) In addition, the vaporization process of the direct-boiling system can
greatly reduce circulating fluid-flow rates (and hence pumping power) compared
to systems based upon sensible heat transfer. Further potential benefits of
direct-boiling systems include simplified system control when compared with
flash systems and improved handling and safety characteristiecs of the working
fluid when compared with heat—-transfer oil systems. These benefits were
recognized in a counceptual design of an industrial solar system (Gupta 1979).
However at that time, the direct-boiling concept was unproven, which precluded
its use in an industrial field test of a line-focus collector system. (In
contrast, steam/water receivers have been successfully tested at the Sandia-
Albuquerque central receiver test facility, and the concept will be employed
at the Barstow "repowering” project for electric power production. However,
such receivers are similar to conventional steam boilers, which operate at
very high heat fluxes and are aligned vertically.) Obvious drawbacks to
direct boiling in line-focus collectors include an incomplete understanding of
the boiling phenomena (including stability) in horizontal tubes, the possibil-
ity of tube dryout and damage to the selective surface, the lack of freeze
protection compared to heat—-transfer fluid systems, and difflculty integrating
thermal storage into the system.

The advantages and disadvantages of the direct-boiling concept are among those
discussed in detail and quantified in this report. Future work will focus on
an experimental program to demonstrate the direct-boiling concept and on the
solution to the stability and freeze-protection problems, as well as on veri-
fying the expected improvements in performance compared to existing steam—gen-
erating techniques. This evaluation is intended to assist system designers
considering this concept and also to provide a basis for future programmatic
efforts for line—focus collector development by DOE.

The remainder of Sec. 1.0 discusses industrial energy use and industry's pre-
dominant use of steam for low-temperature process heating. The steam—-flash,
unfired-boiler, and direct—-generating solar steam systems are also discussed.
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Section 2.0 documents the results of a literature review that was used to
design the model formulated to conduct the performance comparison of the com-
peting systems, and to analyze transport phenomena during two-phase flow of
water. A detailed description of the system model 1is given in Appendix A.
Appendix B elaborates on the literature review outlined in Section 2.0.

Section 3.0 describes the baseline solar system used for the performance com-
parisons. The potential benefits of the direct-boiling concept extend beyond
increased performance of the solar collectors alone to the solar system as a
whole. Following the system description, a brief overview of the analysis
methodology is presented.

Section 4.0 gives a detailed description of the technical results of the per-
formance analysis from both an instantaneous and long—term perspective.

Section 5.0 1is a comparative analysis of the potential cost advantages in
using the direct-boiling concept.

Section 6.0 discusses the potential freezing, fouling, and corrosion problems
resulting from the use of water in the collector field.

Section 7.0 summarizes thé analysis of the stability of two-phase flow in the
collector system performed by Pederson and May (1982). Criteria developed in
this report are applied to the full range of system stability operating para-
meters. :

Conclusions and recommendations for subsequent work are provided in Sec. 8.0.

1.2 TINDUSTRIAL ENERGY USE

0f the 21 x 1018 J of energy used by industry in 1976, approximately 68% was
used for process heating (ITC 1977). Line-focus concentrating solar collec-
tors operate at temperatures up to ~300°C. In this temperature range industry
consumed about 4.5 x 10 J of fuel, a major fraction of which was used to
generate steam. Thus, the potential market for commercially available, 1line-
focus solar collectors to supply steam for low-temperature industrial process
heating (IPH) is very large.

A survey by Hamel and Brown (1980) compares boiler sales over the last ten
years and shows that most industrial boilers that were sold operate at 0.7 to
1.4 MPa (100 to 200 psia) corresponding to steam saturation temperatures of
166° to 194°C (330° to 380°F). Such conditions permit great flexibility in
supplying a variety of process temperature requirements. Fewer boilers are
sold to produce steam at higher temperatures because of the rapid increase in
boiler pressure at temperatures above 200°C (400°F). Above 200°C, direct pro-
cess heating is generally employed, with heat—-transfer oils often used for
indirect heating applicatiomns.

The food industry 1is a major user of low—-temperature IPH and is a prime
candidate for the near—-term, large-scale application of solar IPH systems
(DeAngelis 1981). Because of the fear of product contamination, solar systems
that use heat transfer oils are often eliminated from potential applications
in the food industry. Solar systems using water are preferred in these

applications. 5
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1.3 CURRENT METHODS OF STEAM GENERATTON IN LINE-FOCUS SOLAR COLLECTORS

To date, two methods have been employed to generate industrial process steam
using line-focus solar collectors: the steam-flash concept, in which pressur-
ized water is heated in the collector field and then flashed to steam; and the
unfired-boiler concept, in which a nonfreezing, heat-transfer fluid {is ecircu-
lated through the collector fileld to generate steam through heat-exchange in
an unfired boiler. Each of these systems and aspects of their operation are
briefly discussed in the following subsectiouns.

1.3.1 Steam—Flash System

A diagram of this system is shown in Fig. 1-1. Water, pressurized to prevent
boiling, is circulated through the collector field and then flashed across a
throttling valve into a separator. Steam is fed into the plant utility sys-
tem. Boiler feedwater input maintains the level in the separator and the sub-
cooled 1liquid is recirculated through the collectors. The in situ boiling
concept would use a similar system configuration, without a flash valve. Sub-
cooled water would be heated to boiling and steam would form directly in the
receiver tube. System design would ensure that steam quality at the collector
outlet was consistent with the operating stability of the system.

Although the steam—flash system uses water, a superior heat transport fluid,

the in situ boiling system is still more advantageous. The flash system uses

a sensible heat change in the working fluid, which makes the temperature dif-

ferential across the collector relatively high. The rapid increase in water

vapor pressure with temperature requires corresponding increases in system
operating pressure to prevent boiling. Increased operating temperatures
reduce the thermal efficiency of the solar collectors. Increased pressures

within the system require a more robust design of collector components, such

as recelvers and flexhoses, and piping. The differential pressure over the

delivered steam pressure required to prevent boiling is supplied by the circu-

lation pump and is irreversibly dissipated across the flash valve. When boil-

ing occurs in the collectors, as in an in situ boiler, the system pressure

drop and consequently, electrical power consumption is greatly reduced. 1In

addition, the latent heat~transfer process minimizes the temperature rise

across the solar collector.

The flash system also presents a difficult control problem if attempts are
made to reduce electric parasitic power coansumption. The simplest control
scheme combines a comnstant speed pump and a flash valve modulated to control a
given pressure differential (Acurex 1980). In effect, the system pressure
drop and parasitics are fixed, regardless of insolation conditions and steam
production rate. A gsecond proposed control scheme (Stauffer Chemical Co.
1979) uses a fixed control valve orifice and a measure of insolation to con-
trol pump speed. This scheme modulates system flow rate and pressure differ-
ential. Still a third design operates a coustant speed pump while adjusting
the modulating valve to prevent boiling through feedback control from a steam
look-up table (Cherne et al. 1978). 1In contrast, a direct-boiling system is
self-regulating; water in the receiver tube is heated to boiling and passes
into the two—-phase region. With a fixed pump flow rate, system pressure drop
and steam quality vary directly with insolation. Collector operating tempera-
ture and pressure closely correspond to steam delivery conditioms.

3
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The open—-loop, steam~flash, and direct-boiling systems are subject to corro-
sion and scaling, which can be controlled by standard industrial water treat-
ment and maintenance techniques (see Sec. 6.0). Water systems are also sub-
jeet to freezing in adverse climates; this problem is also discussed in
Sec. 6.0.

1.3.2 Unfired Boiler System

A diagram of an unfired boiler solar steam system is shown in Fig. 1-2. 1In
this system, the heat-transfer fluid can be nonfreezing and noncorrosive, sys-
tem pressures are low, and control is straightforward. (A constant speed pump
is generally used.) These factors largely overcome the disadvantages of water
systems, and are the main reasons for the predominant use of heat-transfer oil
systems in current industrial steam—generating solar systems.

The major disadvantages of the system result from the characteristics of the
heat-transfer fluid. These fluids are hard to contain, and most heat—-transfer
fluids are flammable. Decomposition, when the fluids are exposed to air, can
greatly reduce ignition-point temperatures, and leaks into certain types of
insulation can cause combustion at temperatures that are considerably lower
than measured autoignition temperatures. Fires have occurred in both the
Willard and Coolidge irrigation solar systems, which use 0il in unfired boil-
ers, and at the Sandia Laboratories test facility. Special care must be taken
in selecting gaskets, packings for valves, and mechanical seals for pumps,
because at high temperatures the viscosity and surface tension of heat-trans-
fer fluids are low, and leaks are common. Generally an all-welded system is
desired; suppliers usually recomment 300-1b flanges, even though system pres-
sures are low. A fire protection system and explosion-proof equipment may be
required. Heat-transfer fluids are also relatively expensive ($2-320/gal), a
potential pollution problem, and often excluded from food industry
applications.

Heat—-transfer fluids have much poorer heat—-transfer qualities than water.
They are more viscous at ambient temperatures, are less dense, and have lower
specific heats and thermal conductivities than water. These characteristics
mean that larger flow rates, collector differential temperatures, and pumping
power inputs are required to obtain the equivalent quantity of energy trans-
port compared to a system using water. In addition, heat-transfer coeffi-
cients are lower, so there is a larger temperature differential between the
receiver tube and the collector fluid; this effect results in reduced collec—
tor efficiency at a given fluid temperature compared with the collector effi-
ciency at the same temperature using water.

The temperature differential required to transfer heat across the unfired-
boiler heat exchanger 1is responsible for additional increases in collector
temperatures in an unfired boiler system compared to the open-loop water sys-—
tems which do not require a heat exchanger. The unfired boiler and the nitro-
gen-blanketed expansion tank capable of holding all of the fluid inventory
generally are pressure vessels which increase costs. To prevent corrosion,
steam generators use 90~10 Cu-Ni tubes. Another safety issue arises, since
most failures in heat transfer fluid systems occur following cross—contamina-
tion (Dow Chemical Co. n.d.). Steam leakage into the hot oil causes a rapid
increase in pressure, thus, necessitating careful sizing and venting of pres-

sure relief valves on the solar system side of the boiler.
5
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1.4 THERMAL STORAGE

The solar system used to compare the three steam-generating techniques in-
cludes no provision for thermal storage. The unfired-boiler system can be
easily integrated into an oil/rock thermal storage system, whereas storing
thermal energy as high-pressure, high-temperature water is probably more
costly. However, integrating thermal storage into any collector system will
greatly increase the delivered cost of solar energy. Thermal storage raises
component costs and reduces performance because of the increase in collector
temperatures necessary to charge storage. Initially, solar process heat sys—
tems will be economical for industrial operations that run continuously and
can absorb the entire thermal output of the collector field. The number of
continuously run industrial operations (such as food plants, oil refineries,
and chemical plants) is sufficiently large to present a very significant mar-
ket for solar steam systems. The potential reduction in delivered energy cost
attainable by the application of the direct-boiling concept will reduce the
time that will be required before solar steam systems can compete economically
with conventional fuels. At a later date, when oil/rock storage becomes eco-
nomical, other energy storage techniques (such as latent heat or chemical)
that can be more efficiently integrated into a direct-boiling system may be
available. Alternatively, for discontinuous industrial operations, an in situ
system could be operated using a conventional steam turbine to deliver elec-
tric power to the grid when process heat is not required.
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SECTION 2.0

TWO—-PHASE FLOW AND TRANSPORT PHENOMENA

To compare the performance of the competing solar systems and to analyze
transport phenomena during two-phase water flow, a steady-state computer pro-
gram was written. Independent variable inputs are system mass flow rate,
insolation in the plane of the collector (shading and end effects are neg-
lected), and steam delivery temperature.

Although the particular problem addressed here has not been studied, a consid-
erable amount of related work is reported in the literature and was used in
selecting correlations to formulate the system performance model. A short
discussion of the relevant literature and its bearing on the problem is given
in this section. A detailed description of the system model is provided in
Appendix A. Further discussion regarding the choice of each correlation and
analytical details describing their use in the system model are provided in
Appendix B. Section 3.0 outlines the physical layout of the baseline solar
system to complete the data inputs to the model.

2.1 FLOW REGIMES IN HORIZONTAL, TWO-PHASE FLOW

The ability to predict the distribution of liquid and gas flowing through a
horizontal tube is important because the distribution affects heat-transfer
rates, temperature variations, mass velocities, and system stability. To pre-
vent damage to the selective surface, flow instabilities, and scale build-up,
the surface of the receiver tube must be in contact with the liquid phase at
all times. The map proposed by Taitel and Dukler (1976) (see Fig. 7-2) is
used as a means to ensure that conditions within the receiver tube are within
an acceptable flow regime to avoid these problems.

2.2 PRESSURE-DROP CORRELATIONS

To calculate single-phase pressure drop, the well-established and accepted
Colebrook formula is used in this study (see Appendix B, Eqs. B-1 and B-2). A
study of two-phase pressure drop correlations indicates, for the flow regimes
and fluid properties of interest, that the Dukler "no slip” homogeneous flow
model (Dukler et al. 1964) will probably give the most accurate results (see
Eqs. B-3 to B-9). Using friction factors for a rough pipe surface introduces
a considerable degree of conservatism into the correlation. Over the condi-
tions studied, a rough pipe surface will increase the two-phase friction fac~
tor from 20% to 60% compared to a smooth pipe. This effect is greatest at
high Reynolds numbers. The Dukler correlation is extended in a stepwise fash-
ion to determine pressure drop in boiling flow, and the results are compared
to the work of Thom (1964) For verification.
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2.3 HEAT-TRANSFER CORRELATIONS

A number of correlations were studied that could be used to calculate single-
phase heat-transfer coefficients inside a cylinder. Nusselt number correla-
tions suggested by Kays and Crawford (1980) were selected for use with water
(Eq. B~10) and with heat-transfer oils at higher Prandtl numbers (Eqs. B-11
and B-12). Corrections for rough surfaces are made using Eqs. B-13 and B-14.
As these equations show, the effect of a given surface roughness on the
Nusselt number depends upon fluid Prandtl and Reynolds numbers. The ratio of
rough surface to smooth surface friction factor increases with Reynolds number
and hence has greater influence on water heat-transfer coefficients since sin-
gle-phase Reynolds numbers with water in the receiver tube range from about
30,000 to 130,000, whereas Reynolds numbers for the heat—transfer oil range
from 10,000 to 50,000. On the other hand, the effect of the Prandtl number
for oils (about 8) is greater than for water (about 1.2). Overall, surface
roughness (over the appropriate range of Reynolds numbers) increases water and
0il single-phase MNusselt numbers by about 15% to 25%, and 10%Z to 30%,
respectively.

The recommendations of Bergles et al. (1981) and of Tong (1975) were followed
in selecting the Chen correlation to calculate two-phase flow, boiling heat-
transfer coefficients (Eqs. B-15 to B-22). An overall boiling heat-transfer
coefficient is obtained by summing the components from single-phase forced
convection and from microscopic convection through the liquid film by bubble
nucleation.

Correlations by Morgan are used to determine both natural and forced convec—
tion heat losses from the horizontal receiver tube and from the fluid trans-
port piping to the environment. The first Morgan correlation (Fand et al.
1977) relates a natural convection Nusselt number to the Rayleigh number of
the air around the horizontal cylinder (Eq. B-23). The second Morgan correla-
tion (Kays and Crawford 1980) relates a forced convection Nusselt number to
the cylinder Reynolds number (Eq. B-24).

The final heat-transfer problem is to determine conductive and natural convec-
tive heat loss across the annular air gap between the receiver tube and sur-
rounding glass envelope. Recent work by Kuehn and Goldstein (1978) is used
for this analysis (Eqs. B-25 to B-30).

2.4 EFFECT OF NONUNIFORM FLUX ON HEAT TRANSFER

Radiative heat flux on the collector receiver tube varies because only one
side of the receiver faces the reflector, bhecause the sun is not a point
source, and because of geometrical errors inherent in the collector from mech-
anical imperfections of components and errors in assembly. Consequently, cir-
cumferential variations in the temperature of the receiver tube will result.
The model of the heat—-transfer processes occurring within the receiver assumes
no circumferential temperature variations. Hickox and Gartling (1977) show
that even large variations in the wall temperature of an inner cylinder cause
minimal changes in overall conductive and convective heat transfer to an outer
cylinder compared with the changes that occur when the wall temperature of the

inner cylinder is constant. The agreement 1is particularly close when the
highest temperature is at the bottom of the inner cylinder. When the highest

3
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temperature in the inner cylinder is at the top, agreement is poorer, produc=-
ing a slight increase in overall heat transfer. Fortunately, from simple geo-—
metrical considerations this effect will probably not occur in a parabolic
trough receiver.

The receiver tube and glass envelope could become misaligned, either from poor
assembly or from the effects of gravity and differential thermal expansion
during normal operations. Hickox and Gartling (1977) considered a worst case
when the bhottom gap under the receiver is cut in half. But even then the
overall heat-transfer rate increase is small. Kuehn and Goldstein (1978) also
investigated the effects of eccentricity on heat transfer between concentric
cylinders and came to similar conclusions. They showed that overall heat-
transfer coefficients in eccentric tests, consisting of variations in both
horizontal and vertical planes, were all within 107 of the values in concen-
tric geometry. Coefficients decreased by as much as 5% when the inner cylin-
der was moved up, and increased by 10% when it was moved down.

