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SUMMARY

This report assesses the engineering and sys tern benefits that could result
from using direct steam generation (in situ boiling) in line-focus solar col
lector systems. In particular this work provides a systematic comparison of
an in situ boiling 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. Analyticai 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 problem
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 stabili ty considerations. A description is 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 modular 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 modi fied 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 is 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.

• 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 13% 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 system. Furthermore, direct-boiling systems
should typically have 5% to 10% instantaneous efficiency advantages over
more conventional systems. The annual performance improvement for a
north-south oriented collector field is illustrated in Fig. 5-1.
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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 parasi tic pumping power and lower collector operating temperatures
especially at high fluxes.

• 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 boiler system receiver becomes quite large, and the
collector outlet temperature approaches the operating limit of the heat
transfer fluid.

• 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 1%).

• 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. In
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 capi tal costs may be reduced by as much as 15% 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 in situ steam
sys tem could reduce the cost of delivered energy by over 25% 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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NOMENCLATURE

A Flow area (m2)

Area of collectors (m2)

Specific heat at constant pressure (J/kg K)

Fanning friction coefficient (dimensionless)

d Pipe diameter (m)

f

g

G

Gr

h

Moody friction factor [dimensionless (f 4Cf ) ]

Acceleration due to gravity (9.81 ms2)

Mass velocity, (kg/m2s)

Grashof number = gS~T d3 /v 2 (dimensionless)
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Ra Rayleigh number = GrPr (dimensionless)

Re Reynolds number = pdu/~ (dimensionless)

t Time (s)
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Superficial liquid velocity Qf/Arr (m/s)
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v Specific volume (m3/kg)

W Work (J)
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mass of vaporMass quality (dimensionless)
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V 1 . l' volume of vapor (d" 1 )o umetr1C qua 1ty = 1 f d Ii "d J.menS10n ess'10 ume 0 vapor an quJ.
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~ Coefficient of volumetric expansions (11K)
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11 Efficiency (dimensionless)

~ Viscosity (kg/m s)
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p Density (kg/m3)
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a Surface tension (N/m)

Subscripts

e Exit

f L:lquid

s Gas

i Inlet

NS No slip
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SECTION 1.0

INTRODUCTION

This report assesses the engineering and system benefits of the direct (in
si tu) 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 sys t em 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 is 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 operati.ng 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 characteristics of the working
fluid when compared with heat-transfer oil systems. These benefits were
recognized in a conceptual design of an industrial solar system (Gupta 1<H9).
However at that time, the direct-boiling concept was unproven, whic,h 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 faci Lt t y , 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 difficulty integrating
thermal storage into the system.

The advantages and disadvantages of the direct-boiling concept are among those
discussed in detail and quanti fied in this report. Future work wi.ll 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 indus trial energy use and indus t ry' 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.

1
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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 is 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 ,~, 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 is 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 the 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 INDUSTRIAL ENERGY USE

Of the 21 x 10 18 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 1018 J of fuel, a major fraction of which was used to
generate steam. Thus, the potential market for commercially available, line
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 arui shows that most industrial boilers that were sold operate at 0.7 to
1.4 MFa (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 applications.

2

The food. industry is 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.
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1.3 CURRENT METHODS OF STEAM GENERATION IN LINE-FOCUS SOLAR COLLEGTORS

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 s t eam; and the
unfired-boiler concept, in which a nonfreezing, heat-transfer f LuLd is circu
lated through the collector field to generate steam through heat--exchange in
an unfired boiler. Each of these systems and aspects of their operation are
briefly ~iscussed in the following subsections.

1.3.1 Steam-Plash 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 liquid is recirculated through the collectors. The in situ boiling
concept would use a similar system configuration, without a flash 7alve. 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 t empera t ure di f
ferential across the collector relatively high. The rapid increase in water
vapor pressure with temperature requires corresponding Lncr eases in system
operating pressure to prevent boiling. Increased operating temperatures
reduce the thermal efficiency of the solar collectors. Encr eased pressures
wi thin the system require a more robust design of collector components, such
as receivers and f Lexho s es , and piping. The differential pressure over the
delivered steam pressure required to prevent boiling is supplied ~r 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. In
addition, the latent heat-transfer process minimizes the temperature rise
across the solar collector.

The flash system also presents a difficult control problem if a t t emp t s are
made to reduce electric parasi tic power consumption. The simplest control
scheme combines a constant 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 condition.s and steam
production rate. A second proposed control scheme (Stauffer Chemical Co.
I(79) 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 constant speed pump while adjusting
the modulating valve to prevent boiling through feedback control f rom a steam
look-up table (Cherne et a l . 1978). In 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 conditions.

