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This report describes the results of a study conducted by AiResearch 
Manufacturing Company, a division of The Garrett Corporation, on the appl Ica­
tion of latent-heat buffer therm~1 energy storage to a point-focusing solar 
receiver equipped with an air Brayton engine. The study was performed for 
the Jet Propulsion Laboratory (JPL) under contract NAS 7-100/955136. The JPL 
contract monitor was Dr. Ram Manvl, Advanced Solar Thermal Technology Project • 
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ABSTRACT 

This report summarizes the results of a study on the application of latent­
heat buffer thermal energy storage to a point-focusing solar receiver equipped 
with an air Brayton engine. The AiResearch &5-kw(th) Air Brayton Solar Receiver 
and Mod "0" eng i ne were used as a base line system. 

The ope~ating I ife of a Brayton engine depends, in general, upon the number 
of start-stop cycles. The main advantage of buffer thermal energy storage is 
that it enables the engine to continue running during periods of cloud cover, 
thus reducing the number of engine shutdowns and increasing engine life. 

To demonstrate the effect of buffer thermal energy storage on ~ngine opera­
tion, a computer program was written for complete tranSient/steady-state Brayton 
cycle performance. The program models the recuperator, receiver, and thermal 
storage device as finite-elp~~'lr thermal mdsses; actual oparating or predicted 
performance data are used lor al I components, including the rotati~g equipment. 

The insolation input is minute-by-minute data recorded at the NASA/JPL 
test faci I ity at Edwards Air Force Base for the year 1979. Based on this input 
and a specified control scheme, the computer program predicts the Brayton engine 
operation, including flows, temperatures, and pressures for the various com­
ponents, along with the engine output power. 

Because computer time considerations made it impractical to model an 
entire year's operation, a simulated year was developed. This involves 
grouping days with simi lar insolation patterns and selecting a representative 
day from each group. To determine the year's performance, the results from 
each of the representative days are multiplied by the number of days in the 
group, and a I I these products summed and norma I i zed. 

The simulated year was run for various weights of sodium chloride and 
I ithium carbonate phase-change materials. The results indicate that thermal 
storage can afford a significant decrease in the number of engine shutdown: 
a. '0mpared to operating without thermal storage. It has also been found that 
tr' number of shutdowns does not continuously decrease as the storage material 
weight increases. In fact, there appears to be an optimum weight for minimizing 
the number of shutdowns. This is because of the sensible heat effects of the 
storage ~aterial. A large weight wi I I not increase in temperature as rapidly 
as a smal I weight, given the same thermal input. This could result in lower 
cycle temperatures during a solar outage and cause an engine shutdown. Of 
course, too smal I a weight I imits the storage capacity and increases the number 
of shutdowns. 

An economic parametric study was performed to compare the cost of a 
thermal storage device with the savings in engine replacement afforded by the 
thermal storage. The study indicates that the economic viabi I ity of buffer 
thermal energy storage is largely a function of the achiev3ble engine life. 
At low preciicted I ife, thermal storage is ecollomically attractive; for highly 
rei iable, long-I jved engines, thermal storage is not eco~omical. 
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SECTION 1 

INTROOUCTION 

This report summarizes the results of a study on the application of latent­
heat buffer thermal energy storage (TES) to a point-focusing solar receiver 
equipped with an air Brayton engine. The main goal of the study was to estab­
lish the ,eed, requirements, and size of buffer storage for a typical Brayton 
engine. Buffer storage is, by definition, of relatively low capacity, suffi­
cient for keeping the engine running during brief periods of cloud cover (solar 
outages) but insufficient for long durations of low insolation. 

The AiResearch 85-kw(th) Air Brayton Solar Receiver (ABSR) and Mod "0" 
engine were used as the baseline system. The p.nglne consists of a compressor, 
turbine, generator, and recuperator. The cycle is shown schematically in Figure 
1-1. As can be seen, the cycle is "open"--ambient air is ingested by the com­
pressor, picks up heat from the exhaust stream in the r'ecuperator, absorbs the 
solar input in the receiver, is expanded in the turbin~ (producing the engine!s 
power), and gives up heat to the incoming air before :)ei,'g exhausted to the 
environment. The thermal storage device (TSD) is also shown in Figure 1-1. 
The version of the Mod "0" ergine used for the present study does not contain 
an auxi I iary combustor for hybrid operation. 

Depending upon the Brayton cycle pressure ratios and efficiencies, there 
is a minimum working fluid air temperature that must be suppl ied to the turbine 
to maintain cycle operation. During periods of solar outage, the primary heat 
SO'Jrce is removed or limited. The working fluid wi II initially extract heat 
fr-om t~,e thermal capacitance of the receiver and recuperator; but, after a time, 
additional energy must be suppl led if the engine is to remain running. 

A latent heat of fusion buffer TSD is investigated in this study. Energy 
is suppl ied tc the cycle air from the latent heat released by the sol idifica­
tion of a phase-change material (PCM), which, in the temperature range of 
interest, wi II be an inorganic salt. 

The main advantage of buffer TES is its abi I ity to reduce the num~er of 
start-stop cycles required of the Brayton engine. For operation in a posltive­
net-power, self-sustaining mode. the power prnduced by the turbine must be 
greater ttan the power consumed by the compressor. This condition requires a 
reasonabl"l high Turbine inlet temperature (TIT). The thermal capacitance of the 
receiver, recuperator, and ducting is sufficient to maintain the necessary TIT 
for only a few minutes during a solar outage. The addition of thermal storage 
substantially increases thu thermal capacitance of the system, resulting in an 
extension of the periods of solar outa1e during which the engine can remain 
running. Because many solar outages are at short duration, buffer TES can 
substantially reduce the number of engine 5~ ... tdowns. With the operating lite 
ot the enginu used in this application largely a function of the number at 
start-sto~ cvcles, TES has the potential tor increasing engine I ife and. hence, 
reducing engine yearly cost. Balanced against this is the C0St of the TSD and 
its required auxi I iary equipment. 
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To ~emonstr8te the effect of bufter TES on engine operation, 8 complete 
transient/steady-state Brayton cycle performance computer progr8m was written. 
T,le program mode I s the recuperator, rece I ver, 8nd TSO as fin I te-e lament therm81 
m8sses; all components, Ir)cludlng the rotating equipment, utIlize 8ciu8 ' oper­
CIting or predicted p:Jrformance data. Writing this computer program and running 
the pro9ra~ for various conditions represented the major work effort of the 
study. 
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SECTION 2 

INSCLATION DATA 

For an analysis of the effect of buffer TES, the insolation distribu­
tion must be input. An idealized distribution was not assumed; rather, actual 
minute-by-minute insolation data were obtained from JPL for the NASA/JPL test 
facility at Edwards Air Force Base, Cal ifornia, fo. the entIre year of 1979. 
The data, recorded on magnetic tape, are records from two Edwards AFB normal 
incident pyrahel iometers (NIP) measuring local insolation in w/sq m. Data 
from NIP 2 are used for al I months except for September and December, when 
technical malfunctions appear to have existed and the data from NIP 1 seem 
to be more rei iable. 