Ratzel and Sisson (1980) investigated receiver tube heat transfer with circum-
ferential temperature variations. They found that despite large circumferen-
tial temperature differences around the receiver, the one-dimensional con-
stant-temperature receiver model predicted nearly the same heat loss as the
two-dimensional model, which accounted for circumferential temperature varia-
tions. Thus, the one-dimensional model appears adequate to predict overall
heat loss from the receiver tube of a parabolic trough collector.

The analysis of circumferential temperature variations does, however, provide
useful information regarding heat transfer and the prevention of possible
burnout conditions for direct boiling of water in the receiver tube. Ratzel
and Sisson's model (1980) assumes that circumferential temperature differences
in the receiver tube are transferred to the inner wall. Temperature decrease
through the receiver wall is small. Using a heat-transfer o0il at extreme
temperature operating conditions (315°C bulk fluid temperature), they had to
maintain Reynolds numbers greater than 50,000 to prevent thermal degradation
of the selective heat~transfer surface and the collector heat-transfer fluid.
Peak solar flux occurs at an angle of about 50° from the bottom of the
receiver tube (bottom is the lowest point in the receiver tube when the col-
lector is facing upward vertically) for a collector fabricated to attainable
specifications. Ratzel (1979) shows the effects of component imperfections
and misalignments on temperature distributions and collector efficiency for
various receiver designs. Misalignment above the focal line produces a large
increase in peak flux on the hottom of the receiver. Misalignment below the
focal line produces lower peak fluxes and wider scatter of flux on the
receiver perimeter. Tracking bias produces a single maximum flux more toward
the bottom of the receiver than the correct tracking. Finally, misalignment
to the left of the focal line produces a large increase in maximum flux on the
right side of the receiver tube. To interpret these results so as to prevent
possible burnout during direct steam generation, the rotation of the receiver
and the alignment of the collector must be accounted for. Given the possibil-
ity that stratification or dryout could occur during two—-phase flow, the peak
solar flux should be focused at as low a point on the receiver wall as poss-—
ible to minimize impingement of concentrated solar energy on the dry receiver
wall. Consider an east-west mounted parabolic trough of the most common
design with a rotating receiver. Peak solar incidence on the receiver always
occurs at noon. During winter solstice, at noon for a correctly aligned
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receiver, one of the two solar peak intensities would occur on the upper part
of the tube. TFor instance, at a latitude of 40° a peak solar intensity occurs
at about 115° from the bottom of the tube. In the worst case, the focus is
moved further upward by horizontal misalignment in a direction that moves the
receiver closer to the ground. However, it should be noted that all geometri-
cal imperfections reduce the absolute magnitude of absorbed solar radiation.
Also, absorption efficiencies would decrease with increasing incidence angles
as the focus moved closer to the top of the receiver. 1In addition, circumfer-
ential heat transfer in the receiver tube slightly reduces peak solar fluxes.

For a north-south oriented trough, incidence angles are at a minimum (but
still greater than =zero) at about two hours either side of solar noon.
Because solar insolation values are smaller at these times than at noon, peak
solar radiation on the receiver in the north-south orientation is reduced com-
pared with the east-west case. In addition, considering the geometry of the
north—~south orientation, the upper part of the receiver tube will probably
never experience peak flux densities.

In summary, the one-dimensional model adequately correlates heat loss from the
receiver tube. Studies indicate that Reynolds numbers greater than 50,000 are
required to wminimize the difference between receiver wall and bulk fluid temp-
eratures when using a heat—transfer fluid at peak fluid operating tempera-
tures. Reynolds numbers of this magnitude are readily achievable for water,
even at low liquid velocities. The velocity of a heat-transfer oil must be
two or more times greater than water to achieve the same Reynolds number. For
water flow in the nucleate boiling regime, the inside film heat-transfer coef-
ficient, and hence temperature differentials, are reduced to a low value.
Horizontal misalignment, which causes the peak solar flux intensity to move
further up the receiver tube, is the worst case of collector fabrication
error. Under most operating conditions, peak flux intensities will occur on
the underside of the receiver tube, so that even if the tube wall drys out,
the selective surface will probably not be damaged since dryout occurs on the
upper part of the receiver tube. Under the worst circumstances, using an
east-west oriented trough in winter, flux densities can peak at a point on the
upper half of the receiver. Additional safety is afforded by the north-south
oriented collector field. At this orientation, peak solar fluxes cannot occur
on the upper part of the receiver tube.

10
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SECTION 3.0

BASELINE SYSTEM DESCRIPTION AND ANALYTICAL MODEL

3.1 BASELINE SYSTEM

System components and layout of the collector field used for this study are
based upon existing equipment and designs. The layout of a baseline collector
field is shown in Fig. 3-1. Field size is a nominal 4686 m2 (50,420 £t°);
collector row spacing is 6 m (19.7 ft). A single drive chain is 36.6 m
(120 ft) long; the initial field design comprises three drive chains in series
and 20 collector rows. Transport piping is sized to give reasonable flow
velocities in Schedule 40 piping for a baseline total flow of 7.5 kg/s
(16.5 1b/s).

The collector is clearly the dominant component of the system. Therefore in
the system comparisons, a state-of-the-art collector was chosen for the base-
line. A parabolic trough solar collector with a 2.13-m aperture and 90°-rim
angle is used in the analysis. The receiver tube is made of 16-gauge steel
tubing and is 0.0413 m (1.624 in.) 0.D. The other inputs to the performance
evaluation program are listed in Table 3-1.

The comparative performance analysis of the three competing solar systems is
undertaken using two collector models. A simplified collector model uses act-
ual collector test data described by the efficiency curve (Harrison 1980):

3 AT2

n = 0.660 - 0.233 %I-- 1.285 x 107 (3-1)

The temperature differential is between ambient and the average of the inlet
and outlet temperatures over each segment of the receiver tube. The receiver
tube is divided into 100 segments since, for the direct-boiling case the aver-
age of the inlet and outlet collector temperatures does not approximate the
average collector operating temperature.

A second detailed collector model calculates thermal performance from first
principles using the data presented in Table 3-1. The data inputs were
selected such that the optical efficiency of the collector was the same as the
collector described above. As illustrated in Appendix A.7, the results of the
two models agree very closely and thus provide a check on the detailed calcu-
lations. The simple model reduces computer running time, while the more
detailed model accounts for the effects of heat removal efficiency of the col-
lector. This is particularly important for an o0il system where the tempera-
ture differential between the receiver tube and the fluid is higher than for
the water systems.

Besides consideration of collector performance, the system model accounts for
heat and pressure drop losses in collector-field piping. Overall system per-
formance and pumping power are calculated to determine the net overall effi-
ciency 1In terms of the independent input variables. Performance is compared
in terms of a steady-state model and is easily adapted to alternate solar

collectors or system configurations. Some conservatism is introduced into the
11
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Table 3-1. Data Inputs for Performance Analysis

Independent variahles

Steam temperature 395-495 X (251°=431°F)
Total collector flow rate 5-15 xg/s (11-33 1b/s)
Insolation on collector aperture 0-1000 W/=* (0=317 Btu/fr*h)
Ambient temperature 288 X
Sky temperatura 282 ¥
Makeup water temperature 366 K
Pump efficiency 0.5

Collector
Aperture 2.13 2 (7 £e)
Reflector length per row 110 o (261 fe)
Receiver lengch per row 120 m {394 fr)
umber of coilector rows 20
Area of collector fieid 1686 1 (Z0,42 f::)
Receiver tube (fnner diameter) 17,0380 a (1.30 ;n.)
Receiver tube {oucer diamecer) 3.0413 3 (1.625 ia.)
leceiver tube :hermal conductivity 45 /=K (26 3tu/fc’Fh)
Glass envelope (outer diameter) 2,064 2 (2.3 in.)
Glass envelope (thickness) 0.0028 =z (2.1l ial)
Reflectivity of mirror J.73
Transmissivity of envalope 7.9
Emissivity of envelope .92
Absorbtivity of envelope 2.2
Absorbtivizv of receiver .94
EZmissivity of receiver J.i8

Inlet line
Taner diameter 2.,0779 m (3,08 in.)
Juter diamecer 1.3889 1 (3.5 ia.)
Fquivalent length 170 = (338 )
3ipe roughuess 7457 x 107Y 3 (1,30 « 1073 14.)
Insulaction (outer diame=ar) Y.195 2 (7,98 ia.)
Insulation thermal conductivity D047 W/aKk (0,027 3tu/ft *Th)
Tasulation jacker anmissivity .22

Oucler line
Inner diametar p]
Jutar iiamecer 0

gl

Equivalent length
Insulation (suter iiametar)

Manifolds
Zfrfecrive length for heat loss
{inlet and outler) 200 m (436 fr)

Pressure Jdrop coelficiants {see
Zq8. A=3 and A~h)

kl 25
:{2 2
Ky 3
Unfirad Soiler
Jeac zransfar area 113 == 71183 f::)
deat transfer 525 ¥/mT R {149 3tus §2°7Thl
Ysar sransfar ThG ifam X (133 ‘tu/'*1°"ﬂ)
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comparison through the choice of assumptions. Thus, Therminol 60 was selected
as a representative heat—-transfer oil for the unfired boiler systemn. This
fluid has improved heat-transfer characteristics over oils such as Thermi-
nol 66, which have been used for higher temperature solar systems. The area
of the unfired boiler heat exchanger is comparable with the area calculated
for a similar solar system design (Stearns—Roger 1981); it is also consistent
with the optimization criteria presented by DeWinter (1975) for exchanger
costs similar to collector costs on a unit area basis. In addition, the model
of the unfired boiler assumes perfect countercurrent flow. The heat-exchanger
surface area greatly influences the collector operating temperature and effi-
ciency. Determination of the true optimum size of an exchanger would involve
a rigorcus economic analysis and annual performance calculation. However the
range of boiler and preheater effectivenesses, up to 99.5% and never below 957
except for the highest insolation level, suggests that the selected area is
not too small and may in fact be oversized.

The control scheme for the flash system is somewhat idealized in that the up-
stream pressure of the flash value is maintained at only 3000 Pa (4.35 psi)
above the saturation pressure of water. In practice, this is a difficult con-
trol problem; but the assumption minimizes electrical power inputs to the
flash system and therefore allows a conservative comparison to the in situ
system.

3.2 SYSTEM ANALYSIS MODEL

The system simulation model developed for the detailed performance comparisons
and sensitivity studies is discussed at length in Appendix A. The model is a
steady-state analysis and has significant flexibility beyond that needed for
the specific systems studied in this report. With this model, easily adapt-
able field and collector geometry capabilities are available, and both open-
and closed-loop field systems can be analyzed. The model solution, given in
terms of temperature, pressure, and thermodynamic properties at both the input
and output of each system component (including both piping and manifold ele-
ments), is obtained using an energy, temperature, and pressure balance conver-
gence procedure. In addition, conditions are determined at an arbitrary num-
ber of nodes along the receiver tube to 1investigate detailed receiver
response, and gpecial provisions are incorporated into the system to model
manifold pressure drops and heat losses. The modularity extends beyond compo-
nents to pressure-drop and heat-transfer correlations, as well as the choice
of collector working fluid. An ASME steam/water library computer routine was
used to determine thermodynamic properties of water. The model, in addition
to being used for a comprehensive steady-state comparison, was also used to
define the overall system response characteristics that were needed to calcu-
late annual system performance.

Long-term performance comparisons were made using these characteristics
together with an averaging methodology explained in Appendix E. The averaging
methodology is based on long-term weather data as well as system characteris-—
tics for each particular system, including the location, orientation, and
steam—-delivery temperature.
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SECTION 4.0

RESULTS OF THE THERMAL PERFORMANCE ANALYSIS

Results of the system performance analysis are most easily assessed in terms
of instantaneous and long—-term performance. The detailed model described
earlier provides considerable insight into 1nstantaneous or steady-state
system efficiency. This section summarizes the results obtained using the
detailed model to compare the in situ, flash, and unfired boiler systems. All
results are discussed relative to the baseline system configuration described
in Sec. 3.0 and shown in Fig. 3-1.

Long—term and instantaneous performance measures are considered in terms of
gross and net system efficlencies. Gross system efficiency is the net thermal
system efficiency. In terms of system internal energy delivery rate (U),
enthalpy added to the circulating fluid by the compressive action of the pump
(P um ), and the total solar radiatlon power incident on the system (I

T . total)’
the instantaneous gross efficiency is defined as

n - Ustean - Ywater - Ppump
gross Teotal

, (4-1)

where Usteam and Uwater are the internal energy rates of the delivered steam
and the makeup water, respectively. The net efficiency measure, which
accounts for the thermal energy expended in generating electric pumping power,
is defined as

3 x P '
pump (4-2)

Nnet “Ngross ~ 7. . n. __ °

§ros Ttotal Npump
where N ump is the electromechanical efficiency of the pump (assumed equal to
0.5 in %he analysis). The factor of 3 accounts for thermal to electric power
conversion losses. Long-term efficiencies are defined by equations similar to
Eqs. 4-1 and 4-2, except that the energy rates are integrated over time.

4.1 SYSTEM STEADY-STATE THERMAL PERFORMANCE

A wide range of parametric variations were used with the steady-state model.
For each of the three system types, steady—-state system performance character-
istics were determined for steam delivery temperatures ranging from 395 X
:(251°F) to 495 K (432°F), total mass flows ranging from 5 kg/s (11 1b/g) to
20 kgfs (44 1b/§), and incident solar fluxes ranging from 200 to 1000 W/m? (64 -
to 317 Btu/h ft“). Results from varying each of the above parameters and dis-
cussion on pumping power are described in the following subsections.
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4.1.1 Mass Flow Rate Variations

The effect of mass flow rate on system efficiency is not dramatic, but is sig-
nificant especially when the net efficiency measure 1is used. Considering
first the gross efficiency measure, the effect of mass flow rate on steady-
state system efficiency is illustrated in Figs. 4-1 to 4-3. The data indicate
that with increasing mass flow rates, there is an increase in gross efficiency
in both flash and unfired boiler (o0il) systems, but the in situ system shows a
slight decrease in efficiency.

The effect of flow rate on measures of efficiency is most apparent for the oil
system. A number of interrelated factors cause these results. Since collec-
tor performance is the major determinant of gross system efficiency, the trend
in gross efficiency can be correlated in terms of average receiver tempera-
ture*. Recelver tube temperature 1is plotted versus mass flow rate in
Figs. 4~4 to 4-7. These data show a rapid reduction and then a gradual level-
ing off of average collector temperature with increased flow for the oil and
steam—flash systems (which are based on sensible heat transfer). In contrast,
the in situ system is almost isothermal; the temperature level is dependent
only on steam temperature. In absolute terms, the receiver temperature can
increase or decrease depending on operating conditions.

Increasing mass flow rate reduces the collector temperature differential, and
thus tends to improve collector performance. At the same time, however,
reducing steam quality for the water systems raises the collector inlet temp-
erature by diluting the effect of adding cold boiler makeup water. This has a
negative effect on collector performance and explains why the in situ system
average collector temperature increases with mass flow rate. Table 4-1 lists
maximum steam qualities of the water systems for each steam temperature.

Table 4-1. Maximum Steam Qualities
Predicted for Baseline
System

1000 W/m?
7.5 kg/s

Insolation
Mass Flow Rate

Steam Quality

Steam Temperature (%)
(X
In Situ Flash

395 16.1 15.7
420 15.6 15.2
445 15.2 14.8
470 14.8 14.3
495 14.3 13.9

*Average receiver temperature in this study is the numerical average of 100
temperatures on the outer surface along the length of the tube. Thus, the
nonlinear variations of temperature with length are adequately accounted for.
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Figure 4-1. Gross System Efficiency vs. Mass Flow Rate (’I's = 395 K)
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Figure 4-2. Gross System Efficiency vs. Mass Flow Rate ('1‘S = 445 X)
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Figure 4-3. Gross System Efficiency vs. Mass Flow Rate (T, = 495 K)
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Flow rate also affects the heat transfer coefficients inside the receiver
tube. In the in situ system, increasing flow rates decrease the relative
length of collector tube in which boiling occurs. Since nucleate boiling
heat-transfer coefficients are greater than those associated with single-phase
flow, the effective overall heat—-transfer coefficient Ffor the collector
decreases, and the mean collector temperature rises slightly with increased
flow. However, single— and two-phase heat—-transfer coefficients of water are
so high over the range of flow rates cousidered, that the collector perfor-
mance of both the in situ and flash systems is increased only marginally by a
reduction in the temperature differential across the liquid film at increased
flow rates. For the oil system, typical liquid film heat-transfer coeffi-
cients compared to water at the same flow rate are lower by a factor of four.
Consequently, the effect of increased oil flow rate on reducing the film tem—
perature differential has a more pronounced effect on collector performance.