3





















Table 3-1. Data Inputs for Performance Analysis

TR-1311

Independent variables
Steam temperature
Total collector flaw rate
Insolation on collector aperture
Ambient temgerature
Sky temperature
~akeup ~ater ~emperature

Pumn efficiency

Collector
:l·gerture
~eflector ~ength ~er ~ow

Receiver length per row
~fumber of collec:or rows
Area of collector field
Receiver tube (inner diameter)
1ecei~er tube (oueer diameeer)
~eceiver tube ~hermal conductivity
Glass envelope (outer diameter)
Glass envelope (thickness)
Reflectivity of ~irror

7ransmissivity of env~lope

Emissivity of envelope
Abs orbt t vt tv ,1£ envelope
Absorbtivi:y of receiver
~~issivity of =eceiver

Inlet line
"!:nner diameter
'Juter diar:leter
~quivalent length
?ipe roughness
Insulation (0uter diameter)
Insulation thermal conductivity
Insulation jac~et enissivity

Outlet line
Inneriiamete.r
:)utar i:'anec:er
Equivale~t length
Insulati.on (outer :iarnet2r)

395-495 K (251°-431°F)
5-15 kg/s (11-33 :0(5)
0-1000 ~/~2 (Q-317 Btu/ft2h)

288 K
:282 K
366 K
0.5

2.13 ::l (7 it)
110 ~ (361 it)
120 1\ (394 ft)
20
~686 ~2 (50,420 f: 2)
0.0380 ~ (1.50 in.)
J.0413 ::l (~.625 in.)
is ;v!'rIK (26 Stu/ftoTh)

0.064 ~ (2.5 in.)
0.8028 ::l (0.11 in.)

0.73
'J .9
'1.92
:J.n
8.94
o.rs

').0779 m 0.0<'3 in.)

() .:J889 "l (3.5 in.)

170 ~ (558 it)
;.457 x :0-4"':l ci .so « 10- 3 :':-:.)

1.1J5 ~ (7 .68 i.~.)

,}.J47 ~.;/~ (0.027 3tc:. 1 ft '~1)

0.22

).1023 m (4.03 :n.)
0.1143"':l (4.5 in.,
:50 "':l (16" f t)

).268 "':l (lG.6 in.)

'1anifolds
~ffecrive length for heae loss

(inlet and outle~)

?ressure jrop coe:=ici~nts (see
~qs•.~-j and ..;,-;;)
~.;: 1 2S

:<"

'!nfirad oot Ler
1eac :ransfer area
~eat :ransrer coeff:'c:en: (prehe?-ter)
!1eat zr ans f er caeff-:'.;,ient (reboilar)

13

!,~ ':12 '~ll~4 f~2)

525 ~/rn2 Z (:49 3tu/~:2~?h~
1

7:;6 ~J!::J-:C (1:33 3tu!f>:","o!;"h)
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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 system. 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 t he 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 rigorous economic analysis and annual performance calculation. However the
range of boiler and preheater effectivenesses, up to 99.5% and never below 95%
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 SYS'TEM 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. T,jith 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 investigate detailed receiver
response, and special 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-terlU 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.

14
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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 modeI described
earlier provides considerable insight into instantaneous or steady-state
system efficiency. This section summarizes the results obtained using the
detailed model to compare the in situ, flash, and unfired boiler sy s t ems . 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 efficiencies. Gross system efficiency is the net thermal
sys tem efficiency. In terms of sys tem internal energy delivery rate (D),
enthalpy added to the circulating fluid by the compressive action of the pump
(P pump)' and the total solar radiation power incident on the system CItotal)'
the instantaneous gross efficiency is defined as

n gross
Usteam - Uwater - Ppump

Itotal
(4-1)

where Us team and UW'a ter are the internal energy ra tes of the deLivered steam
and the makeup water, respectively. The net efficiency measure, which
accounts for the thermal energy expenderl in generating electric pumping power,
is defined as

r)net
3 x Ppump

no~ross - I 'total f1 pump
(4-2)

where n pump is the electromechanical efficiency of the pump (assumed equal to
0.5 in the analysis). The factor of 3 accounts for thermal to e Le c t r Lc 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 wi th the s teady-::; tate model.
For each of the three system types, steady-state system pe rfo rmanc e character
Lst Lcs were determined for steam delivery temperatures ranging from 395 K

.J25l0F) to 495 K C432°F), total mass flows ranging from 5 kg/s (11 Ibis) to
20 kgls (44 lb/~), and incident solar fluxes ranging from 200 to 1000 W/m2 (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.

15
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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 is 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 (oil) 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*. Receiver tube temperature is 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

Insolation 1000 W/m2

Mass Flow Rate = 7.5 kg/s

Steam Quality
(%)Steam Temperature

(K)

395
420
445
470
495

In Situ

16.1
15.6
15.2
14.8
14.3

Flash

15.7
15.2
14.8
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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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 for 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 considered. 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 oil system is 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 oil 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 is 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 oil 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/so At low mass flow rates. the net efficiency increases 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 is 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 co llec tor rows.

24









TR-1311
5=~II_J-----------------

In subsequent parameter variations considered in this discussion, a constant
mass flow rate of 7.5 kgj s for the in situ system and 10 kgj s for the flash
and oil 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 Variations

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 domina ted 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 ~easure, 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/m2. 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 system.

*"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. In 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 it 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
oil 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 given steam
delivery temperature an in situ system is, for all practical purposes, iso
thermal at a temperature that is 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 constant, 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 benefit relative to the other systems increases with steam
delive~ 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 contrast,
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 constant 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 system
are up to 70 kW for high flux levels and high mass flow rates. Predicted
pumping power versus mass flow rate is 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 mul tiplied 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 (V~P). 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 oil and in si tu systems, pumping power requirements are similar at
similar flow rates, and mass flow rate is 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 insolation 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 ~nstance, 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 oil 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 oi 1 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 valve. Pumping power for the oil 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 is 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
wi th 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
lati tude of 35 oN, and a fixed annual average daytime ambient temperature' of
287 K (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 fi!ures. At a la ti tude of 35 oN, the highest average inso la tion level
(600 Wl~) considered would correspond to the climate such as Albuquerque;
500 W1m would correspond to Lubbock, Tex.; and 400 W1m2 would correspond to
Oklahoma City, Okla. (It should be noted that mean daytime normal solar radi
ation 1evels 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 is 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 (oil) system:

(
~E ) = E (Direct Boiling) - E

E Flash E (Flash)
(Flash)

and

(
~E) = E (Direct Boiling) - E (Oil)

E Oil E (Oil)

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 inves tiga ted and the nearly optimal flow ra tes chosen, the net benefi t
over the oil system is from 9% to 13%; 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 limi ted 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. In 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
si tu sys tem for a north-south oriented fie Id increases as lati tude 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. In 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; 1. 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 its length for the three systems.
The variation is 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) increases. 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 Fig. 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 largest pressure drop corresponding to the lowest steam
temperatures. This action is caused by density considerations and velocity
effects (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 low steam temperatures the
corresponding saturation pressures are lower and the bulk specific volumes and
bulk velocities 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 posi tion
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 length, although there is a slight clecrease 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, is quite clearly seen in
Fig. 4-51. The difference between the tube wall temperature and bulk fluid
temperature for the oil system averages about 10 K compared to about 2 K for
the water systems. At a given fluid temperature, this difference reduces the
efficiency of an oil system by about 1% compared to the steam-flash and in
situ systems.

*To illustrate this point, consider a high flux situation (1000 W/m2), and then
compare the specific volumes of the exit
cures . In this situation the bulk
Ts = 395 K, is approximately four times
Ts = 495 K.

streams for the two steam tempera
specific volume corresponding to
as large as that corresponding to
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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

Piping and insulation
Pipe length
Pipe diameter
Pipe schedule
Insulation thickness

Pressure vessels

Pumps
Capacity
Head

Safety
Explosion-proof equipment
Liquid collection system
Fire protection system

Controls

Maintenance
Fluid makeup'
Corrosion
Scale buildup
Pumps
Leakage

5.1 COLLECTORS

Unfired
Boiler

most
same
same
most

unfired boiler
expansion tank

same
least

yes
yes
yes

least

yes
least

minimal
least
most

Steam
Flash

intermediate
same
same

intermediate

separator
flash valve

same
most

no
no
no

most

blowdown
intermediate
intermediate

most
intermediate

Direct
Boiling

least
least
same
least

separator

least
intermediate

no
no
no

intermediate

blowdown
most
most

intermediate
least

The solar collectors in the three systems wi 11 probably be identical, since
the receiver piping is 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 must be made for thermal expansion of the oil system piping since
this system tends to run at the highest temperature. Temperature limitations
of the oil could limit 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-lb 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 40% larger than the cold volume of the
heat-transfer oil. A wide margin 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.

5.4 PUMPS

The pumps for the oil system will be the least costly since they have low
head, h Lgh-vo Lume 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

Oil 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 environmen
tal contamination. An increased number of valves should be designed into the
piping system to allow a greater isolation capab i Lt ty 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 system. Safety valves must be
carefully vented to the atmosphere. Safety hazards can be minimized 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 uni form 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. ~vater 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 oil system is repairing leaks in the
system. Flanges 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 maintained 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 oil 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 !n oil sys
tem would exceed that of, a flash sys tem by over 10% 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 system 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 is 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). In the Gulf states and the
coastal regions of California, freezing temperatures seldom occur during the
year, and in Hawaii, freezing temperatures never occur. (Note that the map
shows the number of days per year the minimum temperature falls below OoC
(32°F). It does not disclose how long freezing conditions persist.] East of
the Rocky Mountains, freezing occurs for more than 120 days Iyr only in the
most northerly regions. West of the mountains, temperatures can fall below
freezing for the major! ty 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. In
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)
T = Ta + (Ti - Ta) exp L- MC '

P
where

Ta is ambient temperature,
Ti is initial temperature of fluid in the pipe,

U is the heat loss coefficient per unit 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 O°C at an ambient temperature of -17.8°C
(O°F). The heat capacity of the insulation is neglected, and the conductive
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heat loss coefficient is increased by 20% 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
major cause for concern in large diameter piping. Ice 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 is 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 receiver 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 is 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 is 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 Q c (40 CF)

and is prolonged for extended periods of time. TN'ith 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 sys tern is 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 control systems could easily activate a freeze pro
tection scheme to minimize heat loss and pump running time.

Regardless of the collector fluid, the receiver tube is 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 is 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. This research is needed as part of
an overall program to demonstrate the feasibility and performance benefits 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 difficulti.es 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 likely to occur along
with the application of stability 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 must
await experimental verification before it is resolved.