Because weather and insolation conditions vary over a year, a ful I year 
should be considered when analyzing the overal I effect of TES. However, running 
365 days on a transient computer program was considered excessively costly, 
especially when a number of thermal storage conditions are to be investigated. 
Therefore, the concept of a simulated year has been developed. Review of the 
data indicated that there were days with simIlar insolation patterns. For 
example, ceitain days had moderate clouds in the morning and were clear in the 
afternoon; other days were totally clear; etc. Days with similar insulation 
patterns were combined into groups, and a representative day selected from each 
group. A total of eleven groupings was formed. These are summarized in Table 
2-1. Suniess days are days during which the engine is never turned on. As wi I I 
be discussed in Section 3, this is equivalent to insolation always below 450 
w/sq m. 

Insolation data are avai lable for 343 days out of the year. The remaining 
days had missing or obviously inval id data. To determine the year's performance, 
each representative day is run on the developed transient computer program, with 
the results from each day multiplied by the number of days in the grou~, and al I 
these products summed. The sums are normaiized to a ful I year by multiplying by 
365/343. 

The net heat input to the fluid in the receiver is assumed to be propor­
tional to the insolation. The basel ine conditions are a gross heat input of 85 
kw(th) at an insolation value of 1000 w/sq m. At a cavity efficiency of 85 per­
cent, this is equivalent to a net heat input of 72.25 kw(th). Thus, for any 
value of insolation, Q, the net heat in~ut to the fluid is taken as 72.25 x 
Q/1000 kw ( th) • 
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TABLE 2-1 

SIMULATED YEAR GROUPINGS FOR 
1979 EDWARDS AFB DATA 

Number 
Type of Day of Days 

Clear 119 

Minor afternoon clouds 11 

Minor morning clouds 30 

Heavy afternoon clouds 18 

Heavy morning clouds 9 

Thin clouds all day 27 

Partly cloudy al I day 18 

Moderate clouds all day 44 

I Heavy clouds al I day 32 

Minimal clearing 24 

Sunless 11 

Total days 343* 

Representative 
Day 

Apr i I 20 

September 9 

March 2 

May 18 

August 23 

Apr i I 26 

June 3 

February 21 

Apri I 7 

January 17 

--

*Remaining 22 days had missing or inval id data. 
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SECTION 3 

BRAYtON ENGINE DEFINITION 

COMPUTER MODELING 

The computer prvgrarn developed to analyze the air Brayton solar engine is 
described in Appendix A. This program, named SOLARBRAYTON, is a transient per­
formance program that predicts the time-dependent behavior of the modeled sys­
ter,) in response to the in it i a I and boundary cond 1 + ions. Some of the I atter may 
be functions of time. The model contains cor.trol elements that modify system 
behavior according to the control logic and the values of certain performance 
indicators. 

Two important po i nts about the :lode ling are (1) that proper cons i derat ion 
has been given to the thermal capacity of the massive system components and to 
their effects on system time response and (2) that real istic performance speci­
fications havb been used for both the heat transfer components and the rotating 
equipment. The recuperator, receiver, and thermal storage device are each 
modeled using finite elements. The temperature change at each node during a 
time increment is calculated as a function of the loca: temperature gradients 
and the strengths of the various thermal couplings betwee~ the node in question 
and its neighbnring nodes. The coupl ing strengths were determind from perform­
ance curves obtained from computer calculations of component performance over 
a range of flows and temperatures. The calculations were based on AiResearch 
experience with the heat transfer characteristics of the surfaces used for the 
components. 

In this study thp. mode:ed run interval usually was one complete day from 
shortly after sunrise to sun5et. Typical days were analyzed to give an indica­
tion 0f a simulated year's performance, as disclJssed in Section 2. For each 
typical day, separate computer runs were required for each of the combinations 
of the the values of the various thermal storage and system control parameters 
used. This necessity to model numerous rather long time inte~vals, combined 
with the need to minimize the actual computer running time, dictated the :evel 
of modeling detai I. The level chosen is detailed enough to provide fairly 
accurate and re I i ab I e resu I ts but simp I e enough to a I low for the mode ling of 
long time intervals without overly long computer running times. 

Besides the true iranslent mode, SOLARBRAYTON has two other operating modes: 
steady-state and pseudo-transient. The steady-state option al lows for rapidly 
obtaining the equi I ibrium solution of the system for a fixed set of boundary 
conditions. This is done by directly solving a set of simultaneous system equa­
tions and not by simply running the transient to steady-state. This option is 
especially useful in the early stage~ of the analysis to quickly provide initial 
insight into the systom performance. Combining the other two modes gives the 
pseudo-transient mode, which provides a series of steady-state solutions as a 
function of changing boundary conditions. It was no1 used in th~ present study 
where rapidly changing boundary conditions are the rule rather than the exception 
and where true transient calculations are neede0 for trustworthy results. The 
discussion in App~ndix A centers on the primary program mode, The transient per­
formance prediction mode. 
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SYSTEM OPERATION 

Thermal Storage Flow Control 

As can be seen from the schematic in Figure 1-1, the TSD is locat6d down­
stream of the receiver and upstream of turbine. Also shown is a valve that 
enables some or all of the flow through the receiver to bypass the TSD and go 
directly to the turbine. This flow control valve is an expensive piece of 
~quipment, requiring three-way flow modulation, high temperature operation (up 
to 15000 r), and relatively large size (a 4-in. valve is necessary to limit 
pressure losses). Nevertheless, the valve is considered to be a necessary 
comporlent. Remova I of the va I ve wou I d requ i re the TSD to be in line with the 
receiver and turbine at al I times. This presents an unacceptable penalty during 
a cold startup, when the entire engine (including the TSD) has to be heated to 
operating temperature from ambient or near ambient conditions. During such a 
startup the attainment of a se~f-sustaining TIT would be delayed whi Ie the TSD 
is heated. Motoring times of around 45 min would be required. This is con­
sidered to be excessive for the Mod "0" engine. In aadition to the long motor­
ing time, a large energy storage capacity would have to be made avai lable 
through storage batteries or simi lar devices. 

The flow cortrol valve is used to modulate the flow rate through the TSD 
as a function of air temperature. The valve positions are illustrated in 
Figure 3-1: part a of the figure shows a complete bypassing of the TSD, b shows 
a partial flow through the device, and c shows ful I flow with the TSD in series 
with the receiver. The position of the modulating valve and, hence, the flow 
rate through the TSD, is determined by simpl~ control logic keyed to a control 
temperature (TC). This logic, and its integration into the system operation, 
is described below. 