The presence of a heat exchanger in the o0il system 1is a major factor in
increased collector temperature and reduced performance. This effect indi-
cates that the optimization of the exchanger area is a major component in the
design of an o0il system. However, the performance of the flash system can be
used to place a bound on the performance of an unfired boiler system. In
effect, a flash system 1is equivalent to an unfired boiler system using water
as the heat transfer fluid with an exchanger of infinite area. The difference
in gross performance between the steam~flash and oil systems can be attributed
to the use of an exchanger of finite size and to the use of an o0il with much
poorer heat transport properties than water (illustrated in Figs. 4-4 to 4-7).
The receiver temperatures for the steam—flash and oil systems largely parallel
one another, a consequence of the impact of the heat exchanger. The variation
in absolute difference in the curves is due to the exchanger and the effect of
fluid properties.

Net system efficiency versus mass flow rate is illustrated in Figs. 4-8 to
4--10. Net system efficiency accounts for the impact of electrical pumping
power. Maximum net efficiency for oil and flash systems occurs at about
10 kg/s. At low mass flow rates, the net efficiency lncreases with mass flow
rate for the same reasons as mentioned above. However, as the mass flow rate
increases beyond about 10 kg/s for all but the lowest fluxes, the increase in
thermal efficiency is more than offset by the increased pumping power
required. For the in situ system, the effect of increased pumping power with
increased flow rates reinforces the decline in net efficiency as was already
noted for gross efficiency. A direct-boiling system should therefore operate
with the lowest possible flow rate that 1is consistent with system stability.
Reducing the flow rate of a direct—-boiling system increases steam quality and
two—-phase velocities. High exit qualities, particularly at lower steam pres-—
sures, can possibly lead to stability problems (see Sec. 7.0), although such
problems can always be eliminated by an appropriate increase in pressure drop
at the inlet to the collector rows.
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In subsequent parameter varilations considered in this discussion, a constant
‘magss flow rate of 7.5 kg/s for the in situ system and 10 kg/s for the flash
and o0il systems are used. These mass flow rates were selected for two rea-
sons. First, further consideration of mass flow rate does not add much in-
sight into the subsequent discussion of other parametric variations. - Second,
these mass flow rates are almost optimal values from a net energy delivery
perspective (although a lower flow rate could be selected for the in situ sys-
tem) and therefore were used as the basis for the annual calculations.

4.1.2 Flux Intensity Variatioms

As expected, system efficiency is very dependent on solar flux because of the
various thermal loss mechanisms and because in a gross sense, the systems are
isothermal for a given steam temperature. (An isothermal condition at approx-
imately the steam delivery temperature is a very good approximation for an in
situ system.) Changes are most dramatic when the collector system cutoff* is
approached. Further, Figs. 4-11 to 4-16 illustrate that efficiency drops off
more rapidly with decreasing flux at higher steam delivery temperatures. At
these lower flux levels, thermal losses that are dominated by the radiation
loss component approach the flux gain of the collector. The curves corres—
ponding to the gross and net efficiency measures appear quite similar for all
of the systems; however the in situ system always exhibits the greatest effi-
ciency for a given flux. The relative advantage of the direct-boiling system
increases with increasing steam delivery temperature and decreasing radiative
flux. The advantage of the in situ system over the oil system is quite pro-
nounced in all cases and is explained by the thermal performance arguments
presented earlier. As a rough measure, the efficiency of an in situ system at
an insolation level of 600 W/m“ equals or exceeds the efficiency of an oil
system at an insolation level of 1000 W/m~. Compared to the flash system, the
advantage is more clearly distinguished when the net efficiency measure is
used and the effect of parasitic pumping power is considered.

The effect of incident radiation levels on the average receiver temperature is
shown in Figs. 4-17 to 4-19 where comparisons are made for three steam deliv-
ery temperatures at optimal mass flow rates. At higher steam delivery temper-
atures for the in situ system, the average receiver tube temperature declines
slightly with increased insolation resulting from the diluting effect of large
volumes of makeup water. Pressure must also be considered. Higher pressures
result in reduced frictional pressure drop in the two-phase region compared to
conditions at 395 K (250°F) where receiver exit velocities are extremely high.
The frictional back pressure in the exit lines to the steam separator at high,
two-phase velocities causes an elevation of saturation pressure and thus an
elevation of temperature in the receiver tubes. Consequently, as illustrated
in Fig. 4-17, at low pressure the receiver temperature increases with increas-
ing flux for the in situ systen.

*"Cutoff” here refers to that radiation flux below which the system makes no
net energy contribution. This effect will be discussed more in connection
with the annual energy calculations.
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The increase in steam quality with insolation and the decrease in temperature
from the makeup water also constrain the temperature rise in the flash system
receiver as flux levels are increased. A similar effect occurs in the oil
system as increased steam production is made up by increased water flow
through the heat exchanger. However, the effect is not as dramatic because of
the inefficiencies of the heat exchange process. 1In addition, the low spe-
cific heat of a heat-transfer oil causes a much greater rise in collector tem-
perature differential at a given insolation level than 1t would in a water
system. This effect diminishes somewhat at higher temperatures (as illu-
strated by the difference in receiver temperature between the steam—~flash and
0il systems at different conditions) due to the fairly rapid increase in the
specific heat of the heat-transfer fluid.

Again, these curves illustrate the point made earlier. At a gilven steam
delivery temperature an in situ system is, for all practical purposes, 1iso-
thermal at a temperature that 1s very close to the required steam delivery
temperature regardless of mass flow and insolation. Furthermore, an approxi-
mation of isothermal operation is considerably less valid when the other sys-
tems are considered, especially the oil system where the average receiver tube
temperature can vary as much as 60 K over the full range of insolation levels.

4.1.3 Steam Delivery Temperature Variations

Figures 4-20 through 4-22 and 4-23 through 4-~25 illustrate variations in sys-
tem net efficiency and average receiver tube temperature, respectively, as a
function of steam delivery temperature. Since heat losses at a given steam
temperature are fairly coanstant, steam delivery temperature has the greatest
impact on the efficiency of various systems at lower flux levels. Also, the
in situ system shows the least response to steam delivery temperature varia-
tions, and its bhenefit relative to the other systems increases with steanm
deliver& temperature. At a steam temperature of 495 K and solar radiation of
200 W/m“, the net efficiency of the oil system approaches zero.

Figures 4-23 to 4-25 illustrate that at low flux levels, the collector temper-
ature differentials are so small that the temperatures of the receivers for
all three systems tend to converge. However, as illustrated in the previous
three graphs, similar receiver temperatures for each of the three competing
solar systems do not correspond to similar performance. The oil system must
work at some temperature higher than the steam delivery temperature for net
heat exchange. Similarly, the flash system converts sensible heat change
above the steam delivery temperature into latent heat of steam. In coatrast,
the direct boiling system will deliver energy when the average receiver tube
temperature is at or below the delivered steam temperature.

In Figs. 4-23 to 4-25, the slopes of the curves are nearly counstant with steam

temperature at a given insolation level. Pressure effects tend to increase
the temperature of the in situ system at low steam temperatures.
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4.1.4 Pumping Power Effects

Pumping power has a significant impact on overall system efficiency especially
when long-term performance is considered. Although pumping power at medium to
high fluxes represents a relatively small negative contribution to the system
efficiency, at low fluxes its effect on system efficiency can rise dramatic-

ally. Furthermore, the pumping power requirements of the steam flash systenm
are up to 70 kW for high flux levels and high mass flow rates. Predicted
pumping power versus mass flow rate 1is illustrated in Figs. 4~26 through 4-31
for a number of different fluxes and steam temperatures.

For the analysis, the electromechanical efficiency of the pump was assumed to
be 50%. This discussion on pumping power is limited to steady-state condi-~
tions; hence, additional power required for cold start-up and field circula-
tion to prevent freezing are not considered and are not included in the long-
term analyses. The cold start-up problem with oils may have a significant
impact because of their high viscosity at low temperatures.

Pumping power is proportional to differential pressure multiplied by volume-
tric flow rate. Since the change in volumetric flow through the pump is
small, pumping power is proportional to the volumetric flow times the pressure
differential (VAP). The variation of pumping power over the range of
operating variables can be analyzed in terms of a trade—~off between changes in
flow rate and system pressure drop.

For the o0il and in situ systems, pumping power requirements are similar at
similar flow rates, and mass flow rate 1is the primary determinant of pumping
power. The curves in Figs. 4-26 through 4-31 illustrate the typical velocity-
cubed dependence of system pumping power (as well as the velocity-squared
pressure dependence). This is the case also for the flash system at low inso-
lation levels where frictional effects dominate the total system pressure
drop. At higher 1insolation levels, however, the elevation of pressure
required to suppress boiling and the work dissipated across the flash valve
become significant; this effect is more pronounced at low mass flow rates when
collector outlet temperatures are highest. Thus, pumping power for the flash
system goes through a minimum for higher insolation levels at a mass flow rate
of about 10 kg/s for the baseline system described in this report. However,
some mechanical component limitations could require that flow rates be
increased beyond the optimum level if the flash system were used to generate
high pressure steam. For jnstance, at a mass flow rate of 10 kg/s and an
insolation level of 1000 W/m“, system pressures will exceed 3.6 MPa (520 psia)
for steam delivery temperatures in excess of 470 K (386°F).

Figs. 4-32 and 4-33 show the effect of delivered steam temperature on pumping
power. The large increase in flash system pumping power reflects the increase

in water saturation pressure at increased temperature. For the o0il system,
two competing effects are at work. First, reduced viscosity at higher temper-
atures reduces frictional effects. Second, the large volumetric expansion

coefficient of the oil increases fluid velocities and increases frictional
pressure drop. Thus when correlated in terms of mass flow rate, pumping power
increases slightly with temperature. Pumping power of the in situ system
declines with increasing steam pressure because the reduction in two-phase
velocities reduces frictional pressure drop.
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In general, electric power consumed for pumping water in a direct-boiling sys-
tem is similar but somewhat less than for the oil system. At the highest
insolation and steam temperature levels, the flash system power consumption
can be an order of magnitude higher. As insolation levels increase, corres-
ponding increases in collector outlet temperature require higher pressures
upstream of the flash valve to prevent boiling. This pressure is irreversibly
dissipated across the flash wvalve. Pumping power for the o0il system at a
fixed mass flow rate will increase with incoming insolation because the reduc-
tion in viscosity cannot fully compensate for an increase in volumetric flow.
Increases in exit quality raise the power requirements of the direct-boiling
system at higher fluxes, but power consumption will fall as steam temperatures
and therefore pressures increase.

4.2 LONG-TERM SYSTEM PERFORMANCE

To calculate long—term system performance, a number of procedures could have
been used. One approach 1iIs to assume that the system performs in an essen-
tially steady-state manner over the slowly varying diurnal and annual cycles.
Then the steady-state predictions can be integrated over time for a specific
location and known weather profile to yield the annual energy delivery. This
general approach is currently employed in a number of detailed analysis tools
for nonboiling systems (see Favell and Granjean 1980, or Klein 1979). Another
approach which is simpler, albeit somewhat less precise, is to implement one
of the long-term averaging techniques, while using the system response
characterization defined by the detailed simulation model. This second
approach was chosen for this analysis because it is simplified and economical.

The long-term averaging method developed by Rabl (1981) was used to predict
the performance of collectors and collector systems on an annual basis. The
procedure uses an assumed linear collector system performance model, along
with a weather and insolation averaging procedure, to determine the annual
performance of the system. The required inputs of the technique are the aver-—
age daytime annual normal radiation, the latitude of the collector system, the
annual average temperature, and the linearized operating parameters of the
collector system. The average daytime fluxes are characterized in this study,
and both the latitude and annual ambient temperature are simply selected.

Although an estimate of the average operating parameters for a system of col-
lectors could be made based on the operating parameters of a single collector
{see Appendix E), the most accurate and direct approach is to generate the
required system operational characteristics from the detailed, steady-state
model developed for this study. Hence, the approach selected develops separ-
ate operating characteristics for each system and each corresponding steam
delivery temperature, for both the gross and net efficiency measures. For a
specified system, steam delivery temperature, and nominal mass flow, a linear
set of system performance characteristics was determined from a linear regres-
sion of system performance as a function of incident flux. As shown in Appen-
dix E, this linearization provides very good, usable approximations. The most
important results of the annual energy analysis are presented in Figs. 4-34 to
4=43,
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In Figs. 4-34 to 4-41, the annual energy delivery was calculated for a fixed
latitude of 35°N, and a fixed annual average daytime ambient temperature 'of
287 X (14°C), typical parameters for a location such as Albuquerque, N. Mex.
Three annual mean daytime normal solar radiation levels are also considered in
these figures. At a latitude of 35°N, the highest average insolation level
(600 W/? ) considered would correspond to the climate _such as Albuquerque;
500 W/m“ would correspond to Lubbock, Tex.; and 400 W/m“ would correspond to
Oklahoma City, Okla. (It should be noted that mean daytime normal solar radi-
ation levels in the northeastern and northwestern United States are about
300 W/m“.) The energy delivery differences corresponding to east-west and
north—south collector axis orientation for each of the three steam systems are
also demonstrated. Figures 4-34 and 4-35 indicate the variation of annual
delivered energy (per unit collector area) with steam temperature when the net
efficiency measure is used. A similar trend is evident in Figs. 4-36 and 4-37
where gross energy delivered is considered; but the detrimental effect of
pumping power for the flash system at high steam temperatures is not shown.

Figures 4-38 through 4-41 give a concise, overall picture of the relative ben-
efits of using an in situ system in terms of net and gross system efficiency.
The relative benefit 1is defined as the increase in annual energy delivered by
the direct-boiling system over that of the flash (oil) system, divided by the
annual energy delivered by the flash (o0il) system:

AE _ E (Direct Boiling) - E (Flash)
E Flash E (Flash)

and

E E (0il)

AR _ E (Direct Boiling) — E (0il)
E Joi1

A number of conclusions can be drawn from these results, some of which can be
anticipated from the steady-state analysis. As expected, the in situ system
delivers the most energy on an annual basis. Over the range of steam tempera-
tures investigated and the nearly optimal flow rates chosen, the net benefit
over the oil system is from 9% to 13%Z; over the flash system the range is
wider, from 3% to 12%, primarily because of the effect of pumping power. At
even higher steam temperatures, the relative benefits of the in situ system
would increase at a faster rate than the extrapolation of the trends shown in
Figs. 4-38 and 4-39 would suggest. This increase arises because heat transfer
oils are generally limited to 600 K and because the operating pressure of the
flash system would require sturdier and heavier collector components.

Interestingly, the relative benefit of the in situ system increases with
decreasing insolation. This trend was noted in Figs. 4-11 through 4-16 of the
steady-state analysis. 1In addition, not only do north-south oriented troughs
deliver more energy on an annual basis than east-west oriented troughs, but
the relative benefit of the direct system over the other steam systems is
slightly greater for the former orientation. Furthermore, as can be deter-
mined from the data presented in Fig. 4-42, the relative benefit of the in
situ system for a north-south oriented field increases as latitude angle
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increases even though annual energy collection decreases with a latitude angle
increase. The annual energy calculation does not show any latitude dependence
for an east-west oriented solar field. 1In short, the in situ system, compared
to the flash and oil systems, has the greatest relative benefit when condi-
tions for energy collection such as of increasing steam temperature and lati-
tude and decreasing insolation (ambient temperature could be added) are least
favorable. These results occur because the collector cut-off flux is lowest
for the in situ system since it operates at the lowest temperature. (Not only
is the in situ system more efficient, but it also operates over a longer per-
iod during the day; i.e., a more efficient system turns on a little earlier
and off a little later.) For instance, in winter the daily insolation inter—
cepted by a north-south orientated trough is less than half that intercepted
daily in the summer, and ambient temperatures are lower. Thus, the relative
benefit of the in situ system is higher in winter than in summer when insola-
tion levels and ambient temperatures are greater. This effect tends to reduce
the seasonal variation of energy collected by the in situ system compared to
the flash and oil systems, and reduces the effect of increasing latitude.

4.3 RECEIVER PERFORMANCE RESULTS

As mentioned earlier, two different models, the simple efficiency analog and
the detailed thermal network model, were used to simulate the performance of
line~focus collectors. Appendix A gives a detailed discussion of each of
these models. Implementation of either model provides essentially equivalent
predicted results for the €fluid transport state and energy delivery. The
advantage of using the detailed model lies in the additional information pro-
vided by the thermal network, such as tube wall temperature profile, the glass
envelope temperature, and the detailed energy balance from which losses can be
studied.

Figures 4-44 to 4-46 illustrate the predicted bulk fluid temperature in the
receiver as a function of position along 1ts length for the three systems.
The variation 1s provided for two flux levels and two temperatures. The
advantage of the in situ system is clearly illustrated in terms of lower col-
lector operating temperature. Note that the fluid temperature levels off,
followed by a subsequent slight decrease in the in situ system. This decrease
is caused by the pressure drop in the boiling region which in turn lowers the
bulk saturation temperature of the two-phase fluid. Under some conditions,
the fluid temperature near the receiver entrance of the flash system is lower
than for the in situ system, which is caused by the higher baseline mass flow
rate used in the flash system. For the same mass flow rate, the entrance
temperature of the in situ system is slightly lower because of the increased
steam exit quality and subsequent volume of makeup water.