Pederson and May consider 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 given in 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, Ls 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 instability, 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
may 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 condition is illu
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

a(!:I P)int , 0
aG (7-1)

where (!:IP)int is the internal pressure drop of the heated channel, and G is
the mass flux.
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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 its 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 sufficiently 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 instabili ties 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~ave Oscillations

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. Inlet-flow fluctuations in
the single-phase region, when they reach the boi ling region, are trans formed
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 Ii terature, is given in terms of nondimen
sional subcooling (Ns u b ) and equilibrium phase change (Npch,eq) numbers, by

Npch,eq - ~sIlh

2 (k~ + fl. + k ) I [1 + 1. (fL + 2k )]
~ 2d e 2 2d e

) 1 (7-2)

where the subcooling number Ns ub ' and equilibrium phase-change number Npch,eq
are defined as

(hi - hi) Vfg

hfg vf
(7-3)

and
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Npch,eq
Q

GA hfg
(7-4)

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
can be derived in terms of these variables: e,eq

Xe,eq (7-5)

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

2= k.u.
1 1

V
f

(7-6)

and

CAP)
e (7-7)

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:

N ) 'IT
sub (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 Oscillations

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 long receiver tubes may represent sufficient volume to initiate such
oscillations. Again, Eq. 7-1 represents a necessary condition 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 Eq. 7-2. These curves illustrate
several points: the system becomes less stable with increasing radiation flux,
wi th 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 K
(297 OF), such oscillations could occur at flow rates of 7.5 kg/ s or less and
at insolations as low as 600 W/ri; 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 instability at a steam delivery temperature of 445 K
(insolation 1000 W/m2 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/m2 J, the baseline system pressure drop is
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 is 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/m2s.
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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 SUMKARY

The analysis presented in this chapter indicates that instabilities will not
cause operational problems for a correctly engineered, direct steam-generating
solar system. The tube wall should remain in liquid contact 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, gravi tational 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 likely to affect the properties of the selective sur
face than the higher temperature operations of the steam-flash or unfired
boiler systems.

Flow-pattern transi tion instabili ties could arise, but the literature Indi
cates that such effects will be minor. The characteristic pressure drop curve
of the heated receiver tube is 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 choice 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 minimal 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 system
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 condi t Lons .
In sit~ systems are most advantageous when compared with oil systems.
More specificiallydirect-boiling systems should deliver from 9% to 13%
more energy on an annual basis than competing oil systems. On an instan
taneous basis, direct-boiling systems exhibit an efficiency advantage of
4% to 12% compared to oil and steam-flash systems.

• 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-boili~g 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.

• In all of the parametric variations 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 parasi tics are not considered. ~fuen parasi tics are con
sidered, small but significant (2% to 3%) effects on system performance
can be seen.
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• 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 receiver tempera
tures vary most with the oil 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 is always dominated by the performance of the collec
tor. Sys tem performance calcula ted us ing the de tai led phys ical model of
the collector developed in this study strongly agrees (within less than
1%) with a simplified model based on measured performance data.

• Because the in situ system is 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, only 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 inlet 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

• Initial costs for an in situ system may be reduced by as much as 15% when
compared with an oil system because the unfired boiler, expansion tank,
and oil 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 5%.

• Potential additional cost reductions 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 be reduced by over 25%
compared to an oil system.

8.1.4 Additional Comments

There
study.

are a number of
These include:

additional conclusions that can be drawn from this

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

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

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

• Fluid freezing is not a rna jor 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.

• The dangers posed by high temperature water and steam systems are famil
iar to industry. 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.

• 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 using 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.

• 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 IPH 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
sys terns. The model provides a balance be tween simpl ici ty, flexibili ty, 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 quali ty 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:

• a mixing manifold (1);

• a pump (1);

• collector manifolds (2), including flexhoses;

• water inlet and steam return lines from collectors;

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

• 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;

• uniform, one-dimensional velocity profiles across pipe/collector cross
sections; and

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

A. 2 FUNDAMENTALS

Variables derived from the system model include densi ty , pressure, veloci ty,
enthalpy, steam quality, and temperature, along with additional quantities
such as Reynolds 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 quanti ties at the inlet to a system
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 oil entering the
pump is assumed. The temperature of the oil around the loop 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:

b[m(H + 1:. u 2 + gz)) = bQ + bW
2

(A-I)

where b denotes a change and m is the mass flow rate given by

m = o Au (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 (8NL) at
Livermore, CA.
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(A-3)

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 energy 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 fluid system. Since an
enthalpy accounting procedure is used in the analysis, the appropriate expres
sion for an enthalpy change across any component ~H is given by

!:J.H = l!.Q + !:J.W - gl!.z - ~2u 2 .
m m (A-4)

Pressure drop for single-phase flow in tubes with uni form 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 is 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

~p
-=
P

-g!:J.z -tklu21SUPP1Y -}kZ [(f)u2 ] I Receiver
Line Tube Entrance

(A-S)

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 f Lexhose . Te rms k 1
and kZ are constants input by the user. Typically, k 1 has been determined so
that for nominal system flow rates the second term yields a prescribed pres
sure drop. * The term ki allows the user to relate the pressure drop in the
f1exhose, to a corresponding pressure drop in an equivalent length of collec
tor tube (near its entrance). Thus physically, kZ 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:

~p = ~z - t k3(f u2) IReceiver Tube - i k4u21Steam Delivery
Exit Line

(A-6)

Terms kj and k 4 are user input constants exactly analogous to k2 and k l,
respectively.