Operating Conditions and Controls 

The operating conditlons for the engine were selected after some prel iminary 
study as representative of a reasonable operating approach. Budget restraints 
did not permit a complete optimization of the operating control approach, how­
ever. The controls are keyed to measurements of the cycle air temperature. Three 
temperature measurements are required, as indicated in Figure 3-1: receiver 
out!et temperature, T15; lSD outlet temperature, T16; and TIT, T8. An addi­
tional temperature measurement mat be a~sirable at the recuperator hotside outlet 
(tc) monitor overheating of the recuperatur), but -rhe measurement does not enter 
directly into the control scheme. No temperature measurements are required in 
the PCM. Also required is a solar pyraheliometer to measure the local value of 
the insolation. 

The measured temperatures control the position of the modulating valve 
and the speed of the rotating group. By the use of guide vanes and restricting 
orifices, the turbomachinery can be controlled so as to yield any set tempera­
ture in the system or to rotate at a given speed. A contre I box is required 
to orchestrate these functions. The control scheme is expected to be readi Iy 
transferable to a real engine • 
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Figure 3-1. Thermal Storage and Receiver Flow Scheme 
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At the start of each day, al I components are assumed to be at ambient t~ 
perature (70°F). This is a conservative approach, because on some days tempera-
tures may be somewhat above ambient (especially in the TSO). If a day-by-day ~, 
year w~re run on the computer program and if there were no missing or invalid 
data, the actual component temperature levels could be computed. However, given 
the present simulated-year technique, assuming ambient conditions for ail com-
ponents wouid seem to be the most prudent approach. As wi I I be discussed below, 
the system (including the TSO) is al lowed to run itself down at the end of each 
day, so the compollents are relatively cool at shutdown. The approximate average 
component temperatures at shutdown are: 

Component Temperature, OF 

Recuperator 500 

Receiver 630 

TSD 800 (completely sol id) 

The col lector is assumed to be defocused at the beginning of The day, and 
remains so until the insolation reaches a minimum value, taken as 450 w/sq m. 
This value is sufficient for self-sustained engine operation at a power output 
of around 4 kw, and a cold startup motoring time of about 20 min, about the 
maximum desirable for the Mod "0" engine. Lower values of the startup insola­
tion might result in excessive motoring times (if self-sustained operation can 
be attained at all). Higher vaiues tend to wast~ some of the avai lable solar 
energy. 

As the col lector is focused, the rotating group is turned on, using an 
auxi I iary power supply to motor the engine ~'r 53,000 rpm. The engine must be 
running any time the col lector is focused, to prevent rapid overheating of the 
receiver. The fluid flow completely bypasses the TSO, as shown in Figure 3-1a. 
If during this motoring period the insolation drops below 400 w/sq m, the engine 
is shut off and the col lector aefocused. This is done to prevent useless motor­
ing and draining of the auxi I iary power sup~ly. The col lector is focused and 
the engine restarted when the insolation again reaches 450 w/sq m. 

As the components heat up, the cycl~ air temperature increases unti I a net 
positive power is produced by the engine. This occurs at a TIT of around 800°F. 
As this point, the auxi I iary power supply is disconnected. The engine continues 
to run with the rotating speed control led at 53,000 rpm. Once the positive net 
power condition is attained, the engine is al lowed to run unti I it shuts itself 
down; thus inso!ations below 400 w/sq m do not result in automatic shutdown. Any 
shutdown is accompanied by col lector defocusing. The engine is always restarted 
(and the col lector focused) when the insolation reaches 450 w/sq m. During tem­
porary shutdowns, the recuperator, receiver, and TSO temperatures are assumed to 
be unchanged. This is a reasonable assumption because, with good insulation, 
shutdown durations of less than a half-hour wi I I not result in much temperature 
change. Thus, onca positive net power has been attained, any subsequent restarts 
on that day wil I require only an initial burst of power from the aux; lary source, 
because the fluid temperature conditions wi I I almost immediately be self­
sustaining. 
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As the engine runs and the sol~r Insolation Incre~ses, the receiver and 
recuperator temperatures I~crease until the TIT (T8 In Figure 3-1) re~ches 
the control temperature, Te. At this point partial flow Is Initiated through 
the TSD (Figure 3-1b). To limit the required flow range of the modulating 
valve, a minimum TSD flow equal to 10 percent of the receiver flow Is assumed. 
This flow wi II Immediately lower the TIT, so the TC should be chosen high enough 
that the engine will not turn off at this point. When the TIT again becomes 
equal to the TC, the flow rate through the TSD Is Increased so as to maintain 
this equality. 

As the system continues to heat up, the TSD outlet temperature (TI6) 
reaches the TC. At this point, al I the receiver flow wi I I be going through the 
TSD (Figure 3-1c). Further heating results In the TIT exceeding the TC. The 
engine has been running at 53,000 rpm al I this time. When the receiver outlet 
temperature (TI5) reaches 150JoF, the cycle control Is switched so as to main­
tain this temperature; the speed Is allowed to vary to effect this control. 
It shou!d be noted that the receiver outlet temperature rather than the TIT 
is control led. This protects the receiver from possible high temperatures 
because with the TSO in series (Figure 3-1c) a T8 of 1500°F could be accompan­
ied by a considerably higher T15. The 1500°F air temperature limit Is the 
design maximum tor the ABSR. 

As the Insolation increases, the fluid flow rate (and hence, the engine 
speed) must increase so as not to exceed a 1500°F outlet temperature. Con­
versely, the speed decreases as the Insolation drops. If the speed drops to 
as low as 53,000 rpm, this value is maintained and the temperature is no longer 
control led. This minimum speed was selected to limit the recuperator hot-side 
inlet temperature to about 1200°F, the nominal lir-:it for the Mod "0" design. 
Maintaining a TIT of 1500°F at speeds less than 53,000 rpm wi I I result In exces­
sive recuperator temperatures. 

A continuing decrease in Insolation will eventually result in T3 dropping 
below the TC. However, since T16 wi! I be greater than T15, ful I flow is maln­
ta i ned through the TSO. The system cant I nues In th I 5 mode unt i I I t shuts I tse If 
down. Any subsequent startups wi II occur with T16 greater than T15, so the full 
flow is routed through the TSO (Figure 3-1c). 

Other control strategies are possible. For example, rather than control­
ling speed at lower levels of insolation, the TIT could be maintained at a value 
low enough to protect the recuperator. Also, the cold startup speed might 
pass I b I Y be reduced, because the temperatures are low dur I ng th I s phase. The 
turbine efficiency, however, tends to decrease at lower speeds. In addition, 
the lower speeds may result In mismatched conditions between the turbine and 
compressor, preventing a smooth startup. 

Different strategies might also employed for the TSO. For example, once 
the TSD were fully charged (PCM completely melted), the flow could bypass the 
TSO during high solar insolation periods. This would save pressure drop and 
Increase cycle efficiency. Some flow would stl I I be required, however, tc 
overcome thermal losses to the environment. 
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A quite different flow scheme was considered and some sample runs made. 
The approach used low-level Insolation Cless than 450 w/sq m) dt the beginning 
of the day to partially heat the TSO. Because It Is not desirable to exces­
sively motor the engine, an auxiliary flow loop was employed, using a separate 
compressor or fan to flow air through the receiver and TSO without running the 
engine. It appears that this approach has the potential to decrease the num­
ber of engine shutdowns whl Ie Increasing the nst energy produced. Also the 
engine startup power required Is substantially reduced. However, In addition 
to the extra compress?r, a number of three-way valves, Including at least one 
expensive 1500°F valve, would be required. In addition, the energy required 
to operate the auxiliary compressor would have to be stored, requiring a large 
increase in storage battary capacity. It Is felt that despite the potential 
advantages, the Increased complexity and cost of this approach renders It 
impractical. 