Figures 4-47 through 4-50 illustrate various predicted fluid transport proper—
ties corresponding to the in situ system for two extreme flux and steam deliv-
ery levels, as a function of position along the receiver. Figure 4-47
illustrates the impact of steam temperature and flux on receiver fluid temper-
ature. The smallest fluid temperature variations occur with low fluxes and
with high steam temperatures. Figure 4-48 illustrates changes in steam
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quality along the receiver tube. For a fixed steam temperature, as radiative
flux is increased, steam quality and the receiver length in which boiling
occurs (effective boiling length) 1increases. Increasing steam temperature
increases the effective boiling length even though final exit qualities into
the separator are lower. This action results because the large frictional
effects at low steam temperatures act to suppress boiling in the receiver. A
considerable amount of flashing will occur in the outlet headers at low steam
delivery pressures.

The predicted effects of steam delivery temperature and flux on bulk fluid
pressure are seen in TFig. 4-49. Pressure drop is defined as the fluid
pressure at the collector inlet minus the pressure at an arbitrary position
along the collector. At low fluxes the pressure drop profiles are quite close
regardless of steam delivery temperature, and their magnitudes are fairly
small. As the flux increases the pressure drop profiles diverge dramatically
with the 1largest pressure drop corresponding to the lowest steam
temperatures. This action is caused by density considerations and velocity
affects (shown in Fig. 4-50). The largest velocity increases occur at low
steam temperatures and high fluxes because high fluxes produce higher
qualities at the exit and also because at 1low steam temperatures the
corresponding saturation pressures are lower and the bulk specific volumes and
bulk wvelocities are comparatively higher.*

Finally, Figs. 4-51 through 4-53 show tube temperature (on the outer surface
of the receiver tube) and bulk fluid temperature as a function of position
along the receiver length for the three system types. The difference between
the tube wall and bulk fluid temperatures is illustrated for a wider range of
variables in Table A-2. The temperature scales for the three graphs are quite
different. The close correlation of bulk and wall temperatures is seen in all
cases with the difference between the tube and wall remaining nearly constant
along the 1length, although there is a slight decrease in the difference as
length increases due to the increase in Reynolds number. With the in situ
system, the temperature rise In the subcooled liquid region followed by a
slight temperature drop off in the boiling region due mainly to a pressure
drop and the associated saturation temperature, 1is quite clearly seen in
Fig. 4-51. The difference between the tube wall temperature and bulk fluid
temperature for the o0il system averages about 10 X compared to about 2 X for
the water systems. At a given fluid temperature, this difference reduces the
efficiency of an o0il system by about 1% compared to the steam-flash and in
situ systems.

*To illustrate this point, consider a high flux situation (1000 W/mz), and then
compare the specific volumes of the exit streams for the two steam tempera-
tures. In this situation the bulk gspecific volume corresponding to
T, = 395 X, 1is approximately four times as large as that corresponding to
TS = 495 X,
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SECTION 5.0

PRELIMINARY SYSTEM COST COMPARISON

A qualitative comparison of components that may result in overall construction
and operating cost differences among the three competing solar steam—generat-—
ing systems is shown in Table 5-1 and is discussed in the following sections.

Table 5-1. QUALITATIVE COST COMPARISON
System Type
Component Unfired Steam Direct
Boiler Flash Boiling
Piping and insulation
Pipe length most intermediate least
Pipe diameter same same least
Pipe schedule same same same
Insulation thickness most intermediate least
Pressure vessels
unfired boiler separator separator
expansion tank flash valve
Pumps
Capacity same same least
Head least most intermediate
Safety
Explosion—-proof equipment yes no no
Liquid collection system yes no no
Fire protection system yes no no
Controls least most intermediate
Maintenance
Fluid makeup’ yes blowdown blowdown
Corrosion least intermediate most
Scale buildup minimal intermediate most
Pumps least most intermediate
Leakage most intermediate least

5.1 COLLECTORS

The solar collectors in the three systems will probably be identical, since
the receiver piping 1is designed to withstand the temperatures and pressures
that will be encountered in each case.
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5.2 PIPING AND INSULATION

Field piping design should be similar in all three cases except that greater
allowances nmust be made for thermal expansion of the 0il system piping since
this system tends to run at the highest temperature. Temperature limitations
of the 01l could 1limit the collector string length. To minimize field piping,
the collector strings should be made as long as possible. The low operating
pressure of the oil system will probably not allow any reduction in pipe
schedules, since corrosion allowances must be maintained. Also, suppliers
generally recommend the use of 300-1b flanges for maintaining required gasket
compression to prevent leakage. For a given heat loss from field piping, the
higher temperature oil system would require greater thicknesses of insulation.
Flexhoses and safety pressure relief valves of high capacity must be chosen
carefully in higher pressure water systems.

5.3 PRESSURE VESSELS

The unfired boiler and expansion tank are major costs in the oil system. The
unfired boiler is a pressure vessel, and 90-10 copper—nickel tubes generally
are specified to prevent corrosion. The boiler must be sized to accommodate
the tube bundle and to provide sufficient disengaging space for the steam.
The expansion tank usually is about 407 larger than the cold volume of the
heat-transfer oil. A wide wmargin of safety is required since heat-transfer
fluids have large coefficients of volumetric expansion. The tank is typically
blanketed with nitrogen to prevent fluid degradation from contact with air.
The tank is generally positioned so that the field drains back to it.

A water system requires a pressure vessel steam separator. The separator is
sized to efficiently separate steam and to hold a volume of water to allow
some running time if boiler feedwater is lost. The separator also can be used
as heat storage for water circulation to prevent freezing. The flash valve is
an additional component of the flash system.

S.4 PUMPS

The pumps for the oil system will be the least costly since they have low-
head, high-volume design. However, an auxiliary, low-volume, positive dis-
placement pump can be required to begin circulating the viscous fluid on cold
days. The flash system pump will pump less volume than the oil pump but at a
considerable pressure differential which makes for a costly pump. The direct
steam—-generating system should be intermediate between the two extremes of
flow and pressure drop.

5.5 SAFETY

0il systems could require explosion-proof electric equipment and a fire pro-
tection system because of the potential fire hazard. Safety valves must be
vented to a collection system, to both collect the oil and prevent enviroumen-—
tal contamination. An increased number of valves should be designed into the
piping system to allow a greater isolation capability than would be required
for a water system.
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Leaks in high temperature water systems also present potential hazards. Flex-
hoses are points of weakness in the piping systenm. Safety valves must be
carefully vented to the atmosphere. Safety hazards can be ninimized by
restricting access to the solar system when it is operating.

5.6 CONTROLS

During operation the oil system should be the simplest and least costly to
control. A small positive displacement pump could be required to initiate
fluid movement during cold days. Control schemes that reduce electric power
consumed by the pump for a flash system can be quite complicated. The control
requirements for the in situ system should be more straightforward than for
flash systems, and should only require sufficient inlet pressure drop to each
collector string to ensure uniform flow distribution and adequate operating
stability. Both water systems will require freeze protection mechanisms in
cold climates.

5.7 MAINTENANCE

The flash system pump could be a high-maintenance component if high pressure
steam is produced. Also, the flash valve is subject to erosion. Water sys-—
tems are more subject to corrosion than oil systems. Overnight cool-down
could draw air into the system. The potential of scale buildup is also pre-
sent, especially for the in situ systems. Corrosion and fouling would be con-
trolled by standard water treatment practices and by blowdown.

The major maintenance problem with the o0il system 1is repairing leaks in the
system. TFlanges can be retightened somewhat, but once safety valves start to
leak, they usually must be removed and reground. The reliability of mechani-
cal seals tends to degrade at the upper operating temperature range of heat-
transfer oils. Inventory of the oil must be wmaintained and its quality
checked at regular intervals.

5.8 SYSTEM CAPITAL COST

A qualitative assessment of the items listed in Table 5-1 indicates that for a
given collector field size, the oil system is the most expensive system.
Assuming that the piping layout and insulation thickness were the same for
each case, the major cost differences accrued to the o0il system result from
the increased cost of the pressure vessels and safety equipment. The differ-—
ence between the two water systems is that the flash system requires a reduc-
ing valve and a more expensive pump. '

Estimates presented by TRW, Inc., as part of the conceptual design for the
Ore-Ida plant (Cherne et al. 1978), show that the capital cost of fn 0il sys-—
tem would exceed that of<a flash system by over 107 for a 885-m“ collector
field. Assuming that the pump for a direct-boiling system of this size costs
the same as a pump for an oil system and deleting the flash valve, the esti-
mates indicate a direct-boiling system would cost almost 5% less than a steam-
flash system. Thus, an oil system would cost about 15% more than a design
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based upon the direct-boiling concept. Such figures are obviously based upon
preliminary estimates, and only the construction of competing systems will
provide definite cost data. However, the evidence that does exist indicates a
potential savings in capital cost with a direct, steam-generating solar system
over the other alternatives.
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SECTION 6.0

FREEZE PROTECTION AND CORROSION

6.1 INTRODUCTION

A major disadvantage to using water in a solar system is the possibility of
freezing during cold weather and damage to gystem components. Measures to
combat freezing can cause significant thermal losses and increased electric
power consumption (needed to drive circulating pumps or for heat tracing).
Heat-transfer oils can be used as the collector fluid instead of water; but,
as this analysis has shown, a considerable penalty is paid in reduced system
efficiency and increased cost. Thus, there 1s considerable incentive to solve
the freezing problem so that water can be used in the collector field for
steam generation.

The map shown in Fig. 6-1 quantifies the extent of the freezing problem in the
United States (U.S. Department of Commerce 1974). 1In the Gulf states and the
coastal regions of California, freezing temperatures seldom occur during the
year, and in Hawaiil, freezing temperatures never occur. [Note that the map
shows the number of days per year the minimum temperature falls below 0°C
(32°F). It does not disclose how long freezing conditions persist.] East of
the Rocky Mountains, freezing occurs for more than 120 days/yr only in the
most northerly regions. West of the mountains, temperatures can fall below
freezing for the majority of days in the year. Freezing is not a problem in
tropical countries, which are major potential markets for solar equipment.

6.2 HEAT LOSS MECHANISM

Piping in solar systems should be carefully insulated to minimize the amount
of exposed metal. Pipe supports should be isolated from the pipe surface. 1In
colder climates, the circulating pump and associated fittings that are hard to
insulate should be placed in a small pump house.

Using an idealized model, an insulated cylinder will cool to temperature T
according to the following equation:

Ut
=Tyt (Tg - Ta) e (- g
p

where

T, is ambient temperature,

a
T, is initial temperature of fluid in the pipe,
U is the heat loss coefficient per ualt length of pipe,
t is time, and

MCp is the heat capacity of the water-filled pipe.

Using the baseline data for the 3-in. inlet pipe to the collector field, which
is covered with 2 in. of insulation, calculations show that it would take 33 h
for the pipe to cool from 150°C to 0°C at an ambient temperature of -17.8°C
(0°F). The heat capacity of the insulation is neglected, and the conductive
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heat loss coefficient 1is increased by 207 to account for radiative heat
losses. Similar calculations for a suitably sized, well-insulated flash tank
show that it would cool about 40°C over the same time period and under the
same conditions.

These preliminary calculations illustrate that unless the solar system is shut
down for an extended period of time, freezing should not be a problem for the
transport piping or flash tank. This assumption presupposes that careful
attention is paid to the insulation of exposed fittings and such items as
sight-glasses. A small amount of electrical heat tracing could be employed at
critical locations. Even if temperatures do fall to freezing, it is not a
ma jor cause for concern in large diameter piping. 1Ice formation proceeds from
the outside of the pipe; without the insulating effect of the ice layer taken
into account, the pipe discussed in the previous paragraph would take another
52 h to completely freeze. Damage 1s unlikely until freezing has taken place
over a large fraction of the flow area.

Possible damage to collector—receiver components as the result of freezing,
however, is a major concern with a water system. Under these same conditions,
the receilver tubes would cool to freezing in about 2 h. Heat losses over this
period would amount to about 1.8 GJ (1.7 million Btu) for the baseline
system. This loss 1s considerable, since the heat capacity of the collector
receiver tubes and fluid is about 50% of the total system heat capacity
(excluding the separator). Thus, the ideal protection system would prevent
freezing and would also minimize heat losses from the collector field.

6.3 FREEZE PROTECTION TECHNIQUES

Under normal circumstances, there 1is a large reservoir of heat in the insu-
lated storage tank and field piping. Freeze protection systems draw on this
heat by starting the circulation pump or a special, low-volume freeze protec-
tion pump to move hot fluid through the receiver tubes. Existing designs are
extremely conservative and result in large heat losses. For instance, circu-
lation is often initiated when ambient temperatures decrease to 4.4°C (40°F)
and is prolonged for extended periods of time. With the collectors in the
stow position and not radiating directly to the sky, there is little danger of
freezing at this temperature. Reliable control schemes monitoring €fluid temp—
eratures within the receiver tube could greatly reduce the number of days when
the freeze protection system 1s activated. Reducing overnight losses also
will reduce the frequency of emergency conditions, requiring auxiliary heating
to be brought on~line or draining the system because of depleted thermal stor-
age. Control points for fluid temperatures only 1° or 2° C above freezing are
possible. Microprocessor contrel systems could easily activate a freeze pro-
tection scheme to wminimize heat loss and pump running time.

Regardless of the collector fluid, the receiver tube 1s a major source of
overnight heat loss. Such losses and the danger of freezing conceivably could
be reduced greatly by rotating the receiver tube from the stow position into
an insulated enclosure. Applying this concept would require some redesign of
the collector, but it could be cost-effective. Similar benefits would result
from the successful development of an evacuated receiver tube. The success of
these measures, together with an improved recirculation control scheme, would
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remove many objections to using water as a heat transfer fluid in line-focus
collectors.

In conclusion, the possibility of fluid freezing within system components 1s a
significant but not insurmountable obstacle to using water in a line-focus
collector field. Some basic research is needed to determine the most appro-
priate points for sensor location, and to gain a greater understanding of the
effects of freezing conditions on a collector receiver tube. Such research
would lead to more effective control schemes and greatly increase confidence
in using water for solar heat transport. Thils research is needed as part of
an overall program to demonstrate the feasibility and performance henefits of
the direct~boiling, steam-generating concept.

6.4 CORROSION POTENTIAL

The open loop steam—-flash and in situ systems are subject to corrosion as are
conventional steam generators. Thus, conventional techniques to control cor-
rosion (i.e., water treatment, deaeration, and corrosion allowances on piping)
would be used. The system should be designed for full vacuum so that air
cannot enter the system during overnight cooldown if the system pressure falls
below atmospheric pressure.

Similarly, conventional techniques, such as mechanical or chemical cleaning,
would be used to combat potential scaling problems. Scaling would increase
the pressure drop of the direct-boiling system, but effects on thermal perfor-
mance would be minimal, since scale can act as an effective site for bubble
nucleation (Bergles et al. 1981).
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SECTION 7.0

SYSTEM OPERATING STABILITY

The operating stability of a direct-boiling steam system is the major uncer-
tainty when considering the technicial feasibility of the concept. System

 instabilities resulting from two-phase flow could conceivably lead to control
problems, damage from vibration, or large temperature excursions of the
receiver tube, which could damage the selective surface. To assess the like-
lihood of these difficulties occurring as well as the expected impact, the
problem was investigated by Pederson and May (1982). This section summarizes
investigations into the instability modes deemed most 1likely to occur along
with the application of stahility criteria to the full range of expected
operating conditions, as predicted in the system performance analysis.
Results of the stability analyses are encouraging; however, this issue nust
awalt experimental verification before it is resolved.

Pederson and May comnsider one representative tube of the parallel flow system
to be uniformly heated and subject to an externally imposed constant pressure
drop irrespective of mass flow rate. This latter condition incorporates the
influence of the other tubes in the solar array. Using this model and appro-
priate stability criteria, five modes of flow instability with the greatest
likelihood of occurring are assessed. The appropriate stability criteria are
taken from the literature to establish necessary (but not sufficient) condi-
tions for instabilities to occur, and are gilven 1in terms of flow parameters
and thermal inputs. Three of the stability modes investigated are governed by
the same necessary condition and are shown to have no effect over the range of
expected system operating parameters. A fourth instability mode, density-wave
oscillations, 1s a potential but unlikely problem. However, the necessary
degree of inlet pressure restriction is easily determined from the correspond-
ing stability criteria and can be set so as to guarantee the stability of the
system. A fifth stability mode, flow-pattern transition ianstability, is pos-
sible, but apparently its impact does not warrant concern.