A.4 SOLUTIONIITERATlVE 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. If 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
(makeup mass flow

m xm
mass of steam produced)

(A-7)

where m is the total mass flow in the collector field, xm 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, Qne t can be
related to the steam mass flow by

(A-B)

where hand hm are the enthalpy of the delivered saturated vapor and the
makeup fiquid, 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
nominal flow rates taken at SNLA,
for Therminol heat-transfer fluid.
corresponding to water or steam.

determined from test data corresponding to
and the ratio is approximately 2.5 to 3.0
The authors are not aware of similar data
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The pumping pressure is adjusted by first assuming that the final outlet pres
sure (P

Q
) is a function of both the pump outlet pressure CPp) and outlet qual

i ty (xm). Thus,

(A-g)

Differentiating gives

(A-lO)

If the error between the desired and calculated outlet pressure is b.P0' the
required adjustment to the pumping pressure is determined from Eq. A-IO by

~p

p

ap
b.P (01

o - ax) b.x
m

(A-II)

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

1 (A-12)

Then Eq. A-II may be written (in the neighborhood of the solution) as

(A-13)

Iteratively, the nth estimate for b.P is expressed byp

(A-14)

. (aPO) (apSLnce ~ n is not easily evaluated but a J n- 1 is already determined from
the preVlOUS iteration, the iterative express10n used is

(A-IS)
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where

(~Po)n-l - (~Pp)n-l

~Xu-l

~Po - Pp)n-l - (Po - Pp)n-2
=

xn-l - Xu-2
(A-16)

and

(A-17 )

The new value of x is xn 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 oil 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 is constant, and the only energy exchanged is
with that fluid through a heat exchanger boiler.

An ini tial 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 oil 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
as sumed 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 oil tempera
tures agree within the required range of accuracy.

The boiler/heat exchanger is 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 condi t Loris . The heat
transfer process is illustrated in Fig. A-I.
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Hot Oil from
Solar Collectors (T MO)

Oil Leaving
Boiler (T BO)

Cold Oil
Return (Tco)

Saturated Steam to
r---+------l~-

Process (TSAT)

Boiling

- - - - - - Saturated Water (T SAT)

Preheating

'---+----.-- Make up Water (TM)

Figure k-l. Model of Unfired Boiler Steam Generator

The heat exchanged in the boiler region (qB) is determined from three rela
tions. First, qB can be related to the oil ma~flow (rna), the average spe
cific heat of the oil in the boiler region (Cpo)' the hot oil temperature
(THO)' and the temperature of the oil at the exit of the boiler region (TBO).
Thus

(A-IS)

Considering the water side of the boiler region, qB can be determined from t~e

mass flow of steam produced and the enthalpies of the saturated vapor (hg) and
saturated liquid (h f), respectively. Thus,

(A-19)

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

(A-20)

where U~ is the boiling heat-transfer coefficient (input and assumed constant)
and AB is the area allocated to boiling (to be determined). ~TB is the log
mean temperature di fference across the boiler sec tion of the heat exchanger
defined by
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Equations A-18, A-20, and A-2l can be combined resulting in

(A-22 )UBAB )
TBO = TSL + (THO - TSL) exp (-

mo 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 = mo Cpo(TBO - TCO)
(A-23)

qPH = m Cpw (TSL - TM) (A-24 )

qPH = UpH ApH L'lT pH , and (A-25)

L'lT
pH = [(TBO - TSL) - (TCO - TM) ] / t n [(TBO - TSL)/(TCO - TM) ] (A-26)

Here, Cpo and Cpw are the
tively, in the preheater.
equations can be combined

average specific heat of the oil and water, respec
TM is the makeup water temperature. The above four

to give

[ ( mo Cpo ) ]TBO - (T BO - TM) (1 - exp D)/ - exp D
m Cpw

(A-27 )

where D is defined by

(A-28)1 )

m Cpw

1(--
mo Cpo

D

A final constraint equation needed for the areas is given by

(A-29)

A solution for unknowns T80, TCO' m, AB, and ApH can then be obtained. An
initial value for ApH 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 TBO and Teo' Using these values for T80 and TCO' two new
estimates for m are obtained by solving Eqs , A-18, A-19, A-23, and A-26,
respectively. The final new estimate is derived from the average of the two
estimates. Having a new estimate for m, a new value for ApH is determined
from Eq a , A-24 and A-25. This process is repeated until successively better
approximations for m and ApH 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 associated 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
charactertstic 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 wi thin 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. In addition, the tube is
subdivided into an arbitrary number of discrete axial segments of length, ~x,

over which the heat flux is assumed to be uni form. It is also assumed that
there is no shading and the heat flux absorbed in a rece Lve r increment t1x is
reflected by a similar ~x 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 is
depicted in Fig. A-2. Net conductances for an element of receiver length ~x

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-I.

(A-31)

(A-32)

where

UIU2
q2 = DI + U2 (Tt - Tf )

U3(T t - Te ) ,

U4(T t - TeL

(A-33 )

(A-34)

(A-35)
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Radiative
Conductance to

Sky (Ue)

Radiative Conductance
Across Air Gap (U3)

Outside Absorber
Tube (T l )

Inside Absorber
Tube (Til)

Convective Conductance
to Ambient (Us)

....-- qsc Energy Absorbed by Envelope

Convective Conductance
Across Air Gap (U.)