Electrical Energy Storage 

To start the Brayton engine and motor It untl I a self-sustaining fluid 
temperature is attained, energy must be suppl led to the generator (acting as 
an alternator) from an auxi Ilary source. A rea~onable source of this energy 
might be automotive type batteries. These batteries are typically rated at 
a maximum output of 200 amp at 12 v. This yields ~ maximum power of about 
2.4 kw. The total usable storage capacity Is 0.5 to 1.0 kwhr. 

The engine requires a power of about 25 kw to motor at 53,000 rpm. The 
energy required to mo+or until self-sustaining conditions are reached Is about 
2 kwhr. ThUS, the power requirement is more severe than the energy require­
ment, and 10 to 15 batteries would be necessary. The starting power might 
be reduced by motoring initially at a lower speed whl Ie the fluid heats up. 

The startup energy required for a given day is charged to that day's out­
put at an in-to-out efficiency of 50 percent. In other words, If 2 kwhr Is 
required for startup, 4 kwhr is char~ed against the output. The overai I 50-
percent efficiency includes all losses (charging, discharglnq, rectlfyl,~g, 
etc.). 
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SECTION 4 

BRAYTON ENGINE PERFORMANCE 

In accordance with the conditions discussed in Section 3, simulated years 
were run for various thermal storage materials, weights, and control tempera­
tures (TC). Because of budget I Imitations, it was possible to run only six 
simulated years. Two PCM's were studied, sodium chloride eNaCl) and lithium 
carbonate (Li2C03). The thermophysical properties assumed for the two salts 
are listed in Table 4-1. 

TABLE 4-1 

THERMOPHYSICAL PROPERTIES OF NaCI AND Li2C03 AT MELTING P01NT 

Parameter NaCI 

Melting point, of 1472 1333 

Latent heat of fusion, Btu/lb 206 261 

Sol id heat capacity, Btu/lb-°F 0.260 0.630 

Liquid heat capacity, Btu/lb-oF 0.274 0.600 

Solid density, Ib/cu ft 121.7 122 

Liquid density, Ib/cu ft 97.3 114 

Sol id thermal conductivity, Btu/hr-ft-OF 0.97 0.87 

Liquid thermal conductivity, Btu/hr-ft-OF 0.58 1.16 

Viscosity, Ib/ft-hr 3.9 11 .7 

Coefficient of volumetric expansion, °F-l 1.94 x 10-4 1.13 x 10-4 

A summary of the results is given in Table 4-2. In the table the net 
energy is the yearly energy output minus twice the yearly energy input (~s dis­
cussed in Section 3). With the tube size and spacing constant, as discussed 
in Appendix A, the thermal storage device heat transfer area is proportional to 
the PCM weight. The heat exchangers are essentially identical for equal weights 
of NaCI and Li2C03, a result of the simi larity in sol id density of the two sub­
stJnces. 

The day-by-day results of the computer runs from which the simulated years 
were derivod are given in Tables 4-3 through 4-8. As an example of the arith­
matic used to establ ish the performance for the simulated year, consider the 
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PCM 
Weight, 

PCM Ib 

.. - a 

NaCI 100 

NaCI 200 

NaCI ! 400 

NaCI 200 

li ;2C03 I 200 

Representative 
Day 

Apr i I 20 

September 9 

March 2 

May 18 

August 23 

Apr j I 26 

June 3 

February 21 

Apr i I 7 

January 17 

TABLE 4-2 

SIMULATED-YEAR THERMAL STORAGE SUMMARY 

TSD He~t Control 
Transfer Temperllture, Number of 
Area, sq ft eF Shutdowns 

-- -- 1,810 

22.76 1,000 1,202 

45.53 1,000 1,084 

91.06 1,000 1,318 

45.53 1,300 1, 188 

45.53 1,000 1,276 

TABLE 4-3 

PERFffiMAI'CE WITHOUT THERMAL 5 TffiAGE 

Net Energy, 
kwhr 

44,676 

41,983 

40,723 

38,310 

41,276 

37,138 

Number of Energy Output, Energy Input, 
Shutdowns kwhr kwhr 

1 152.7 1 • 1 

2 150.9 1.9 

2 168.2 1.6 

3 136.1 1.9 

9 146.9 1.2 

3 146.3 1.8 

10 123.7 1.5 

10 129.6 1.9 

14 47.7 1.4 

9 36.3 0.8 

~I AIRES(AItCH MANUfACTUItI .... COMPANY 
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TABLE 4-4 

PERFORMANCE WITH 100 LB OF N~CI AT 1000·F CONTROL TEMPERATURE 

Represent~tl va Number of 
D~y Shutdowns 

Apr II 20 1 

September 9 1 

March 2 2 

May 18 1 

August 23 7 

Apr II 26 1 

June 3 4 

February 21 6 

Apr i I 7 1 ~ 

January 17 6 

~~ AIMSEAIICH MANUfACTUltlNG COM'ANY 

Energy Output, 
kwhr 

145.4 

144.5 

159.7 

127.3 

137.9 

137.8 

115. 1 

121.8 

40.8 

30.0 

Energy Input, 
kwhr 

1 • 1 

1.9 

1.6 

1.9 

1.2 

1.8 

1.5 

1.9 

1.4 

0.8 

81-18)87 
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TABLE 4-5 

PERFORMANCE WITH 200 LB OF NeCI AT 1000·F CONTROL TBMPERATlNE 

Represantatl va 
Day 

Apr II 20 

September 9 

March 2 

May 18 

August 23 

April 26 

June 3 

February 21 

Apr II 7 

January 17 

Number of Energy Output, 
Shutdowns kwhr 

1 141.7 

1 141.8 

2 156.0 

1 124.6 

8 135.2 

1 134.0 

4 111.8 

6 118.5 

8 36.8 

5 25.7 

Energy Input, 
kwhr 

1 • 1 

1.9 

1.6 

1. ? 