7.1 CLASSIFICATION OF INSTABILITIES

Instabilities are classified into two types: flow excursion and flow oscilla-
tion. In flow excursion, a slight peturbation can cause a drastic transient
in the flow rate, after which a new equilibrium level is attained. The change
is irreversible and can also produce an undesirable wall temperature excur-
sion. In flow oscillation, the flow rate and pressure undergo periodic oscil-
lations around a mean level after a slight perturbation. Flow oscillations
mayv induce mechanical vibrations in components or system control problems that
can affect local heat-transfer characteristics, possibly resulting in oscilla-
tory wall temperatures or inducing dryout that leads to excessive wall temper-
atures. For purposes of an analytical discussion, instabilities are better
classified into two broad categories: static or dynamic.
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7.2 STATIC INSTABILITIES

Static instabilities can be predicted with the use of steady-state equations.
Two static instabilities could affect the operation of the system: the
Ledinegg instability (or flow excursion) and the flow-pattern transition
instability.

7.2.1 Ledinegg Instability

The Ledinegg instability is characterized by a flow excursion, i.e., the flow
rate in the channel suddenly changes to a new steady-state value. This insta-
bility can arise because the conditions of two—phase flow in a heated channel
are bounded by the single-phase (gas and liquid) flow regions, which have
greatly differing pressure-drop characteristics. This coadition is 1llu-
strated in Fig. 7-1, showing one possible (and in this case, unstable) two-
phase operating path of a heated channel. A conservative condition, neces-—
sary, but not sufficient, for the Ledinegg instability to arise is that

3 (AP)int

36 <0 , (7-1)

where (AP)int is the internal pressure drop of the heated channel, and G is
the mass flux.

000007
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Channel Pressure Drop (AP)

Mass Flux (G)

Figure 7-1. Two—-Phase Pressure Drop Characteristics of a Heated Channel

7.2.2 Flow-Pattern Transition Instability

Flow-pattern transition instabilities apparently occur when flow conditions

are close to the transition point between bubbly or slug flow and annular
flow. A temporary reduction in flow rate or increase in heat flux may

increase the vapor-generation rate sufficiently to change the flow pattern to
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annular flow with 1ts characteristically lower pressure drop. The external
pressure as exerted by the pump then tends to increase the flow rate, which
can reduce the vapor—-generation rate sufficlently to cause a reversion to
bubbly or slug flow. Figure 7-2 shows the <change in flow regime along the
receiver tube for two sets of operating parameters which bound all conditions
investigated in this study, superimposed on the flow regime map of Taitel and
Dukler (1976). Annular flow conditions do exist in the receiver tube so that
instabilities by the mechanism postulated above are possible. However, the
literature indicates that flow—-pattern transition instabilities will probably
not cause mechanical or operational difficulties, especially with well-damped
systems such as the one under investigation; but these instabilities could
instigate other types of instability.

7.3 DYNAMIC INSTABILITIES

The three types of dynamic instabilities most likely to affect the operation
of the present system are density-wave oscillations, acoustic (or pressure-
wave) oscillations, and pressure—~drop oscillations. Dynamic instabilities can
occur in both single- and multiple-channel systems, with parallel channel sit-
uations presenting opportunities for additional interactions triggered by the
basic mechanisms.

7.3.1 Density-Wave Oscillatioms

Density-wave oscillations are the most common oscillations observed and are
the result of dynamic interactions between the flow rate, vapor—generation
rate, and the pressure drop in the heated channel. Tnlet—flow fluctuations in
the single-phase region, when they reach the boiling region, are transformed
into void-fraction fluctuations that travel with the flow along the channel,
creating a dynamic pressure drop in the two-phase region. A necessary and
conservative but not sufficient condition for a density-wave instability to
occur, derived by Pederson from the literature, is given in terms of nondimen—
sional subcooling (Nsub) and equilibrium phase change <Npch,eq) numbers, by

N
“pch,eq - Nguh > 1
L 1 [ fL (7-2)
2 (kg + gt ko) / 1 +§(§E+ 2%kq)]

where the subcooling number Nsub’ and equilibrium phase—change number Npch,eq
are defined as
(hg ~ hy) veg
Ngub = n
fg VE

’ (7-3)

and
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Q Vig
y - (7-4)
pch,eq GA hfg v

and where hi is the inlet enthalpy of the subcooled liquid, and Q is the total
heat addition to the receiver. The liquid and vapor states are referenced to
conditions at the outlet of the channel. The equilibrium exit quality x

. e,e
can be derived in terms of these variables: »€4

N - —XE
(Npeh, eq ~ Neub) . (7-5)

x =
e’eq VfC’
o

The inlet and outlet restriction coefficients ki and ke are defined in terms
of the inlet (AP)i and exit (AP)e pressure drops:

@), = ku (7-6)
Ve
and
(AP) = k u’ (7-7)
e e e
Ve

The stability line represented by Eq. 7-2 is based on the analysis of Ishii
(1971) and confirmed by the experimental data of Saha et al. (1976). Its
applicability is restricted to high subcooling numbers:

> . -
Nsub T (7-8)

7.3.2 Acoustic Oscillations

Acoustic oscillations are due to disturbances propagated at the speed of sound
within the channel. Such oscillations are not expected to cause harmful temp-—
erature excursions, but control problems and/or mechanical vibrations could be
encountered. The threshold for acoustic oscillations occurs in the negative
sloping region of the pressure drop, flow rate curve for a heated channel, and
thus; Eq. 7-1 is a necessary but not sufficient condition for instability.

7.3.3 Pressure-Drop Oscillatiouns

Pressure—-drop oscillations arise from dynamic interactions between the inertia
of the fluid in the channel and a compressible volume somewhere in the rest of
the system. For the system under study, this compressible volume could be
represented by a centrifugal circulating pump where flow varies with head, or
the 1long receiver tubes may represent sufficient volume to initiate such
oscillations. Again, Eq. 7-1 represents a necessary coudition for such
oscillations.
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7.4 EVALUATION OF STABILITY CRITERIA

The stability criteria given by Eqs. 7-1 and 7-2 must still be evaluated to
ascertain if potential stability problems should warrant concern. For the in
situ boiling system under investigation, this evaluation is most easily accom-
plished numerically. The results of the numerical evaluation for the Ledinegg
criteria are shown in Figs. 7-3 to 7-5, where differential pressure across the
receiver string is plotted as a function of mass flow rate for the full range
of flux and steam operating temperatures investigated in this study. By
visual inspection it is clearly seen that the slope never becomes negative.
Further, only the slightest inflection occurs at the low steam temperature,
high flux case. Thus, the Ledinegg, acoustic oscillation, and pressure-drop
oscillation instabilities can all be eliminated from concern according to this
analysis.

However for density-wave instabilities, the situation is quite different.
Results predicted from the criteria given by Eqs. 7-2 to 7-8 are illustrated
in Figs. 7-6 to 7-7 as a function of mass flow rate over the range of incident
flux levels and steam delivery temperatures. The term F(k) is the denominator
of the expression on the left-hand side of ®q. 7-2. These curves illustrate
several points: the system becomes less stable with increasing radiation flux,
with decreasing steam delivery temperature, and with decreasing mass flow.
Over the bulk of the operating range considered, no density-wave instabilities
should occur, especially at higher steam delivery temperatures [445 K (340°F)
and above]* where the maximum benefits for the in situ system are predicted.
Specifically, the direct generation of steam at 395 K (250°F) at the assumed
inlet and outlet restrictions may produce density-wave oscillations. At 420 X
(297°F), such oscillations could occur at flow rates of 7.5 kg/s or less and
at insolations as low as 600 W/m“; but in effect these three conditions form
the boundary for density-wave oscillations.

To correct instabilities at low steam delivery temperatures and high flux con-
ditions, more inlet orificing than was assumed for the baseline system may
well be required. The required inlet orificing can be determined by setting
the right-hand side of Eq. 7-2 equal to 1 and solving for ke. For example,
for the worst case of ianstability at a steam delivery temperature of 445 K
(insolation 1000 W/m“ and flow rate = 5 kg/s), the baseline system inlet pres-
sure drop is 14.4 kPa (2.2 psi). The stability criteria indicate that a mini-
mum inlet pressure drop of 23.3 kPa (3.4 psi) is required. For the overall
worst case of instability considered_ [steam temperature = 395 K (250°F), flow
rate = 5 kg/s, insolation = 1000 W/m“], the baseline system pressure drop 1is
14.4 kPa (2.1 psi). For stability this would have to be increased to
137 kPa (20 psi) which could cause an unacceptable increase in electrical
power consumption. However, there are other reasons, such as the possibility
of erosion of system components due to high fluid velocities, that make
application of the in situ concept inappropriate at very low steam

pressures. Under these conditions the steam—flash system 1is particularly
efficient. However the criterion given by Eq. 7-2 is a necessary, but not a
sufficient condition. Hence density-wave instability may in fact not occur.

*The nominally optimal mass flow rate adopted for the baseline in situ system
is 7.5 kg/s which is equivalent to 330 kg/mzso
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Only testing can ultimately resolve this issue; an experimental program has
been proposed by the authors to achieve this goal.

7.5 SUMMARY

The analysis presented in this chapter indicates that instabilities will not
cause operational problems for a correctly engineered, direct steam-generating
gsolar system. The tube wall should remain in liquid coantact under all operat-
ing conditions. Thus, temperature excursions of the tube wall and consequent
damage to the receiver selective surface are highly unlikely. As indicated in
Sec. 2.4, even if dryout occurs, gravitational effects will expose only the
top surface of the receiver tube; and the focus of the reflector is on the
bottom of the receiver tube which will always be in liquid contact. Far from
being a potential danger to the receiver selective surface, since deteriora-
tion of black chrome appears to be temperature dependent, the operation of an
in situ system is less 1likely to affect the properties of the selective sur-
face than the higher temperature operations of the steam—-flash or unfired
boiler systems.

Flow-pattern transition instabilities could arise, but the literature indi-
cates that such effects will be minor. The characteristic pressure drop curve
of the heated receiver tube 1s such that flow excursions, pressure-—drop oscil-
lations, and acoustic oscillations will not occur. The application of a con-
servative stability criterion indicates that density-wave oscillations could
occur under the lowest steam pressures and flow rates, conditions which result
in very high exit velocities from the receiver tube. Under these conditions
the steam—flash system is probably a better choilce to generate low-temperature
steam, but the appropriate amount of inlet orificing can stabilize the in situ
system even under these extremes.

There is an obvious need to confirm this analysis experimentally, and to dem-
onstrate that instabilities that do occur can be corrected by wminimal in-
creases in system pressure drop. The analysis is critically dependent on the
pressure drop characteristics at the inlet and outlet of the heated channel.
Therefore the accumulation of such data would be a valuable asset toward the
confirmation of this analysis.
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SECTION 8.0

CONCLUSIONS AND RECOMMENDATIONS

This study investigated the important issues related to the direct generation
of steam in the receiver tubes of line—-focus solar collectors. Specifically,
this study included: a literature survey of relevant experimental and analyt-
ical work on boiling; the development and implementation of a detailed systenm
model to predict and compare the instantaneous and long-term thermal perfor-
mance of systems based on the direct steam generation concept and conventional
steam flash and unfired boiler alternatives; the application of the state—of-—
the—art stability criteria to the direct steam-generating system under invest-
igation; a cursory cost analysis; and a discussion on pertinent operational
issues such as freeze protection, corrosion, scaling, and safety.

8.1 CONCLUSIONS

8.1.1 Thermal Performance

Based on the analyses presented in this report the following conclusions can
be reached.

¢ In terms of thermal performance, in situ systems will considerably out-
perform flash or oil systems over a wide range of operating conditions.
In situ systems are wmost advantageous when comparnd with oil systems.
More specificilally direct-boiling systems should deliver from 9% to 13%
more energy on an annual basis than competing o0il systems. On an instan-
taneous basis, direct-boiling systems exhibit an efficiency advantage of
4% to 127 compared to o0il and steam—-flash systems.

o Performance advantages of in situ systems over the more conventional sys-—
tems result from the synergistic effect of a number of phenomena includ-
ing differences in collector operating temperature, heat-transfer coeffi-
cients, parasitic pumping power, and collector operating time. The major
performance advantage over oil systems occurs due to lower collector
operating temperature and a lower collector system cut-off temperature.
Direct-boiling systems are more efficient than flash systems mainly
because of much lower parasitic pumping power and lower collector operat-
ing temperatures especially at high fluxes. The lower collector tempera-
tures inherent to the in situ system result from the nature of the latent
heat transfer mechanism. Virtually no temperature differential over the
steam delivery temperature is required for net energy delivery.

o In all of the parametric wvariations of mass flow rate, steam delivery
temperature, and incident solar flux, the greatest impact on system per-
formance occurred with solar flux variations. System efficiency drops

off dramatically at low fluxes. Steam delivery temperature also has a
significant impact. System performance has little dependence on mass
flow rate when parasitics are unot considered. When parasitics are con-

sidered, small but significant (2% to 37%) effects on system performance
can be seen.
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o Of the three system types considered, the in situ system is most nearly
isothermal, at an average receiver temperature that is very close to or
even less than the required steam temperature. Average recelver tempera-
tures vary most with the o0il systems, and can reach levels which are
nearly 50 K higher than the required steam delivery temperature at the
highest fluxes. The relative merit of the in situ system compared to the
alternatives in terms of performance and pumping power increases with
increasing steam temperature. The flash system is unsatisfactory for the
production of steam in excess of about 2 MPa (290 psia) because of large
pumping power consumption. At high steam temperatures, an oil system is
limited by the breakdown temperature of the oil and the performance limit
of the line-focus collector. On the other hand, the performance of a
direct-boiling system at 250°C (500°F) or even 316°C (600°F) with
advanced designs is satisfactory and is limited only by the mechanical
integrity of the system at the flexhoses which are the weakest points.
High exit qualities (up to perhaps 50%) are possible under such condi-
tions. Clearly, the in situ concept would allow the application of line-
focus collectors for the production of electric power at a relatively
high thermodynamic efficiency.

¢ System performance 1is always dominated by the performance of the collec-
tor. System performance calculated using the detailed physical model of
the collector developed in this study strongly agrees (within less than
1%) with a simplified model based on measured performance data.

o Because the in situ system 1s relatively more efficient at low flux lev-
els, its benefits increase relative to the other systems with low ambient
temperatures, areas of low insolation, elevated steam temperatures, high
latitude applications, and north—south field orientation where lower net
radiation levels are experienced compared to east-west orientations dur-
ing an appreciable amount of the operating time.

8.1.2 Operating Stability

Stability criteria were developed for each of five types of instability which
could result during operation of the in situ system. The instabilities were
Ledinegg instability, flow-pattern transition instability, density-wave oscil-
lations, acoustic oscillations and pressure-drop oscillations. Over the range
of conditions considered in the study, ounly density-wave oscillations are
likely to cause any concern.

Density-wave oscillations could mechanically vibrate system components. But
from an application of the stability criteria, these density-wave oscillations
are likely to occur only through a combination of very low steam temperatures
and the lowest mass flow rates which result in the very highest exit qualities
and steam velocities. Such conditions are not desirable applications of the
direct-boiling concept, but in any case the oscillations can be subdued by
adding more 1inlet orificing to each collector row resulting in a small
increase in total system pressure drop. In fact, the inlet flow restriction
required to give good interrow distribution is likely to alleviate all flow
stability problems.
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The possibility of tube dryout (burnout) appears nonexistent since large
static flow excursions do not appear possible. Tube wall dryout could cause
temperature increases of the tube wall with resulting damage to the receiver
selective surface. In fact, degradation of the selective surface appears to
be temperature dependent, and thus is more likely to occur using higher temp-
erature steam—flash and oil systems.

8.1.3 Costs

8 Initial costs for an in situ system may be reduced by as much as 157 when
compared with an oil system because the unfired boiler, expansion tank,
and o0il costs are eliminated. Compared to a flash system, the flash
valve can be eliminated and a smaller circulating pump can be used,
resulting In a cost savings of about 57%.

e Potential additional cost reductlons relating to piping, insulation, and
safety assurance may be attained by appropriate optimization of the in
situ system. The relative cost benefit of the in situ system increases
with steam delivery temperature as increasing steam quality allows reduc-
tions in pipe sizes and auxiliary equipment. In total, the delivered cost
of energy from an in situ solar steam system could bhe reduced by over 25%
compared to an 0il system.

8.1.4 Additional Comments

There are a number of additional conclusions that can be drawn from this
study. These include:

e Ease of control is an advantage for direct-boiling systems over more con-
ventional flash systems.

e Heat-transfer fluid handling and safety problems (including recurrent
fire dangers) are greatly reduced by eliminating oil from the system.

e Direct-boiling systems offer another option (besides a steam—flash sys-
tem) to food processors who will not use o0il systems because of the
potential for product contamination.

® TFluid freezing 1s not a major impediment to using water in a line~focus
solar collector system. Through proper design and control, thermal heat
losses can be minimized and freezing can be prevented.

e The dangers posed by high temperature water and steam systems are famil-
iar to 1industry. The greatest hazards are from flexhoses and safety
valves; these can be controlled by automated control procedures and by
restricting personnel access to the operating collector field.

o Corrosion and scaling of the open loop steam systems can be controlled by
standard industrial water treatment practices.
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8.2 RECOMMENDATIONS

This study has analytically quantified the benefits of wusing the direct
generation of steam in line-focus solar collectors. A timely, follow—-up
experimental program is warranted to fully demonstrate the feasibility of the
concept and to confirm the conclusions of the study. In particular, it is
strongly recommended that DOE/ SERI pursue the following research efforts.