....---qs Incident Energy
on Absorber Tube

~ Tube Wall Conductance (U2)

q2

Film Conductance (U,)

~ q,

Figure t\-2. Thermal Network of Receiver Tube of Parabolic Trough
Solar Collector
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Table A-I. Definition of Symbols Used in Detailed Collector MOdel

Definition
(Units)

Aperture area of collector field (m2)

Inner diameter of receiver tube (m)

Outer diameter of receiver tube (m)

Inner diameter of glass envelope (m)

Ac
d i

do

de i
d eo Outer diameter of glass envelope (m)

Ft g Radiation exchange factor between absorber and envelope

(dimensionless)

Symbol

1< (air)

k (fluid)

k (gas)

Thermal conductivity of ambient air (W/mK)

Thermal conductivity of transport fluid (W/mK)

Thermal conductivity of gas between absorber tube and envelope

k (wall)
L

Nu (air)

Nu (gas)

Nu (fluid)

ql

q2

q3

q4

qs

q6

qs

qs,c

Q1)

Ta
Te

Tf

(W/mK)

Thermal conductivity of absorber tube material (W/mK)
Length of absorber tube (m)

Nussel~ number for air adjacent to envelope external surface

(dimensionless)

Nusselt number for gas between envelope and absorber tube

(dimensionless)

Nusselt number for transport fluid (dimensionless)

Rate of heat flow through boundary layer of transport fluid (W)

Rate of heat flow through absorber tube wall (W)

Rate of heat flow by radiation from absorber tube to envelope (W)

Rate of heat flow by convection from absorber tube to envelope

(\<1)

Rate of heat flow by convection from envelope surface to ambient

air (W)

Rate of heat flow by radiation from envelope to sky (W)

Rate of incident energy on absorber tube (W)

Rate of energy absorbed by envelope from incident energy (W)
..,

Incident solar heat flux (beam) (W/m~)

Ambient air temperature (K)

Envelope temperature (K)

Fluid temperature (K)
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Table A-I. Definition of Symbols Used in Detailed Collector Model (Concluded)

Symbol Definition
(Units)

Tt

Tt i
Tsky

Ul
Uz
'U3

z

Absorber tube, outer surface temperature (K)

Absorber tube, inner surface temperature (K)

Sky temperature (K)

Transport fluid film conductance (W/K)

Absorber tube conductance (W/K)

Conductance corresponding to radiative heat transfer between

absorber tube and glass envelope (W/K)

Conductance corresponding to convective heat transfer between

absorber tube and glass envelope (W/K)

Conductance corresponding to convective heat transfer between

glass envelope and ambient air (W/K)

Height (m)

Conductance corresponding to radiative heat transfer between

glass envelope and the sky (W/K)

Absorbtivity of glass envelope (dimensionless)

Emissivity of glass envelope (dimensionless)

Emissivity of absorber tube surface (dimensionless)

Element of absorber tube length (m)

Net reflectivity of collector surface (dimensionless)a

Eoltzman constant (W/mZK4)

Transmittance of glass envelope (dimensionless)

aIncludes optical errors.
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qs = US(T e - Ta ) ,

q6 = U6(Te - Ts ky) ,

U1 = ~Ax Nu(fluid) k(fluid)

(A-36)

(A-37)

(A-38)

Uz 2nAx k(wall)
tn(do/di)

(A-39)

O"ndoAxFtgCTt + Te)CT t2 + Te2)

1

(A-40)

(A-41)

U4 = !Tllx Nu(gas) k(gas) (A-42)

Us = !Tllx Nu(air) k(air) ,and (A-43)

(A-44)

The energy balance equations are solved iteratively for Ti and Te, since the
conductances in general are also a function of T t and Te. For a particular
increment the iteration is started by assuming a value for Tt and Te, calcu
lating the conductances, and then solving Eqs. A-31 and A-32 for a new set of
Tt and Te• The new values for Tt and Te 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. Once a solution
is obtained for the axial increment of interest, the iteration process is
applied to the next segment, and the ini tial estimates f o r Tt and Te 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 SNU and described in Sec. 3.1. As shown in
Figs. A-3, A-4, and A-s (for each system at the stated conditions) the results
of the two models are almost indistinguishable. Such a close agreement may be
coincidental wi th the choice of collee tor, but it does provide an addi t i.onaI
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.

121









TR-13115a'II.I-----------------

F-igure A-3 illustrates why it is 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 (~H) along a segment of the collector is calculated
from

~H (A-45)

where L is 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 wi th better heat-transfer
characteristics than an oil 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 is 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 oil system compared to the direct-boiling system for
a given fluid temperature accounts for about 1% of the reduced performance of
the oil 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,

(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 TRANSPOR.T PIPING

The heat loss from the piping 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 (TF) is assumed equal to the average of the inlet and outlet temperature
in the piping length. The wall (TW) and outer insulation surface tempera
tures (TINS) are determined from the following energy balance equations:
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Table A-2. Receiver Tube and Fluid Temperatures III..-•Average Average I I

Steam Mass Flow ~ - ~

Insolation Tube Wall Fluid Difference
System

(Vl/m 2 )
Temperature Rate

Temperature Temperatue (K)
(K) (kg/s)

(K) (K)

In situ 1000 495 10 497.1 494.9 2.2
Flash 511.8 509.5 2.3
Oil 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
Oil 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
Oil 530.2 517.4 12.8
In situ 1000 395 7.5 418.2 415.5 2.7

I-' Flash 436.9 433.2 3.7
N Oil 486.8 470.5 16.3'-J

In situ 800 470 7.5 473.2 471.1 2.1
Flash 490.5 488.2 2.3
Oil 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
Oil 502.0 494.7 7.3



TR-1311S=~II_I- ------------~~

(A-47)

(A-48 )

Since Ul, U4, and Us are, in general, functions of unknown temperatures, esti
mates for TINS and TW are made in the calculation of Ul, U4, and US' Then
Eqs. A-47 and A-48 are solved for a new estimate of TINS and TW' The conduct
ances are recalculated with each successively better estimate until the cur
rent and previous estimates agree to within the required accuracy. Then ql
(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 FLOV 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 1970).