1.2 

1.8 

1.5 

1.9 

1.4 

0.8 

81-18087 
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TABLE 4-6 

PERFORMAt-CE WITH 400 LB OF ~CI AT lO00·F COr~TROL TEMPERATLRE 

Represent~t I ve Number of 
D~y Shutdowns 

P,pr II 20 1 

September 9 1 

March 2 2 

May 18 1 

P.ugust 23 8 

Apr i I 26 1 

June 3 8 

February 21 5 

Apr II 7 11 

.JanuClt y 17 9 

Energy Output, 
kwhr 

1.34.4 

134. 7 

148.8 

117. 7 

128.9 

126.7 

106.9 

113.2 

28.2 

20.5 

Energy Input, 
kwhr 

1 • 1 

1.9 

1.6 

1.9 

1.2 

1.8 

1 .5 

1.9 

1.4 

0.8 
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TABLE 4-7 

PERFORMA~E WITH 200 LB OF ~CI AT 1300·F CONTROL TEMPERATlJ(E 

Representlltl ... e Number of 
DlIY Shutdowns 

, Apr II 20 1 

September 9 1 

March 2 2 

May 18 1 

August 23 7 

Apr i I 26 1 

June 3 5 

February 21 

I 6 

Apr i! 7 10 

JanuC!lry 17 6 

~~~ AIIIUUIICH IIANUfACTUIIIHG COMf'ANY 

Energy Output, 
kwhr 

143.1 

143.3 

157.2 

126. 1 

135.9 

135.5 

113.0 

120.0 

39.0 

28.6 

Energy Input, 
kwhr 

1. 1 

1.9 

1.6 

1.9 

1.2 

1.8 

1 .5 

1.9 

1.4 

0.8 
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TABLE 4-8 

PERFORMANCE WITH 200 LB OF L1t:03 AT 1000°F CONTROL TEMPERATURE 

Representat I ve Number of 
Day Shutdowns 

Apr i I 20 1 

September 9 1 

March 2 2 

May 18 1 

August 23 8 

Apr i I 26 1 

June 3 8 

February 21 5 

Apr i I 7 9 

January 17 10 

Energy Output, 
kwhr 

131. 1 

130.3 

145.7 

112.8 

125.2 

123.3 

102.6 

108.9 

27.8 

17.3 

rt"> t. 

Energy Input, 
kwhr 

1 • 1 

1.9 

1.6 

1.9 

1.2 

1.8 

1.5 

1.9 

1.4 

0.8 
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data for performance without thermal storage listed In Table 4-3 and Its grouping 
distribution glve~ In Table 2-1. The total number of unnormallzed shutdowns for 
the year Is: lx119 + 2xl1 + 2x30 + 3x18 + 9x9 + 3x27 + 10xlS + 10x44 + 14x32 + 
9x24 + Oxll = 1701. This Is normalized to a complete year by: 1701x('65/343) = 
181J. The yearly energy output and Input are calculated in the same manner. 

All but one of the simulated years were for a TC of looo·r. As previously 
discussed, from a cold startup this temperature must be attained at the receIver 
outlet before any flow Is routed through the TSD (see Figure 3-1). Subse­
quently, the turbine Inlet temperature Is control led to this value untl I the 
TSO is heated sufficiently to allow the TIT to rise wlt-!"1 full flow passing 
through the TSO. Ttle 1000 OF TC is about as low as poss I b lew i thout caus I ng a 
shutdown when the TSO flow is first initiated (and the TIT drops considerably 
from the Te). The one run at a higher TC (1300°F) did not result in improved 
performance; the sl ightly increased energy output was more than offset by an 
additional 100 shutdowns. 

The simulated-yea~ results in Table 4-2 indicate that thermal storage can 
produce a significant decrease in the number of shutdowns as compared to a 
system wi th no therma I storage (a 40-percent decrease in the case of 200 I b of 
NaCI at TC = 1000°F). Whether this decrease, and the accompanying Increase In 
engine life, is sufficient to pay for the thermal ~+orage system wll I be dls­
cussej in Section 6. 

From the first four entries in Table 4-2, it can be seen that the number 
of shutdowns does not continue to decrease as the P~ weight increases. This 
is because of the sensible heat effects of the P~. The charging and discharg­
ing of the TSD involves a significant amount of sensible heating and cooling; 
indeed, the PCM is at ambient conditions at the start of a day, and the heat 
required to raise the temperature to the melting pelnt is considerably greater 
than t1e latent heat for either PCM. A large PCM weight wi I I not increase In 
temperature as rapidly as a smal I weight, given the same thermal Input. This 
could result in a lower turbine inlet temperature during a solar outage and 
cause an engine shutdown. Of course, too small a PCM weight limits the storage 
capacity and may decrease the length of time the engine can remain running 
with reduced insolation. 

A similar effect is noticeable when comparing equal weights of NaCI and 
Li2C03. Since the LI2C03 has a solid heat capacity roughly two and one-half 
times that of the NaCi, the Li2C03 wil I not heat up as rapidly. This results 
in an increase in the number of shutdowns. 

To further invest i gate -rh i s trend, 50- and 100-1 b Li2C03 therma I storages 
(TC = 1000°F) were run for the representative day of heavy clouds all day, 
Apri I 7. The results, along with the prevlous!y run conditions for Aprl I 7, 
are presented in Table 4-9. 
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TABLE 4-9 

THERMAL STORAGE SUMMARY FOR APRIL I, 1979 

P04 
Weight, Number of Net Energy, 

P04 Ib Shutdowns kwhr 

-- 0 14 44.9 

NaCI 100 11 39.0 

NaCI 200 8 34.0 

NaCI 400 11 25.4 

Li 2C03 50 9 37.3 

Li2C03 100 8 32.2 

Li2C03 200 9 25.0 

It can perhaps be generalized fran the results in Tables 4-9 and 4-2 th3t 
for given solar input conditions, any potential thermal storage PCM would have 
an optimum weight for minimizing the number of shutdowns: this interesting 
conclusion has not been apparent prior to the present work. Indeed, it was 
generally assumed that thermal storage performance improved as the PD~ w~igh+ 
was increased. 

On the other hand, the trend in net energy produced seems to be more 
straightforward: the energy decreases wi+h IncreaSing Po.1 weight. This Is 
because it is aSSumed that the TSD cools to ambient temperature before the 
start of each day. Since the TSD shutdown temperature Is about 800°F, a sub­
stantial amount of energy is lost each day, especially for a high heat capacity 
material such as Li2C03. The additional energy produced as a result of the 
reduction in number of shutdowns is small, not nearly enough to overcome 
the TSD environmental losses. 

In Appendix A, the plotting capabilities of the computer program are 
discussed. Figure 4-1 shows the insolation input for April 7,1979.' A very 
cloudy day is readily apparent. Two of the key outputs, turbine Inlet tem­
perature and TSD outlet temperature, are shown In Figures 4-2 through 4-5 for 
some of the conditions of Table 4_r 

From the 200-lb NaCI case as an example (Figure 4-3), the engine operating 
characteristics can be observed. It should ~e noted that durIng shutdown periods, 
the fluid temperatures are assumed to be constant. This reflects the assumptIon 
of negligible thermal losses. When the engine Is first turned on, all the 
flow bypasses the TSD. When the TIT reaches the TC (at about 8.5 hr), flow Is 
Initiated through the TSD. This causes an Immediate decrease In the TIT. It 
should be noted that there have already been two engine shutdowns to this point. 
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As the TSD heats up, the TIT Is control led at 1460 oR. After the TSD reaches 
the TC (at about 9.5 hr), the TIT Is allowed to Increase. At this point, and 
for the rest of the day, the receiver and TSD are completely In series, I.e., 
full flow passes through the TSD. For the remainder of the day, the TSD can 
be ohserved to be heated and cooled as the Insolation varies. Shutdown ~erlods 
are observable as periods of constant TIT and TSD outlet temperature. It Is 
significant to note that the TSD operates almost entirely In the sensible heat 
(solid ~) regime during the day. There were a total of 8 engine shutdowns 
with the thermal storage; without thermal storage there were 14 shutdowns. 