- @ A comprehensive costing study should be undertaken to precisely define
costs of the three competing solar system designs to more fully explain
the economic benefit of using direct boiling. This study would consider
the variation of capital costs with steam delivery temperature.

e Simple, low cost experiments can and should be run on SERAPH in FY 1982
to verify important performance and stability findings established in
FY 1981, including the question of freeze protection.

® An TPH upgrade of an existing steam—flash project offers an excellent

opportunity to demonstrate the concept at minimal cost. This should be
pursued with the system user, collector supplier, and other interested
parties.

¢ The analytical tools developed by SERI for this task are detailed and are
state-of-the-art. They can and should be applied to other related solar
phase-change and two-phase flow problems. Such development is being con-
sidered by DOE for flat-plate systems in air conditioning applications
and for line-focus applications in power generation. The direct-boiling
concept would generate electricity using line-focus technology at thermo-
dynamic efficiencies comparable to pressurized-water nuclear reactors.
Very high steam qualities (perhaps in excess of 50%) could be attained.
This would allow considerable reductions in the size and cost of trans-
port piping.
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APPENDIX A

SYSTEM MODEL

The model described in this appendix was developed to predict the transport
phenomena of two-phase flow in line-focus solar collector systems and to com—
pare the relative engineering and system merits of using in situ boiling in
line-focus receivers relative to the merits of steam-flash and unfired-boiler
systems. The model provides a balance between simplicity, flexibility, and
the detail needed to assess the specific phenomena of interest. Areas invest-
igated using the model were pumping parasitics, piping heat loss and associ-
ated efficiency of line-focus components, the quality of steam generated in
the receiver, and pressure drop across typical components. A brief descrip-
tion of the important aspects of the model follows.

A.1 THE MODEL

The model consists of a number of interconnected components used in typical
IPH systems:

e a mixing manifold (1);

s a pump (1);

e collector manifolds (2), including flexhoses;

o water inlet and steam return lines from collectors;

e an expansion valve, a steam separator, and unfired boiler; and

e a collector model.
Assumptions pertinent to the individual components will be discussed later.
However, the fundamental assumptions common to all components are

® steady-state operation;

e uniform, oune-dimensional velocity profiles across pipe/collector cross
sections; and

e uniform heat loss and gain from all cylindrical surfaces around the
circumference.

A.2 TFUNDAMENTALS

Variables derived from the system model include density, pressure, velocity,
enthalpy, steam quality, and temperature, along with additional quantities
such as Revnolds number and heat-transfer coefficients. The energy gains and/
or losses are determined and expressed in terms of enthalpy. Calculations
proceed in sequential steps using known quantities at the Inlet to a systenm
component, or node, to determine conditions at the outlet.
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The system computations for the water systems proceed as follows. The total
mass flow (the sum of both makeup and return) is assumed constant for a par-
ticular set of input conditions. Initially, water delivered to the pump is
assumed to be saturated water corresponding to the delivered steam tempera-
ture. The thermodynamic states at each component are calculated, and condi-
tions at the outlet of the steam generator are compared with the assumed steam
conditions. If the assumed input state and final output steam conditions do
not agree, the mass flow of the makeup water, and the pressure increase across
the system pump (both initially assumed to be zero) are adjusted to make the
inlet and outlet saturated liquid properties agree. Only one or two succes-—
sively improved estimates usually are needed to provide adequate agreement
between assumed and calculated outlet conditions. Thus, for an assumed over-
all mass flow rate and an outlet steam temperature, the transport state at
each node as well as the mass flow of steam and makeup water are determined.
For the steam—-flash case, successive adjustments are made to the pump outlet
pressure to provide the necessary pressure to suppress boiling in the collec-
tor field prior to the flash valve.

The water/steam conditions at each node are determined from an analytical
steam thermodynamic procedure developed by Brookhaven National Laboratory
(McClintock and Silvestri 1968).* The routine provides a water/steam-state
property vector for any two input parameters. For instance, if values of
pressure and enthalpy are used as inputs to the procedure, the routine returns
appropriate temperature, density, quality, and physical properties (such as
conductivity, viscosity, and Prandtl number).

For the unfired-boiler system, an initial temperature for the o0il entering the
pump is assumed. The temperature of the o0il around the lcop is then calcu-
lated, and the final temperature of the oil exiting the heat exchanger is com-
pared to the initial estimate. Successive iterations are made on this temper-
ature until the required degree of accuracy is achieved.

A.3 BASIC RELATIONS

The appropriate form for the transport equation used in the model is deter-
mined from the statement of the First Law:

Afm(H + 5 u? + g2)] = 8Q + AW (a-1)

where A denotes a change and m is the mass flow rate given by
m =pAu . (A-2)

Assuming constant density for any particular piping element, the total pres-—
sure drop can be expressed by

*The version used in this study was adapted to the CDC computer system and
provided to SERI by Gordon Miller of Sandia National Laboratories (SNL) at
Livermore, CA.
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The density used is the inlet density to the spatial zone of interest. Fol-
lowing the calculation of incremental pressure and enthalpy changes, the out-
let density is calculated.

The first term on the right hand side of the equation represents pressure loss
due to the decreased gravity head, and the second term represents pressure
loss due to the kinetic emergy loss. The third and fourth terms, in turn,
represent the contribution to the pressure change from friction (and other
irreversible effects) and from the pumping done on the Ffluid system. Since an
enthalpy accounting procedure is used in the analysis, the appropriate expres-
sion for an enthalpy change across any component AH is given by

_AQ AW _ _ 1, 9
OH = =5+ = gz = zbu‘ . (A-4)

Pressure drop for single—-phase flow in tubes with uniform cross section is
calculated using the previously described Colebrook formula. Generally, the
solution procedure requires only two or three iterations before a high degree
of accuracy 1s achieved. Pressure drop for two-phase flow is calculated using
the Dukler no-slip model.

Additional pressure drops, resulting from the manifolds and flexhoses leading
to the collector tubes, are prescribed. This is done empirically, since the
design for each system can vary considerably, and an accurate analytical cor-
relation could be quite cumbersome and computationally involved. The expres-
sion for the pressure drop leading from the main supply line to each collector
line is

AP 1 1 f
5 = —ghz - E—k1u213upp1y = E'ké [(EJUZ]I Receiver . (A-3)

Line Tube Entrance

The first term accounts for the difference in elevation from the supply line
to the collector tube; the second term corresponds to the loss due to the
header; and the third term accounts for the loss in the flexhose. Terms kl
and ké are constants input by the user. Typically, kl has been determined so
that for nominal system flow rates the second term yields a prescribed pres-
sure drop.* The term kj allows the user to relate the pressure drop in the
flexhose, to a corresponding pressure drop in an equivalent length of collec-
tor tube (near its entrance). Thus physically, k5 represents the length of

*A value of 35 kPa (~5 psi) was used in the analysis.
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the flexhose times the ratio of the pressure drop per unit length in the flex-

hose to the pressure drop per unit length in the collector tube.*

The analytical expression assumed for the pressure drop leading from the col-
lector to the main delivery line is similar to Eq. A-5:

AP 1, of : 1
o T gz - §'k3(a'uz)lReceiver Tube ~ 3 kAUZISteam Delivery . (A-5)
BExit Line

Terms kq and k, are user input counstants exactly analogous to kj and ky,
respectively.

A.4 SOLUTION/ITERATIVE PROCEDURE

A.4.1 Steam—Flash and Direct-Boiling Systems

With a given set of input conditions and an assumed constant mass flow rate
and steam delivery temperature, the output states for each component are
determined. TIf the final output steam temperature and steam mass output do
not match the assumed initial values, then the pumping pressure and makeup
mass flow are adjusted iteratively to obtain a better solution. The makeup
mass flow and pumping pressure adjustment procedures are discussed below.

The makeup mass flow is equal to the amount of steam produced. Hence,

m A = m Xy (A-7)
(makeup mass flow

1]

mass of steam produced)

where m is the total mass flow in the collector field, x; is the quality of
steam produced, and A is the fraction of m supplied by the makeup stream.

Furthermore, by considering an energy balance on the whole system, Qnet can be
related to the steam mass flow by
Qnet = mxm(hg - hm) = m(hg - hm)A ’ (A-8)

where h_, and h_ are the enthalpy of the delivered saturated vapor and the
makeup %iquid, respectively. On successive iterations, the estimate for the
next assumed mass fraction (A) of makeup water is simply the calculated qual-
ity from Eq. A-8.

*This pressure drop ratio has been determined from test data corresponding to
nominal flow rates taken at SNLA, and the ratio is approximately 2.5 to 3.0
for Therminol heat-transfer fluid. The authors are not aware of similar data
corresponding to water or steam.
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The pumping pressure is adjusted by first assuming that the final outlet pres-
sure (P_.) 1s a function of both the pump ocutlet pressure (Pp) and outlet qual-
ity (xm . Thus, \

Po = Po(Pp, Xp) - (A-9)
Differentiating gives
P P
= (-2 - -
AP, ‘BPDJ 6P, + (3xm] Axgy . (A-10)

If the error between the desired and calculated outlet pressure is APO, the
required adjustment to the pumping pressure is determined from Eq. A~10 by

O
APO (TE? Axm

s
rd
]

(A-11)

Computationally, the following procedure worked quite well. TFirst, note that
in the neighborhood of the solution

[W) = 1 . (A—IZ)
Then Eq. A-11 may be written (in the neighborhood of the solution) as
P
(%%
AP, = AP, - km} Axp . (A-13)

Iteratively, the nth estimate for APP is expressed by

(APy)p = (BPg), - (5——)n Axy - (A-14)

P F3
Since (——g)n is not easily evaluated but ngJn—l is already determined from

the previous iteration, the iterative expression used is

. P
(APpJn = (8Pg)q - (g;)a—l Axq (A-15)
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where
P (8Pgln-1 = (8Pplp-1 _ (Py = Ppln-1 = (Po = Pplp-2
(Fdn-1 - Axg-1 ) Xp-1 = %p-2 (A1)
and
Axy = Xy - Xpq-1 - (A-17)
The new value of x is x, calculated from Eq. A-8. As stated earlier, this

value is equal to the makeup water mass flow fraction (A) for the next
iteration.

A.4.2 Unfired—-Boiler System

When o0il is circulated in the collector field, the solution iteration proce-
dure is somewhat different than for the flash and in situ boiling systems
which are essentially open systems. For the closed loop oil system, the col-
lector field fluid inventory 1is constant, and the only energy exchanged is
with that fluid through a heat exchanger boiler.

An initial temperature is assumed for the oil delivered to the pump suction
for a fixed oil flow rate and incident flux. The energy gains and losses to
the oil stream are calculated for the field components as described earlier.
Now, the heated o0il returning from the field passes through a boiler/heat
exchanger, releasing its energy to generate steam. The output oil stream from
the boiler/heat exchanger is then returned to the collector field. If the
temperature of the oil exiting the boiler does not equal the previously
assuned initial temperature, then this exit temperature is assumed to be the
initial oil temperature for the next iteration. Successively better approxi-
mations are made until the assumed inlet and calculated outlet o0il tempera-
tures agree within the required range of accuracy.

The boiler/heat exchanger 1is modeled as a kettle boiler with a fixed heat-
transfer area (input) and constant heat-—transfer coefficients (inputs) corres-
ponding to boiling and preheating, respectively. Perfect countercurrent heat
transfer is also assumed. The amount of steam produced, as well as the areas
allocated to boiling and preheating, and the output state of the oil at the
boiler and at the preheated sections are determined by the code for a given
makeup water temperature and desired saturated steam conditions. The heat
transfer process is illustrated in Fig. A-1l.
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Figure A41. Model of Unfired Boiler Steam Generator

The heat exchanged in the boiler region (qB) is determined from three rela-
tions. First, qg can be related to the oil mass flow (m ), the average spe-
cific heat of the oil in the boiler region (Cpo), the hot 0il temperature
(THO), and the temperature of the o0il at the exit of the boiler region (TBO)
Thus

B = T Cpo (Tuo — Tgo) - (A-18)

Considering the water side of the boiler region, qg can be determined from the
mass flow of steam produced and the enthalpiles of the saturated vapor (h ) and
saturated liquid (h ), respectively Thus,

gg = m (hy = he). (A-19)

A third expression is determined for the boiler region by heat-transfer rela-
tions, resulting in

ag = UB AB ATB , (A—ZO)
where UB i{s the boiling heat-transfer coefficient (input and assumed constant)
and AB is the area allocated to boiling (to be determined). A4Tp is the log

mean temperature difference across the boiler section of the heat exchanger
defined by

ATg = [(Tgo - Tsy) - (Tgo - Tsu)l/%n [(Tyo - TsL)/(Tmo - Tsp)l - (a-21)
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Equations A-18, A-20, and A-21 can be combined resulting in

UgAg
TBO = TSL + (THO - TSL) exp (" —_— . (A-22)
My Cpo
Equations similar to those just derived for the boiler can then be developed

for the preheater. Thus, heat transferred in the preheater (qPH) may be
expressed as

qPH = m, po(TBO - TCO) , (A-23)
qPH = mnm pr (TSL - TM) N (A—24)
dpy = UPH APH ATPH , and (A-25)
Tog = [(Tgo = Tgr) = (Tgp = T/ &n [(Tgg = Ty )/ (Tgg = Tyl .« (A-26)
Here, C,, and C, are the average specific heat of the oil and water, respec-

tively, in the preheater. Ty is the makeup water temperature. The above four
equations can be combined to give

m, C
TCO = TBO - (TBO - TM) [(l - exp D)/(—Q—"E2 - exXp D J] N (A-27)
m pr
where D is defined by
1 1
m, Cpo m pr

A final constraint equation needed for the areas 1s given by

Ar = Ag + APH . (A-29)

A solution for unknowns Tgg, Tgg, m, Ag, and Apy can then be obtained. An
initial value for Apy is assumed, and a value for m is estimated based on the
total energy gained by the collector system. Equations A-26, A-29, and A-22
are then solved for Tpg and Tpn- Using these values for Tpy and Tpp, two new
estimates for m are obtained by solving Eqs. A-18, A-19, A-23, and A-26,
regspectively. The final new estimate is derived from the average of the two
estimates. Having a new estimate for m, a new value for AP is determined
from Eqs. A-24 and A-25. This process is repeated until successively better
approximations for m and Apy are determined along with calculated values for
TBO and TCO‘ Usually only two or three iterations are required before a sat-
isfactory solution is obtained.
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A.5 DETERMINATION OF NUSSELT NUMBERS

Nusselt numbers corresponding to heat transfer in four different physical pro-
cesses are used in the model: convective heat transfer assoclated with the
flow in tubes, convective heat transfer in the annular region between the
envelope and the absorber, and forced and natural convective heat transfer
from convex cylindrical surfaces (i.e., the outer receiver tube and piping).
The Nusselt number is defined in terms of a heat-transfer coefficient (h), a
characteristic length (such as d, the diameter associated with flow in tubes),
and the conductivity of the fluid (k):

Nu = hd/k(fluid) . (A-30)

Correlations to calculate Nusselt numbers corresponding to these conditions
have been described previously.