Bubbly Flow

Plug Flow

Stratified Flow

Wavy Flow--fb-~----

E Oo~ 0' '09;9 o~o ~
_09 o'--=:(j:.g:,q -_ Slug Flow

Annular Flow

Figure B-1. Flow Patterns in Horizontal Flow

In bubbly flow, the gas phase is distributed in discrete bubbles within a liq
uid continuum. For horizontal flow the bubbles tend to collect in the upper
part of the channel. As the gas flow is 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 is increased in stratified flow, large surface waves
build up on the liquid layer causing a transi tion to wavy flow. As the gas
veloci ty 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

129



TR-1311
S=~II_I- ------------

slug-flow regime develops. Liquid droplets can be entrained in the vapor
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
between 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. Tai tel and Dukler also show that small degrees of
inclination cause pronounced changes in 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 important variables, such as entrance effects (Hewitt and Hall
Taylor 1970).

130



TR-1311
S=~I:.I-----------------

B.2 HEAT-TRANSFER AND PRESSURE-DROP CORRELATIONS

B.2.1 Single-Phase, Pressure-Drop Correlations

The formula developed by Colebrook,

-!. = _ o. 86 t n [E /d + 2. 51]
.; f 3 • 7 Re.; 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 f, the Reynolds num
ber Re, the inner diameter of the tube d, and the relative roughness of the
tube surface E:. The pressure drop per unit length, liP/lix, is calculated from
the relation

-2pf u
2d

(B-2 )

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

8.2.2 Two-Phase Flow, Pressure-Drop Correlations

Dukler et a l . (1964) developed several corre la tions for frictional two-phase
pressure drop by an approach employing similarity analysis. A particular case
was hased upon the homogeneous, no-slip model. This monel assumes that the
liquid and gas flow at equal ve Loc t ties, and that the properties of the two
phase mixt ure can be defined in terms of properties of the liquid and gas,
together with the volumetric void fraction, xv' calculated from

xmVg
xmvg + (1 - Xm)vf

(B-3)

where xm is the mass quality and vf and vg are the liquid and gas specific
volumes, respectively.

Using the assumption of homogeneous flow, the mixture no-slip density PNS can
be expressed in terms of the liquid Pf and gas Pg densities by

(13-4 )

The mixture no-slip viscosity is defined similarly in terms of the liquid u ~
"'-and gas lJg viscosities:

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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Gd
J.lNS

(B-6)

and the friction factor is calculated using the Colebrook relation for rough
pipes:

(B-7)1 = 0.86 t n [E: I <i + 2. 51 ]
'I fNS 3.7 ReNS'I fNS

(The use of a friction factor for rough pipes introduces considerable conser
vatism into the pressure-drop correlation. For instance, two-phase frictional
pressure drop increases on the order of 30%. Most experimental data is gath
ered and correlated using a "smooth" pipe friction factor.) Thus, the pres
sure drop per unit length of the mixture (~P/~x)NS is

(B-8)

By comparison with experimental data, Dukler et ale (1964) show the validity
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 ale (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 liquid phase pressure drop. The difficulty with these correlations
is that they were determined from data collected at conditions 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-
2slip

and Thorn correlations,
consider 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 is 0.1417, and average
pressure in the receiver tube is 1580 kPa (229 psia). Calculated pressure
drop along the boiling length is 28 kPa (4.4 psi). The Thorn multiplier is 9.2
and single-phase pressure drop is 38 Palm. This yields a total pressure drop
of 28.8 kPa, similar to previous results.

Another important outcome of Thorn's work is 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 mixture. The slip ratio is the ratio
of gas to liquid velocities. This ratio increases as pressure is 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
slip ratio provides some meaning to the assumptions underlying the homogeneous
model.

Because of the slip phenomenon, the no-slip model is a somewhat conservative
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 constant. 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:

(B-9)

whe r e G is the mass velocity, and Uo and ui are the outlet and inlet fluid
velocities, respectively.

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

in indus
However,

acce1era
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 is 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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"~ ~

(B-10)
0.152 ReO•9pr

0.833 [2.25 In(0.114 ReO. 9) + 13.2 Pr - 5.8]
Nu = --------=--:..::..::::.......::..::.=..:0--:;:-:--=----------

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):

(B-ll )
RePr (Cf/2)

1.07 + 12.7(Pr2/ 3 - 1) I(Cf/Z)
Nu = ---------:-=7-:--------

and

~f = (Z.236 ZnRe - 4.639)-Z (B-1Z)

All the equations above are for smooth pipe. They are corrected for the
effects of surface roughness using a correlation from Kays and Crawford (1980,
p. 271):

Nu
NUsmooth

( Cf )n
l Cf smooth

(B-13 )

wheren n 0.68 PrO. Z15• (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 ZO, 000 to 50,000, heat-transfer coefficients
increase 12% to 25% due to surface roughness.

B.2.4 Boiling Heat-Transfer Correlation

Bergles et ale (1981) and Tong (1975) reconunend 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 (he)' and from microscopic convection
through the liquid film by bubble nucleation (hn). Thus

(B-15)

where
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(B-16)

_ k~·79Cp~·45p~.49 0.24 0.75
hn - 0.00122 0.5 0.29 0.24 0.24 ~TSAT ~PSAT S (a-17)

o ~f 8Hfg Pg
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. ~TSAT is
the difference between the inside wall temperature and the bulk fluid tempera
ture at saturation. ~PSAT is the difference in vapor pressures corresponding
to the wall and bulk fluid temperatures at saturation. ~Hfg 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 param.eter, Xt £. The parameter
S is a function of the two-phase Reynolds number, ReTP ' Berg es et ala (1980 )
have curve fit the data of Chen.