Comparison with the 200-lb LI2C03 case (Figure 4-6) clearly Indicates 
the more rapid heat-up of the NaCI. As previously discussed, this Is a result 
of the much lower heat capacity of NaCI. Heat-up time differences are also 
apparent for different weights of the same PCM. 

Plots were also made for a clear day, Aprl I 20. The Insolation Is shown 
in Figure 4-7, and the output temperatures are shown In Figures 4-8 and 4-9 for 
200 Ib of NaCI and 200 Ib of LI2C03. For the clear day, the TSD operates prl­
marl'y In the latent heat (two-phase PCM) regime. 
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SECTION 5 

THERMAL STORAGE DEVICE CO~EPTIJAL DESIGN 

Although a thorough cOhceptual design study for the TSD Is beyond the scope 
of the pres~nt effort, one conceptual design was prepared to elucidate the size 
and packaging requlrement~ as well as to serve as a baseline for future cost 
estim~tlon. The design Is based on 200 Ib Of NeCl as the PCM; a TSD of this 
~~ze yielded the minimum number of shutdowns (see Table 4-7). 

The conceptual design is that of a shel I and tube heat exchanger with two 
tube-side passes. The two-pass design is wei I suited to the orientation varia­
tions that would be encountered by a T50 mounted in the en~~ine plane. With b 

single-pass design, if the tubes are in a near-horizontal orientation, some of 
the tubes may not be surrounded by peM when the PCM is I n the so I! d phase. Th Is 
Is because of the difference in density of the I iQuld and solid phases of the 
PeM (abo~t 25 percent). Volume must be avai lable to handle th~ entire peM weight 
at Its highest I iQuid temp~rature (1500-F). Thus, in the sol id phase, substan­
tial tube surface might not be covered with peM. This could result in complete 
bypassing of some of th~ cycle air, resulting in a loss of heat exchanger effec­
tiveness because there would be no heat transfer to these tubes. The two-pass 
des i gn ensures ttll!lt comp I ete bypass i ng cannot occur regard I ess of heat exch!!lnger 
orienYation; all the tubes In one of the passes would always be covered. 

The conceptual design is shown In Figure 5-1. The tubes are brazed to the 
header plates to form a leak-tight and structurally sound unit. A flow divi­
der Is Instal led In the manifold to separate the Inlet and outlet flow streams. 
A flow turning pan is provided at the opposite end to turn the flow for the 
second pass through the tubes. The device would be surrounded by 4 to 5 I~. of 
high-temperature Insulation. 

The unit is sized to yield sufflclent heat transfer area when the PCM Is 
solid. Additional volume Is available for PCM expansion during melting. Thus, 
about 25 percent of the tube surface area ~ay be uncovered when the PCM is sol id. 

To maintain the TSO pressure drop at 2 percent of the inlet pressure at 
the design flow (0.6 Ib/seC>, it was necessary to use a mlnlmum·;.)e diameter 
of 0.375 in. The 0.25- in. tube d it-meter used for the computer runs L~e Append h. 
A) results in a pancake shape for the two-pass configuration. The tube spacing 
was selected to maintain the value of the resistive path length used In the 
computer runs (0.375 in.). The resulting design does not, however, exactly 
match +he cycle fluid thermal conductance used previously. ThUS, more precise 
performance prediction ~waits using the appropriate parameters of the con:eptual 
design in the computer runs. 

As shown in Figure 5-1, the overal I length Is about 23 In. (including 
manifold and pan) and the diameter is 20 in. There are 268 tubes. Tte tubes 
and shel I are expected to be made of type 321 SSe Th~s matsrlal h~s performed 
we~ I in compatlbl I ity tests conducted by JPL with molten NaGl. Th~ tube weight 
Is about 30 lb. The shel I (Including ends) weighs 40 to 50 Ib, depending on 
the wal I thickness used. The PCM weight Is about ~2C Ib, In'luGing about 10 
percent excess. 
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Figure 5-1. Conceptual Design of Thermal Storage Device (TSD) 
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SECTION 6 

ECONOMIC ANALYSIS 

Incorporation of buffer thermal storage in the solar Brayton engine has 
been shown to decrease the number of engine shutdowns and, hence, Increase 
engine I ife. This addltonal engine life Is, of cOl!rse, offset by the Increased 
initial cost attributable to the TSD and associated hardware. The economic 
analysis presents a tradeoff of these costs and savings In an effort to deter­
mine the economic viability of thermal storage. 

In general, achieved engin~ I lfe is a function of the number of start-stop 
cycles and the total number of operating hours. This makes it especially dif­
ficult to predict engine I ife for new appl ications, given the scant data avail­
able for engines of this type. It has thus been decided to treat engine life 
parametrically, rather than make a prediction, in this economic study. To 
simpl ify the investigation, engine I ife has been assumed to be relatively 
insensitive to operating hours; it wil I be treated only as function of the 
number of start-stop cycles. 

Engine cost, on the other hand, has been investigated for this appl icatlon. 
By scal ing cost information for a 10-kw(e) subatmospheric engine, Fortgang 
and Mayers of JPL have determined required sel ling prices for a 20-kw(e) so!ar 
Brayton engine for various annual production volumes.* This is essentially 
equ I va I ent to the Mod "0" eng i ne used for the present study. Fortgang and Mayers 
determined a sel I ing price of $5328 for the engine at a production rate of 1000 
units per year (the lowest production rate studied). This value is used In the 
present study. It is assumed that the entire engine replacement cost of $5328 
must be met at engine failure. In actual ity, some engine repa!r may be possi­
ble for certain types of failures; this uncertain situation Is not considered. 

The I ife of the TSD is not I ikely to be cycle-dependent. The large ther­
mal inertia of the device results In only moderate transient effects. Long­
term creep and Interaction with the molten PCM wi II make the TSO life largely 
a function of service life. The TSO replacement cost, which is treated para­
metrically, Is assumed to be c~pletely met at TSO failure. 

In addition to the TSO itself, other costs are associated with the thermal 
storage system. The major Item is the high-temperature three-way valve, but 
there are additional piping, control, and support costs. These are approxi­
mated by a fixed cost of $10,000. This is a one-time Investment and does not 
have to be repeated over the 30-yr design life of the power plant. 

There Is also an energy production penalty associated with using thermal 
storage (see Table 4-2). This wll I be assigned a va~ue of 80 ml Iis/kwhr. 

*H.R. Fortgang and H.F. Mayers, "Cost and Price Estimate of Brayton and Stirling 
Engines In Selected Production Volumes," JPL Publ icatlon 80-42 May 1980. 
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The results of the parametric calculations ar~ presented in Figure 6-1, 
which shows the break-even TSO cost as a function of TSD and engine I ife. The 
calculations were performed in such a manner that they could be readi Iy r9peated 
using other cost assumptions and information. The TSD with 200 Ib of NaCI was 
used in the calculations. From Table 4-2 it can be seen that the number of 
yearly cycles for the engine is 1034 with thermal storage and 1810 without 
thermal storage. Since the engine cost is $5328, the cost per year is given by: 