A-6 DETAILED COLLECTOR MODEL

This model simulates both the transfer of solar energy incident on the collec-—
tor to the working fluid and the thermal losses to the environment. Thus, it
allows the complete determination of temperatures within the receiver tube
assembly given the geometry, inlet fluid conditions, and solar radiation. The
basic assumptions are that the heat flow is one dimensional, normal to the
receiver axis, and uniform around the circumference. 1In addition, the tube is
subdivided into an arbitrary number of discrete axial segments of length, Ax,
over which the heat flux is assumed to be uniform. It is also assumed that
there is no shading and the heat flux absorbed in a receiver increment Ax is
reflected by a similar Ax length of reflective surface, i.e., end effects are
neglected. ’

The thermal network analogy used to model the radial heat flow from the trans-
port fluid through successive, resistive elements to the environment 1is
depicted in Fig. A-2. VNet counductances for an element of receiver length Ax
are shown corresponding to the various radiative, convective, and conductive
heat paths. The governing equations for the thermal network follow, and are
given below in terms of heat flows (q), conductances (U), and temperature dif-
ferences. The symbols {in the energy balance equations and succeeding models
in this Appendix are defined in Table A-1.

q¢ = q2 + q3 + q4 , and (A-31)
dg,c +q3 +q4 =q5 + q¢ (A-32)
where
U109
qq = Qg = Ty F 0p (Ty = Tg) (A-33)
q3 = U3(Tt - Te), (A-34)
qy = Ug(T, = To), (A-35)
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Table A~1. Definition of Symbols Used in Detailed Collector Model

Symbol Diiiﬁiii;n
A, Aperture area of collector field (mz)
di Inner diameter of receiver tube (m)
d0 Outer diameter of receiver tube (m)
dei Inner diameter of glass envelope (m)
d.q Quter diameter of glass envelope (m)
th Radiation exchange factor between absorber and envelope
(dimensionless)
& (air) Thermal conductivity of ambient air (W/mK)
k (fluid) Thermal conductivity of transport fluid (W/mK)
k (gas) Thermal conductivity of gas between absorber tube and envelope
(W/mK)
k (wall) Thermal counductivity of absorber tube material (w/mK)
L Length of absorber tube (m)
Nu (air) Nusselt number for air adjacent to envelope external surface
(dimensionless)
Nu (gas) Nusselt number for gas between envelope and absorber tube
(dimensionless)
Nu (fluid) Nusselt number for transport fluid (dimensionless)
q1 Rate of heat flow through boundary layer of transport fluid (W)
19 Rate of heat flow through absorber tube wall (W)
13 Rate of heat flow by radiation from absorber tube to envelope (W)
94 Rate of heat flow by convection from absorber tube to euvelope
(W)
45 Rate of heat flow by convection from envelope surface to ambient
air (W)
dq Rate of heat flow by radiation from envelope to sky (W)
qg Rate of incident energy on absorber tube (W)
a5, ¢ Rate of energy absorbed by envelope from incident energy (W)
Qy, Incident solar heat flux (beam) (W/mz)
T, Ambient air temperature (K)
T, Envelope temperature (K)
T Fluid temperature (X)
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Table A-1. Definition of Symbols Used in Detailed Collector Model (Concluded)

Symbol Diiigii:;n

T Absorber tube, outer surface temperature (K)

Tti Absorber tube, inner surface temperature (X)

Tsky Sky temperature (XK)

Uy Transport fluid film conductance (W/K)

Uy Absorber tube conductance (W/K)

U, Conductance corresponding to radiative heat transfer between
absorber tube and glass envelope (W/K)

U, Conductance corresponding to convective heat transfer between
absorber tube and glass envelope (W/K)

Us Conductance corresponding to convective heat transfer between
glass envelope and ambient air (W/K)

z Height (m)

Ug Conductance corresponding to radiative heat transfer between
glass envelope and the sky (W/K)

Gg Absorbtivity of glass envelope (dimensionless)

€q Emissivity of glass envelope (dimensionless)

€ Emissivity of absorber tube surface (dimensionless)

Ax Element of absorber tube length (m)

Pe Net reflectivity of collector surface (dimensionless)?

g Boltzman constant (W/mzKa)

To Transmittance of glass envelope (dimensionless)

8Includes optical errors.
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Us(T, - T,), (A-36)

4 =
qg = Ug(Ty = Tgpy)s (A-37)
Uy = "Ax Nu(fluid) k(fluid) |, (A-38)
2tAx k(wall)
Uy = -
27 g, /ay) (4=39)
Uz = OTdARF o (Ty + T) (T2 + To2) (A-40)
r = 1
tg "~ 1 d 1 ’ A-41
e (e o
t el e
Uy = mAx Nu(gas) k(gas) |, (A-42)
Ug = mAx Nu(air) ktair) , and (A-43)
Ug = OTAx dgg €o(Te? + Tgry?) (T + Taky) - (A-44)

The energy balance equations are solved iteratively for T; and Ty, since the
conductances in general are also a function of T, and T,. For a particular
increment the iteration is started by assuming a value for T, and Ty, calcu-
lating the conductances, and then solving Egs. A-31 and A-32 for a new set of
T_ and Te. The new wvalues for ’I‘t and T, are then used to calculate a new set
of conductances, and the procedure is repeated to the required degree of con-
vergence. Usually only two or three iterations are required. Ounce a solution
is obtained for the axial increment of interest, the 1iteration process is
applied to the next segment, and the initial estimates for Tt and T, are
assumed as the corresponding values exiting from the previous segment.

A.7 SIMPLE COLLECTOR MODEL

The simple collector model is based upon the actual measured performance of a
parabolic trough tested by SNLA and described in Seec. 3.1. As shown 1in
Figs. A-3, A-4, and A-5 (for each system at the stated conditions) the results
of the two models are almost indistinguishable. Such a close agreement may be
coincidental with the choice of collector, but it does provide an additional
degree of confidence in the detailed collector model. The simple model
requires less computational time and thus is preferred for a wide range of
parametric studies when details of heat transfer at the receiver are not
required. However, all final results presented in this report were determined
using the detailed collector model.
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Figure A-3 illustrates why it 1s necessary to subdivide the receiver tube.
Unlike a sensible heat process, the temperature profile for the in situ system
is far from linear, and the average fluid temperature is higher than the
average of the inlet and outlet temperatures. Using the average of the
extreme temperatures would overestimate the performance of the direct-boiling
collector.

The change of enthalpy (AH) along a segment of the collector is calculated
from

NAcL Ax

AH = —
H T s

(A=45)

where L 1s the length of the collector string. The receiver tube is divided
arbitrarily into 100 segments. The reported collector performance data are
derived from test results using a heat-transfer oil and, in fact, are strictly
valid only for that fluid. A fluid such as water with better heat-transfer
characteristics than an 0il would show higher performance than that reported
because improved heat transfer would reduce the temperature of the receiver
tube. This effect was illustrated in Figs. 4-51 to 4—53 and is documented for
a larger range of variables In Table A-2. This effect is not accounted for in
the simple collector model. As would be expected, the difference between the
average receiver tube wall temperature (the figures show the outer surface)
and the average bulk fluid temperature increases with increasing insolation
(because since the overall resistance to heat transfer is relatively constant,
the temperature differential 1s proportional to heat flux) and decreases with
increasing steam temperature and mass flow rate (because of increasing
Reynolds number). The increased difference between the tube wall and bulk
fluid temperatures of the o0il system compared to the direct-boiling system for
a given fluid temperature accounts for about 1% of the reduced performance of
the o0il system.

Pressure drop across a segment of the collector is assumed to be the average
of the pressure drop corresponding to the input and output states. Thus,

APi/AX + APO/AX

AP, 5

Ax . (A‘-46)

Computationally, the enthalpy and pressure expressions are iteratively solved
by initially assuming the outlet state is the input state. Equations A-45 and
A-46 are used to obtain the final outlet states through successively better
approximations.

A.8 HEAT LOSS TO ENVIRONMENT FROM TRANSPORT PIPING

The heat loss from the plping and manifolds is calculated using a thermal net-
work similar to the network used for the detailed collector (see Fig. A-6),
except that a single average fluid temperature over the length of the piping
run (Tp) is assumed equal to the average of the inlet and outlet temperature
in the piping length. The wall (Ty) and outer insulation surface tempera-
tures (Tyyg) are determined from the following energy balance equations:
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Table A~2. Receiver Tube and Fluid Temperatures

A0

4
.

Average Average
Insolation Steam Mass Flow Tube ngl Fluig Difference

System 2 Temperature Rate

(W/m%) ) (kg/s) Temperature Temperatue (X)

& (X) (K)

In situ 1000 495 10 497.1 494.9 2.2
Flash 511.8 509.5 2.3
0il 537.0 527 .6 9.4
In situ 1000 495 7.5 496.4 494.0 2.4
Flash 517.0 514.2 2.8
0il ‘ 546.0 534.2 11.8
In situ 1000 470 7.5 473.9 471.4 2.5
Flash 496.8 493.8 3.0
0il 530.2 517.4 12.8
In situ 1000 395 7.5 418.2 415.5 2.7
Flash 436.9 433.2 3.7
0il 486.8 470.5 16.3
In situ 800 470 7.5 473.2 471.1 2.1
Flash ) 490.5 488.2 2.3
0il 516.1 506.0 10.1
In situ 600 470 7.5 472.4 470.8 - 1.6
Flash 484.2 482 .6 1.6
0il 502.0 494.7 7.3
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qy = Ul (TF - Tw) = W (TW - TINS) N and (A— )
q1 = q2 * 93 = Up(Tp - Typ) = Us(Tiyg ~ Ta) + Us(Trys - Tsky) - (A-48)

Since Uy, Us, and Us are, in general, functions of unknown temperatures, esti-
mates for Tyyg and Ty are made in the calculation of Uy, Uy, and Ug. Then
Eqs. A-47 and A-48 are solved for a new estimate of Tyyg and Ty. The conduct-
ances are recalculated with each successively better estimate until the cur-
rent and previous estimates agree to within the required accuracy. Then q;
(Eq. A-47) can be calculated to determine heat loss from the piping length.
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APPENDIX B

THERMAL-FLUID TRANSPORT CONSIDERATIONS

B.1 FLOW REGIMES IN HORIZONTAL, TWO-PHASE FLOW

The characteristic distributions of the liquid-gas interface of a fluid or
fluids flowing in two phases are termed flow regimes. A commonly used classi-
fication of flow regimes for horizontal flow is illustrated in Fig. B-1
(Hewitt and Hall-Taylor 19790).

000074

O o0 !
6 o 0800608? oooqgazggbgoa Bubbly Flow

g ng ngg P|ug'FIow

Stratified Flow

( )
== =

Wavy Flow

Slug Flow

Annular Flow

Figure B~-1. Flow Patterns in Horizontal Flow

In bubbly £flow, the gas phase is distributed in discrete bubbles withian a liq-
uid continuum. For horizontal flow the bubbles tend to collect in the upper
part of the channel. As the gas flow 1s increased, the bubbles coalesce and
plug flow develops. The bubbles are characteristically bullet-shaped but are
somewhat asymmetric. The liquid layer separating the gas bubbles from the
wall is thinner at the top of the channel than at the bottom.

For low liquid and gas velocities, the separation of the two phases is com—
pleted: the liquid flowing at the bottom of the channel and the gas at the
top. As the gas velocity 1is increased in stratified flow, large surface waves
build up on the liquid layer causing a transition to wavy flow. As the gas
velocity is further increased in the wavy flow region, the waves eventually
become large enough to reach the top of the channel. These waves are propa-
gated at high velocity and wet the entire channel surface. The intermittent
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slug-flow regime develops. Liquid droplets can be entrained in the wapor
phase. As the gas velocity increases still further, the slugs become pierced
with a gas core and the flow becomes essentially annular, with a thicker film
at the bottom of the channel than at the top.

Predicting flow regimes is important because of the variation in fluid trans-
port properties in different regions. Identification of the two-phase flow
pattern also increases physical understanding and allows some general predic-
tions to be made regarding the stability of the system.

Usually flow patterns are plotted on flow regime maps. Several maps have been
proposed; for instance, Baker's diagram (1954) is an early map still widely
used in the petroleum industry. The validity of a flow map is enhanced if the
data on which it is based correspond closely to the desired application. The
range of system variables considered in this study for boiling flow in the
receiver tube of a parabolic trough solar collector was given in Table 3-1.

The map proposed by Taitel and Dukler (1976) was used to predict the flow
regimes in this report. The map is based on a theoretical analysis of flow
pattern transitions and was shown in Fig. 7-2. No differentiation is made
hetween slug, plug, or elongated bubble flows, which are all considered varia-
tions of intermittent flow. Taitel and Dukler's map correctly predicts the
trends of a map by Mandhane et al. (1974) which was based upon a large bank of
air/water flow data. Taitel and Dukler’s map, unlike Mandhane's map, cor-
rectly predicts the variation of transition boundaries for different fluid
properties and thus is more applicable for steam/water flows.

To prevent burnout of the receiver tube, i.e., to ensure the tube wall remains
completely wet at all times, operations should not be carried out in the
stratified or wavy flow regimes. If the wall drys out, hot spots could result
which would degrade the selective surface and produce instabilities from water
flashing to steam upon contact with a hot, dry surface. Scale buildup is also
more likely under such circumstances. Operations in the bubbly, intermittent,
or annular flow regions will ensure that the tube wall is covered with a liq-
uid film at all times. Taitel and Dukler also show that small degrees of
inclination cause pronounced changes 1in transition boundaries. Downward
inclinations cause the liquid to move more rapidly, have a lower level, and
require higher gas and liquid flow rates to cause a transition from stratified
flows. The intermittent flow region shrinks substantially. Conversely, flow
at slight upward angles causes intermittent flow to take place over a much
wider range of flow conditions. Using the in situ concept, the collector
field should be designed with a slight upward slope. The map, however, cannot
account for Iimportant variables, such as entrance effects (Hewitt and Hall-
Taylor 1970).
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B.2 HEAT-TRANSFER AND PRESSURE-DROP CORRELATIONS

B.2.1 Single-Phase, Pressure-Drop Correlations

The formula developed by Colebrook,

1 _ €/d | 2.51
T 0.86 %n [ﬁ + E,/—f] (B-1)

is used to determine the single-phase friction factor (Streeter 1966). The
formula is written in terms of the Moody friction factor £, the Reynolds num-
ber Re, the inner diameter of the tube d, and the relative roughness of the
tube surface €. The pressure drop per unit length, AP/Ax, is calculated from
the relation

AP _p a2

h

(B-2)

where u is the average liquid velocity over the conduit cross section and o is
fluid density.

B.2.2 Two—Phase Flow, Pressure—brop Correlations

Dukler et al. (1964) developed several correlations for frictional two-phase
pressure drop by an approach employing similarity analysis. A particular case
was based upon the homogeneous, no-slip model. This model assumes that the
liquid and gas flow at equal velocities, and that the properties of the two-
phase mixture can be defined in terms of properties of the liquid and gas,
together with the volumetric void fraction, X calculated from

- *mVg
X Vg + (1 - xp)ve

) (B-3)

where X is the mass quality and Ve and v_ are the liquid and gas specific

. g
volumes, respectively.

Using the assumption of homogeneous flow, the mixture no-slip density Pyg can
be expressed in terms of the liquid Pe and gas pg densities by

PNs = Pe(l = xy) + Pgxy - (B-4)

The mixture no-slip viscosity is defined similarly in terms of the liquid He
and gas u_ viscosities: ’

g
Hag = He(l - xy) +ugxy . (B-5)
Single-phase Reynolds number and friction factor relations, expressed in terms

of properties of the mixture, are used to calculate two—phase frictional pres-
sure drops. Thus, the Reynolds number of the mixture ReNS is given by
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and the friction factor is calculated using the Colebrook relation for rough
pipes:

1 e/d 2.51
= 0. 2
Y fys 0.86 in [3.7 + ReNS/fNS]

(The use of a friction factor for rough pipes introduces considerable counser-
vatism into the pressure-drop correlation. For instance, two-phase frictional
pressure drop increases on the order of 307. Most experimental data is gath-
ered and correlated using a "smocoth™ pipe friction factor.) Thus, the pres-—
sure drop per unit length of the mixture (AP/AX)NS is

(8-7)

APys  Pnsfwns uZyg

Ax 2d (3-8)

By comparison with experimental data, Dukler et al. (1964) show the wvalidity
of the simple, no-slip correlation. The correlation appears particularly
appropriate for the calculation of pressure drop in the slug and plug flow
regimes.

Using a large bank of experimental data, Mandhane et al. (1977) carried out a
critical evaluation of the predictive methods available for the calculation of
two—phase pressure drop in horizontal pipes. A series of recommended correla-
tions, depending on the flow regime, was published. The Dukler (1964) corre-
lation was judged as the best overall method to predict two-phase pressure
drops. In addition, Dukler's correlation for the bubble and slug flow regimes
rated very high in comparison with all the other correlations investigated,
and it showed reasonable agreement for flow in the annular region.

Homogeneous flow can be assumed for low steam qualities and moderate pressures
as considered in this study. Consequently, the Dukler correlation is appro-
priate under these conditions and is used to calculate two-phase pressure
drops in this report.

The Dukler correlation can be extended to calculate pressure drop under boil-
ing flow conditions that occur in the collector receiver tube. Average fluid
properties are used over a specified length of tube. This assumption is par-
ticularly valid in this report when temperature increase per length of tube is
relatively small. The work by J.R.S. Thom (1964) can be compared to calcula-
tions using the Dukler correlation. Thom generated a series of curves that
directly calculate pressure drop from the onset of boiling to the outlet con-
ditions in terms of liquid phase pressure drop. For instance, the two-phase
pressure drop at 10% exit quality and 1724 kPa (250 psia) pressure is 6.3
times the 1liquid phase pressure drop. The difficulty with these correlations
is that they were determined from data collected at counditions of high flux
typical of steam generators. The effective friction factor for boiling in a
parabolic trough receiver at very low heat flux should be somewhat lower.,
Also, the correlations are stated only at relatively high pressures. The
original paper on which Thom based his work can be referenced for conditions
of lower pressure (Martinelli and Nelson 1948).
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As an example of the comparison between the no-slip and Thom correlations,
cousider the case of insolation equal to 1000 W/m“, total collector flow rate
equal to 7.5 kg/s, and steam delivery temperature equal to 470 K. Boiling
occurs at 25% of the collector length, exit quality 1is 0.1417, and average
pressure 1in the receiver tube is 1580 kPa (229 psia). Calculated pressure
drop along the boiling length is 28 kPa (4.4 psi). The Thom multiplier is 9.2
and single-~phase pressure drop is 38 Pa/m. This yields a total pressure drop
of 28.8 kPa, similar to previous results.