F = 1 for I/Xt t
, 0.1, and (B-18)

F = 2.35 (l/Xt t + 0.213)°·736 for l/Xt t > 0.1, (B-19)

where

(B-20)

S
1 , and (B-21)

Ref F1.25 (B-22)

B.2.5 Natural and For~ed Convection Heat Loss from Horizontal Cylinder to
Environment

Fand et al. (1977) tested various correlations of natural convection 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

(B-23)

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

Range of Raf C m

10-4 to 10-2 0.675 0.058
10-2 to 102 1.02 0.148
102 to 104 0.850 0.188
104 to 107 0.480 0.Z50
10 7 to 1012 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, and 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 (B-24 )

The constants C1 and C2 are given in Table B-2.

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

Re C1 Cz
10-4 to 4 x 10-3 0.437 0.0895
4 x 10-3 to 9 x 10-2 0.565 0.136
9 X 10-2 to 1 0.800 0.280
1 to 35 0.795 0.384
35 to 5 x 103 0.583 0.471
5 x 1n3 to 5 x 104 0.148 0.633
5 x 10 4 to 2 x 105 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 Nusse1t number for convection through the receiver boundary layer is

2
Nu.

1 (B-25)

The Rayleigh number Ra i is based on the receiver outer diameter d i and the
difference between the wall temperature Ti and the bulk fluid temperature Tb•
Fluid properties are evaluated at the average of these two temperatures.

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

Nu
o

-2 (B-26)

The Rayleigh number Ra o is based on the envelope inner diameter do and the
difference between the envelope and bulk fluid temperatures, To and Tb ,
respectively. As before, fluirl properties are calculated at the average of
these two temperatures. The relation cannot be evaluated until Tb is known,
found by equating heat transfer at each cylinder:

(B-27)

An iterative procedure is employed to yield successively better estimates for
the value of Tb•

The overall Nusselt number for convective heat transfer is

Nu
conv

1 1-1
[NU. + Nu ]

1 0

(B-28)

The Nusselt number for conduction is
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These equations yield an overall Nusselt number of heat transfer between the
receiver and glass envelope of

(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).

P 353.4 ( / 3)= -T- kg m

1s = T (11K)

10 - 6 ( T1 .5) /
~ = 1.459 x T + 110.4 (kg ms)

Cp 937 + 0.191T (J/kgK) ,and

k
2.648 x 10-3 TO.S

--------------~1~2/T (W/mK)
1 + (245.4) (0.1)-

T
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APPENDIX D

PROPERTmS 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 60 were sup
plied by the manufacturer (and were converted to SI units):

p 1191.6 - 0.6719 T (kg/m3),

k = 0.1549 - 7.79 x 10-5 T (W/m K),

C
p = 495.9 + 3.731 T (J/kg K), and

10-6 x
10(9.891 - 1. 739 in T) ?

'J [10 - 0.79] (m-/s).
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APPENDIX E

METHODOLOGY FOR CALCULATING ANNUAL ENERGY DELIVERY

Annual energy delivery of the so Lar sys tem is ca l cu la ted using an approach
similar to Rabl's (1981) 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

(E-l)

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

U (Tif - Ta )
X = n

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

(E-2)

FnG(X, I, L) (E-3)

wher e G is a function as determined by Rabl (1981), I is the yearly average
direct normal irradiance (kW/m2) 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 byappropri
ately modi fying 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 boi ler system. Thus for a collector field, an equation
analogous to Eq. E-l can he written as

r
UF[n' - - (Tfo - Ta)]I .1

(E-4)

where n rand Ur are defined in terms of pi,p i ng loss parameters, flow rates,
and fluid heat capacities. Expressions for n' and U' are given in terms of n
anJ U along with other systems parameters in Beckman (1978).

*The flux below which the collector cannot deliver useful energy.

143



TR-1311
5=~1'_'-------------:--------

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 oil 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 I and
Fn' was defined. Specifically, Fn I and FU' were determined directly from
steady-state calculations of system operations for each of the three systems.
In this approach, a steam delivery 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
Rab1 1981) where Fn is replaced by Fn ' and X is replaced by X', and defined as

X' = (E-5)

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 numeri.cal
values for FU' and Fn' can be dramatically different from those values norm
ally associated with the instantaneous collector effi.ciency. 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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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 second proce
dure. First, the second approach yielded 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-l.
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Table E-l. Performance Parameters for Various Systems and Steam Temperatures (Ta = 287 K, I = 0.5 kV/m2)

-------~------~-

UI
III
N-_ ;':' l.\-

I II

" - ~

Steam
Temperature

(K)
In Situ System Flash System Oil System

F ' FU ' Fn' FU' Fn' FU' X' T
(kW/m2) (f~

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 t+40 0.619 0.518 0.129 441 0.610 0.545 0.136 440\0

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 4B8 0.604 0.531 0.178 490 0.612 0.567 0.186 487

----------
Parameters Correspon~ing 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 0.6~2 0.466 0.098 416
445 0.650 0.4/+4 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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