S5328/(N/l084) with thermal storage 

and 

$S328/(N/1810) without thermal storage 

where N is the cycle I ife of the engine 

The energy differential is 44676 - 40723 ~ 3953 kwhr, equivalent to S316.24/yr 
if the cost is 80 mil Is/kwhr. The fixed cost per year for TES is 10,000/30 = 
$333 .33/yr • 

The savings per year afforded by the thermal storage is given by: 

5328/(N/1810) - 5328/(N/l084) - 316.24 - 333.33 

The break-even TSD cost is the S?,II i ngs per year mu It i p lied by the life of 
the TSD. 

Examination of Figure 6-1 indicates that the economic viabi lity of buffer 
TES is largely a function of achievable engine I ife. At low predicted life, 
TES is economically attractive; at greater engine life, TES is less attractive. 
Indeed, if the engine life is greater than about 6000 cycles, the TSD is not 
profitable at any cost, because the engine cost savings are balanced by the 
fixed cost and energy differential. 

It should be pointed out that certain costs associated with replacing an 
engine have not been considered. These include The labor costs and the value 
of the energy lost during power plant downtime. Inclusion ot these costs would 
tend to improve the economic position of TES. The same general conclusion 
sti I I applies however--attainment of high engine reliabi Ities precludes the 
advantage of buffer thermal energy storge. For less reliable engines, thermal 
storage may ~ a cost-saving approach. 
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r" SECTION 7 

CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The fol lowing itemized remarks summarize the results and conclusions of 
the study: 

(a) A comple"te transient/steady-si"ate Brayton-cycle performance computer 
program was written. The program models the recuperator, receiver, 
and TSD as finite-element thermal masses; actual operating or pre­
dicted performance data are used for al I components, including the 
rotating equipment. 

(b) Thermal storage can afford a significant decrease in the number of 
enginu shutdowns as compared to operating without thermal storage. 
This results in an increase in engine life. 

(c) The number of shutdowns does not continuously decrease as the PCM 
weight increases. In fact, for a given storage material, there 
appears to be an optimum weight for minimizing the number of shut­
downs. 

(d) An economic parametric study indicat~d thai" the economic viability of 
buffer TES is largely a function of achievable engine I ife. At low 
predicted I ife, thermal storage is economical Iy attracti~ej for highly 
reliable, long-lived engines, thermal storage is not economical. 

RECOMMENDATIONS 

The following suggestions for future work are offe:"ed: 

(a) Since the computer program is fully operational, additional thermal 
storage conditions and/or simulated years could be run to further 
investigate trends and optimize the storage material and capacity. 

(b) Further investigation of the viabi I ity of the selected engine control 
scheme and a consideration of other control schemes should be under­
taken. 

(c) Development of cost models for the engine, TSD, and high-temperature 
valve based on simi lar assumptions is necessary for further economic 
analysis. 

(d) Accurate engine I ite-cycle prediction, along with an accurate estimate 
of TSD life, is also necessary for improvec economic analysis. 
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APPENDIX A 

SOLAR BRAYTON COMPUTER PROGRAM 

GENERAL METHOD OF SOLUTION 

A transient calculation Implies the Investigation of the time dependence 
of the variables that describe the state of the system. Two types of variables 
can be dlstlnguis~ej: those with a long (compared to some arbitrary standard) 
time-constant and those with a short time-constant. Choice of the standard 
wi I I depend on the specific performance question being asked. This distinction 
Is important because It affects how the variables are treated In the model. 
The variables with a long time-constant are treated In a true transient fash­
ion; the others are treated at any given time as being In equilibrium with 
the prevai ling values of the transient varl:tbles and the boundary conditions 
(which also may be time-dependent). 

For example, a sudden change in the control led turbomachlnery speed would 
result In almost simultaneous changes In the flows and pressures around the cir­
cuit. But, because of the thermal inertia of the recuperator, Its internal metal 
temperatures would not immediately show a large change. The temperatures of 
massive sol id elements, therefore, are treated In a proper tr-anslent fashion 
using transient equations to calculate the temperature Changes during each time 
step due to the temperature gradients around and the conductive, convective, 
and/or radiative couplings to each massive node. The temperature changes are 
proportional to the time step. Furthermore, the assumption Is made that the 
time step has been chosen sma I I enough that the gradients and couplings remain 
unchanged over the Interval. On the other hand, the flows and pressures (and 
the turbomachlnery speed when this Is not control led to a given value) are found 
from steady-st:tte relations. This usually Involves a set of nonlinear simul­
taneous equations, the solution of which determines the flows, temperatures, 
etc., that would be in equi librlum with the boundary conditions and the current 
temperatures of al I the massive elements at some Instant of time. Because the 
working fluid capacity rates (mass flow multiplied by specific heat) are smal I, 
the fluid temperatures are also found from steady-state rela+ionshlps. 

The transient calculation proceeds, then, with the performance of two cal­
culations at each time step. These are: 

(a) From the prevai ling boundary conditions and solid temperatures 
(either as Input for the first time step or as previously calculated 
for subsequent steps), the system equations are solved for flows, 
pressures, rotating speed, and fluid temperatures. 

(b) The transient calculation Is performed to find the new solid tempera­
tures, using the flows and fluid temperatures Just determined. 

The system equations In the first calculation are expressions of pressure 
equalities, energy balances, tempArature Identities, etc., that must be satis­
fied. They are solved using an N-dimensional Newton technique. This Is an 
Iterative method that Involves a series of successive linearizations. The gen­
eral developmen1 and solutIon of these equations Is discussed below, fol lowed by 
a description of the methods used In the second calculation to find the tran­
sient solid node tempe.ratllres for each massive component In the system. 
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'l~fG'Nf.~ r~.~,. :;.; 
'\ POOR C"?U~J} ':', 

Figure A-I shows the system modeled by SOLARBRAYTON with the station and 
flow numbering indicated. At any time there wil I be known values of all the 
boundary conditions and the slowly responding temperatures of the solid elements 
of the massive canpon8ilrs (recuperator, receiver, and thermal storege device). 
The values of the quickly responding vbrlables (pressures, flows, fluid tem­
peratures, etc.) that at that time are in equilibrium with these boundary condi­
tions and sol id temperatures are found by solving a set of system equations 
as described below. 

Let ix(j)} represent the set of N independent variables (yet to be specl­
f i ed) and let f ( i) ( { x (j) I ) = 0 be one of the N equat Ions (genera I I Y non­