Another important outcome of Thom's work 1is a method for calculating the
degree of slip between the liquid and gas phases. Bernoulli's equation indi-
cates that under a given pressure differential, lower density fluids travel
faster than higher density fluids in a wmixture. The slip ratio 1s the ratio
of gas to liquid velocities. This ratio increases as pressure 1is reduced, is
almost constant at a given pressure, and is independent of quality. Thus, at
14.7 psia and 250 psia, the slip ratios are 6.5 and 2.5, respectively. The
glip ratio provides some meaning to the assumptions underlying the homogeneous
model.

Because of the slip phenomenon, the no-slip model is a somewhat counservative
method for predicting burnout. The area void fraction of the liquid phase is
higher than would be predicted assuming homogeneous phases. As quality is
increased, the ratio of phase velocities remains counstant. However, the rela-
tive velocity between the phases is approximately proportional to quality.

The pressure drop correlations discussed apply only to calculations of fric-
tional pressure drop and do not account for momentum or gravitational effects.
In a horizontal tube, gravity has no effect. Pressure drop due to momentum
changes can be stated as follows:

AP ee = G2(uy - uy) , (B-9)

where G is the mass velocity, and u, and u; are the outlet and inlet fluid
velocities, respectively.

Pressure differentials caused by momentum changes can be significant in indus-
trial steam generators, where fluxes are high and tubes are short. However,
in the cases considered here the opposite conditions apply, and the accelera-
tion pressure drop is negligible compared to the frictional pressure drop.

The homogeneous model is extended to calculate pressure drop through singular-
ities——bends, valves, etc. Bergles et al. (1981) conclude that while no corre-
lation is generally applicable, the homogeneous model 1is adequate for several
cases. Flow coefficients, as stated in Crane (1976), are used to calculate
equivalent lengths of straight pipe.

B.2.3 Single—Phase Heat Transfer Inside Horizontal Cylinder

A formula by Kays and Crawford (1980, p. 243), valid for Prandtl numbers near
1.00, is used to calculate liquid phase, heat-transfer coefficients for water:
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- 0.152 Re?-9pr
0.833 [2.25 1n(0.114 Re9:9) + 13.2 pr - 5.8]

Nu . (B-10)

This formula for water, over the range of interest, gave values intermediate

between the Dittus-Boelter equation and correlations proposed by Kays (1966,
p. 173).

For heat-transfer oils at higher Prandtl numbers, a correlation by Petukhov is
used (Kays and Crawford, 1980, p. 245):

RePr (Cg/2)

Nu = (B-11)
1.07 + 12.7(Pr2/3 = 1) /(cg/2)
and
Cg
5— = (2.236 inRe - 4.639)"2 . (B-12)
All the equations ‘above are for smooth pipe. They are corrected for the

effects of gsurface roughness using a correlation from Kays and Crawford (1980,
p. 271):

Nu - [ Ce
Nugmooth C¢ smooth

(B-13)

wheren n = 0.68 PrO‘ZIS. (B~14)

The friction factor for smooth pipe is calculated using Eq. B-12 and for rough
pipes is calculated using the Colebrook relation. Surface roughness increases
heat-transfer coefficients for water by about 15%. In the oil systems over a
range of Reynolds numbers from 20,000 to 50,000, heat-transfer coefficients
increase 127 to 257 due to surface roughness.

B.2.4 Boiling Heat-Transfer Correlation

Bergles et al. (198l) and Tong (1975) recommend the Chen correlation for the
calculation of heat-transfer coefficients under conditions of two-phase,
forced convection and saturated nucleate boiling. The overall two-phase,
heat-transfer coefficient (hTP) is the sum of components derived from macro-
scopic, forced convection heat transfer (hc), and from microscopic convection
through the liquid film by bubble nucleation (h,). Thus

hpp = he + hy (B-15)

where
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m(l - xp)d 0.8 ‘weChg 0.4 ke
- 0. ] pf} £ -
he = 0.023 [———=—] [ (F) F, and (B-16)
Q-9 0.45.0.49 ” ,
. ke Cpt Pf 0.24 , 0.75 _
P = 0-00122 555759 5,24 0,94 “Tsar “Psar S - (B-17)
g Llf AHf o]

The driving force for nucleation is the degree of superheat between the pipe
wall and the bulk fluid temperature. The model assumes that nucleation occurs
when the bulk fluid temperature equals the saturation temperature. ATSAT is
the difference between the inside wall temperature and the bulk fluid tempera-
ture at saturation. AP 1s the difference in vapor pressures corresponding
to the wall and bulk fluid temperatures at saturation. AHf is the latent
heat of vaporization at the bulk fluid temperature. All other fluid proper-
ties are evaluated at bulk fluid conditions.

The parameter F is a function of the Martinelli parameter, Xe¢+ The parameter
S is a function of the two-phase Reynolds number, Reqpp . Bergies et al. (1980)
have curve fit the data of Chen.

F =1 for l/Xtt < 0.1, and (B-18)

F o= 2.35 (1/X,, + 0.213)2736 ¢5r 1/x 0.1 -1
= 2. - . or e > 0.1, , (B-19)

where
0.5 0.1

(1l -x 0.9 D_& cHE _

T s B o B o ) (3-20)
g
1

S , and (B-21)

"1+ 2.53 x 107 Reppl-l/

Repp = Reg FL1-25 | . (B-22)

B.2.5 Natural and Forced Convection Heat Loss from Horizontal Cylinder to
Enviroanment

Fand et al. (1977) tested wvarious correlations of natural counvection heat
transfer from horizontal cylinders to various fluids. The correlation by
Morgan was chosen as the most accurate correlation for heat transfer to air.
This correlation is stated as

Nug = CRaf , (8-23)

where the values of C and m depend upon the range of the Rayleigh number of
the air, Raf, shown in Table B-1.
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Table B-1. Morgan Correlation
for Natural Convec-—
tion Heat Loss from
Horizontal Cylinders

Range of Rag c m

1074 to 1072 0.675 0.058
1072 to 102 1.02 0.148
102 to 104 0.850 0.188
10% to 107 0.480 0.250
107 to 102 0.125 0.333

Both the Nusselt and Rayleigh numbers are evaluated using fluid properties at
the mean film temperature. This correlation is used to calculate heat loss

from the collector-receiver tube and fluid transport piping under conditions
of no wind.

For heat transfer from piping and the receiver to the atmosphere under windy
conditions, another correlation recommended by Morgan, and quoted in Kays and
Crawford (1980), is used. The Nusselt number is based upon the cylinder diam-
eter, aund the Reynolds number is based upon cylinder diameter and upstream

normal velocity; fluid properties are evaluated using a film temperature equal
to the average of wall and free-stream values.

Nu = CjRe"2 (B-24)

The constants Cy and Cy are given in Table B-2.

Table B-2. Morgan Correlation for Forced
Convection Heat Loss from
Horizontal Cylinders

R, ¢, C,

1074 to 4 x 1073 0.437 0.0895
4x 1073 to 9x 1072 0.565 0.136
9x 107% to 1 0.800 0.280
1 to 35 0.795 0.384
35 to 5 x 105 0.583 0.471
5x 105  to 5 x 104 0.148 0.633
5x 104 to 2 x 10° 0.0208 0.814
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B.2.6 Conductive and Convective Heat Transfer Across Annular Air Gap

A correlation by Kuehn and Goldstein (1978), which was also used by Gee et al.
(1980), is used to calculate conductive and convective heat losses from the
receiver tube to the glass cover through an air gap at atmospheric pressure.
The Nusselt number for convection through the receiver boundary layer is

2

5 .

Nui = 1
|
1/4J15 + (0.12 R i1/3)15]l/5

Ln {1+ (B-25)

[(0.5 Ra,

The Rayleigh number Ra, is based on the receiver outer diameter di and the
difference between the wall temperature T; and the bulk fluid temperature Ty
Fluid properties are evaluated at the average of these two temperatures.

Similarly, the Nusselt number for convection through the glass envelope bhound-
ary layer is

=2 (B=26)

Nu =

o 2

4n {1 + }
[(ra ")15 + (0.12 ra M/3)15]L/1S

The Rayleigh number Rao is based on the envelope inner diameter d0 anad the
difference hetween the envelope and bulk fluid temperatures, T, and Ty,
respectively. As before, fluid properties are calculated at the average of
these two temperatures. The relation cannot be evaluated until T, is known,
found by equating heat transfer at each cylinder:

Ty - Ty - Nuy (B-27)
T; - Tp, Nug -

An iterative procedure is employed to yileld successively better estimates for
the value of Tb.

The overall Nusselt number for convective heat transfer is

1 1t
Nuconv = [Nu. + Nu } (B-28)
i o
The Nusselt number for counduction is
N = _.__2_._
Ycond d, (B-29)
R.n (‘d—.]

1
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These equations yield an overall Nusselt number of heat transfer between the
recelver and glass envelope of

Nu = [ (Nueong)ld + Nugony)12]1/15 . (B-30)
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APPENDIX C
PROPERTIES OF AIR
The equations used to calculate the properties of air as a function of abso-

lute temperature are listed below. They are based upon those presented by
Hickox and Gartling (1977). .

353.4
= —— (kg/md)
1
g = T‘ (]-/K) ’
1.5
= —6 _____T_—
o= 1.459 x 10 (T = 110.4] (kg/ms)
Cp = 937 + 0.191T (J/kgK) , and
-3 40.5
K 2.648 x 1073 T (W)
245 .4 —1Z/T
1 +(“T' ] (0.1)
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APPENDIX D

PROPERTIES OF HEAT-TRANSFER FLUID

A heat-transfer fluid with properties similar to Therminol 60 was the most
suitable fluid for this analysis. Therminol 60 has a somewhat lower tempera-
ture tolerance than such fluids as Therminol 66, which has been used in opera-
ting unfired-boiler systems, but it has much improved thermal transport char-
acteristics. Curve fits of the physical properties for Therminol 50 were sup-
plied by the manufacturer (and were converted to SI units):

o = 1191.6 - 0.6719 T (kg/m>),
kK = 0.1549 - 7.79 x 1072 T (W/m K),
C, = 495.9 +3.73L T (J/kg K), and
_ (9.891 - 1.739 &n T)
v = 10 6 [1010 - 0.79] (mz/s).
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APPENDIX E

METHODOLOGY FOR CALCULATING ANNUAL ENERGY DELIVERY

Annual energy delivery of the solar system 1is calculated using an approach
similar to Rabl's (1981l) long-term averaging method for predicting the yearly
average performance of solar collectors. This technique can be extended to a
collector system by using several parameters that are derived from an assumed
constant inlet temperature and a linear expression (in temperature) for the
instantaneous collector performance. This assumed expression for the collec-
tor performance is given by

(bu)inst. =F [nI - U(Ty¢ - Ty)] , (E-1)

where (bu)inst. is the instantaneous rate of useful energy delivered per unit
area of the collector, F is the collector efficiency factor (F=1 when no heat
exchanger is present), n is the optical efficiency, I is the incident solar
radiation normal to the aperture, U is the overall collector heat loss term,
and (Tif - T,) is the temperature difference between the inlet fluid tempera-
ture <Tif) and the outside ambient air temperature (Ta) as defined by Rabl
(1981). The collector cut off flux (X)* can be described by the expression

x - ClTie T (m-2)

The annual energy delivered is then determined to have the form:

(Qu)annual = FNG(X, I, L) , (E-3)

where G is a function as determined by Rabl (1981), I is the vearly average
direct normal irradiance (kW/m“) during daylight hours, and L (in radians) is
the latitude at which the collector is located.

As mentioned earlier and as described in a recent publication (Gordon and
Rabl 1981), the method can be extended to fields of collectors by appropri-
ately modifying the parameters in the energy delivery equation for the col-
lector to account for piping losses and the presence of a heat exchanger as
exists in an unfired boiler system. Thus for a collector field, an equation
analogous to Eq. E-1 can be written as

]

= -3 (Teg - TD] (E=4)

where n' and U' are defined in terms of piping loss parameters, flow rates,
and fluid heat capacities. Expressions for n' and U' are given in terms of n
anl U along with other systems parameters in Beckman (1978).

*The flux below which the collector cannot deliver useful energy.
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In situations where U and the fluid heat capacities are functions of fluid
phase and temperature, some complications arise; the system parameters invest-
igated in this report are inconsistent with the idealizations in Gordon and
Rabl's (1981) analysis. For example, the assumption of constant mass flow and
constant field inlet temperature as assumed by Gordon and Rabl (1981) is not
true for the systems studied here. The major reason for this difference is
that the solar systems investigated are connected in parallel with the conven-
tional steam generator. Hence, the makeup water mass flow rate will vary even
though the collector field mass flow rate is constant. On the other hand, the
inlet to the collector field, downstream of the mixing valve (the exit from
the heat exchanger in an o0il system), will experience constant mass flow, but
the corresponding temperature will not be constant, although the temperature
variation is fairly small.

To overcome these difficulties, a method for determining values for FU' and
Fn' was defined. Specifically, Fn' and FU' were determined directly from
steady-state calculations of system operations for each of the three systems.
In this approach, a steam deliverv temperature and a corresponding optimal
flow rate for the specific system were first assumed. Then a corresponding
set of system efficiencies for the fluid inlet temperature to the collector
field, for various incident fluxes, was obtained from the calculated steady-
state data. Consistent with the steady-state analysis presented in Sec. 4.0,
two system efficiency measures were used: gross system efficiency, and net
system efficiency, which includes the effects of parasitic pumping power. A
linear regression was used to determine the best fit of these data correspond-
ing to each particular steam temperature to produce an equation in the form of
Eq. E-2. The data appear quite linear as can be seen in Figs. E-1, E-2, and
E-3. Then for each of five steam temperatures, two system efficiency mea-
sures, and three system types, specific values of Fn' and FU' were determined.
The annual energy delivery was then calculated from Eq. E-3 (as presented by
Rabl 1981) where Fn is replaced by Fn' and X is replaced by X', and defined as

!
FU' (Tie - Ta)
X' = (Tir = Ta) (E-5)
Fn

Using Eq. E-3, two approaches were used to produce an effective inlet tempera-
ture for the annual energy calculation. In the first approach, the fluid
inlet temperature was assumed to be the makeup water temperature (always con-
stant) with the collector mass flow corresponding to the assumed average flux

and required steam delivery temperature. With this approach, the numerical
values for FU' and Fn' can be dramatically different from those values norm-
ally associated with the 1instantaneous collector efficiency. The second

approach used the temperature just downstream of the mixing valve correspond-
ing to the assumed average flux and required steam temperature.
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Instantaneous System Efficiency
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Figure E-1. Instantaneous System Efficiency vs. AT/T,
(In Situ System, T, = 445 K)

145



TR-1311

S=RI &

Figure E-2.
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Steam Temperature = 445 K
w
Q'-
w
O'—
>
[&]
o
Q2
L
o .
£ S
[}
@
>
)
(%2}
3
@]
m - .
S Efficiency
g < S Gross
Q
? O Net
- Unfired Boiler System
Mass Flow Rate = 10.0 kg/s
o~
d_
D. T 1 1 1 T 1 |
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Deita Temperature/Insolation (m2K/W)
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Predicted results of delivered annual energy, using each of the above measures
of average inlet fluid temperature, were extremely close (differences of less
than 0.5% were typically predicted for any given case). For several reasons,
the results presented in this report were generated using the secound proce-
dure. First, the second approach vielded a slightly more conservative result
(i.e., slightly less favorable to the in situ system). Second, the variation
in inlet temperature showed only small variations, which indicates only a
small departure from the constant inlet temperature assumption.

Each pair of system parameters corresponding to Eq. E-4, the modified cut-off
flux defined by Eq. E-5, and the inlet temperature as determined by the above
procedure, are given in Table E-1.
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Table E-1. Performance Parameters for Various Systems and Steam Temperatures ('l.‘a =287 K, I = 0.5 kW/mz)
Steam
Temperature In Situ System Flash System 0il System
(X)
X X' X' T
1 1 1] 1 3 1 1 £i
F FU (kW/mz) Teg Fn FU (kw/mz) Tey Fn FU (kW/mz) (K}
Parameters Corresponding to Gross System Efficiency Measure
395 0.641 0.472 0.078 393 0.630 0.505 0.085 393 0.610 0.530 0.092 393
420 0.644 0.482 0.097 416 0.625 0.510 0.106 417 0.610 0.536 0.114 416
445 0.647 0.493 0.117 440 0.619 0.518 0.129 441 0.610 0.545 0.136 440
470 0.649 0.507 0.138 464 0.612 0.524 0.153 465 0.610 0.551 0.159 463
495 0.649 0.521 0.161 488 0.604 0.531 0.178 490 0.612 0.567 0.186 487
Parameters Corresponding to Net System Efficiency Measure
395 0.646 0.423 0.069 393 0.641 0.453  0.075 393 0.612 0.457 0.079 393
420 0.648 0.432 0.086 416 0.640 0.463 0.094 417 0.612 0.466 0.098 416
445 0.650 0.444 0.104 440  0.640  0.475 0.114 441 0.612 0.477 0.119 440
470 0.650  0.457 0.124 464 0.640 0.488 0.136 465 0.613 0.490 0.145 463
495 0.660 0.470 0.145 488 0.639 0.502 0.159 490 0.613 0.504 0.165 487
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