linear) that the system of Figure A-I must satisfy. Three types of f(i) appear 
in SOLARBRAYTON. The first type results from the physics of the Situation, 
an example being the pressure closure condition 

f ( 1 ) ( t x( j) I ) = ~6 Pk = 0 
over a II 
components in loop 

( 1 ) 

where6Pk is the pressure rise or drop in the kth component. A second type 
of f(l) results from specific system performance requirements. For example, 
demanding a specific turbine inlet temperature (T8) is stated mathematically as 

f (2) ( ~ x( j ) I) = T8 - TR = 0 (2 ) 

where TR is the desired temperature. 

The third type of f(i), introduced as a mathematical con~enience, is 
discus5ed shortly. First, It Is.necessary to discuss the t x(J)I. The choice 
of the N variables to be the f x(J) I is influenced by the specific performance 
question being answered, but it is not always unique. Convenience and pro­
grammer preferences playa role. If f(l) and f(2), above, were appl led to 
the system of Figure A-I, a convenient choice would be the total flow, W(I), 
and the turbomachlnery speed, Nt. The problem reduces to finding values of 
Nt and W(I) so that, starting at the compressor inlet and calculating the 
pressure drops and temperatures around the circuit, T8 is the required value 
and the sum of thy 6P's is indeed zero. From ~n !nit!al estiMate of the system 
variables, {Xl(J)t, which generally lead to f( ')({xl(J)I) , 0, better es~imates 
are developed until on the nth Iteration the equations satisfy f(I)(ixn(J)})< e 
where e is some convergence criterion. 

There are many other variables in the system besides W(I) and Nt: tempera­
tures, pressures, and pressure ratios, for example. But these can all be 
straightforwardly evaluated once iterative values of W(l) and Nt are provided. 
Thus, these other variables can be mathematically el iminated to reduce the 
problem to one of only a few equations in a few unknowr.s from one of many equa­
tions in many unknowns. 

A third type of f(l) can result from various mathematical procedures. For 
example, component performance information may specify via equations, tables, 
or maps some quantity y=y(z), where y ~ay be either one of the tx(J) Jor one of 
the other variables known once the t x(J) l are specified. The evaluation of z 
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from y and y=y(z) may lead to computational difficulties for a number of reasons. 
Ambiguity may result if y=y(z) is not a monotonic function of z. Or, if y is 
bounded, a problem wi II result if an iterative value of y exceeds, even by the 
slightest amount~ t~e range of y. The problem Is readi Iy solved, however, by 
adding z to the lx(J)l. When the circuit calculation arrives at the component 
in question with the iterativ~ value Yn' instead of finding z(Yn)' the itera­
tive value zn (one of the ~x(J)~) is used to continue around the circuit. In 
addition, y(zn) is calculated and 

to) = Yn - y(zn) = 0 (3) 

is added to the set of system equations that must be solved to determine the 
{x(j)l. This technique is used by SOLARBRAYTON to avoid some reading diffi­
culties with the turbomachinery performance maps. 

Solution of System Equations 

Sets of simultaneous, nonl inear equations can be solved efficiently by the 
method of Newton (also cal led the Newton-Raphson method). This is an iterative 
technique t~at involves a series of successive linearizations. Consider, for 
simpl icity, one nonl inear equation in one ~nknown, 

f(x) :: 0 (4 ) 

If xn is the nth trial solution, then the closure error is defined by 

(5 ) 

and the problem reduces to finding xn so that e(xn) is less than some given 
convergence limit. To find an iteration formula for xn+l in terms of xn' a 
Taylor expansion of e(x n) about xn is made, keeping only the I inear terms. 
This gives 

(6) 

Setting e(x n+l) to the desi~ed value of zero and solving for xn+l gives the 
Newton-method iteration formula: 

(7) 

Replacing the inversA deri~ative factor by a constant (usually less than or 
equal to 1) results in the simpler but less rapidly converging iteration 
formula of the method of successive substitutions. An intermediate approach 
is to use the iteration formula defined by 

(8) 
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where xl is the initial estimate of x. The use of Equation (8) instead of the 
Newton formula given by Equation (7) would result in more steps to reach con­
vergence, but each step after the first would involve fewer computations. 

The AiResearch method of solving nonlinear equations involves the use of 
both of the iteration formulae of Equations (7) and (8). Rather than eval­
uate new derivatives at each iteration, the old derivatives are used as long 
as they give satisfactory reductions of 1~e closure errors. When the rate of 
convergence is not satisfactory, then new derivatives are evaluated to speed 
the convergence. 

The extension of Equation (7) to d set of N equations in N unknowns, each 
of the form 

(9 ) 

is a straightforward extension of the method outl ined above and is discussed in 
num~rical an?'ysis texts and references.* If Xn is the vector whose components 
xn(j) are He nth iterative values of the il')dividual. independent variables, 
and if En :~. the vector whose components e(I)( t xn(j)f) are the individual 
closure errors each of which is a function of the nth iterative values of the 
entire set of independent variables, then the multidimensional generalization 
of Equation (7) is simply 

( 10) 

-1 
where Jn is the inverse of the NxN jacobian m~trix with elements 

J (i,;) = fle( i ) 
n " 8x(j) 

( 11 ) 

Clearly, Equation (10) reduces to Equation (7) for N = 1. 

A simi lar multidimensional general ization can be written for Equation (8). 
The evaluation of the derivatives (usually by numerical ~ethods) and the invert­
ing at the matrix can involve considerable amounts of computation time. There­
fore, the progr~m that implements the solution of the set of simultaneous non-
I inear equati~n5 ~ust be judicious in choosiny when to evaluate a new Jacobian 
mdtrix and to find its inverse and when to continue to use the one frOM a pre­
vious iteration. 

*For example: E. K. Blum, Numerical Analysis and Computation: Theory and 
Practice, Addison-Wesley, 1972; A. S. Householder, ~rinciples of Numerical 
Analysis, McGraw-Hi I I, 1953. 

81-18087 
Page A-5 



r. 

I 

When the relationships given by Equation (9) represent relations among 
physical quantities as they do In this study, it is usually best to write 
them in a nondimensional form. Thi~ allows ~ magnitude of the closure error 
vector to be evaluated by taking the square root of the sum of the squares of 
the individual, nondimensional, closure errors. It is this magnitude that is 
usually tested against a specified convergence criterion. 

re~peratures of Solid Elements 

The sol id mass of the solar Brayton system is mostly concentrated in the 
heat transfer equipment--the recuperator, the receiver, and the thermal storage 
device. These items therefore are analyzed by finite element models to properly 
evaluate the effects of their finite thermal capacity on system performance. 

The I-ecuperator finite-element model is illustrated in Figure A-2. In this 
mocel the multipassage n~ture of the recuperator is represented by a single 
passage for each stream, separated by the tot a I mass of the heat e)(changer. 
The so lid cor'~ and the two flu i d passages are d i v i ded into N elements (or 
nodes) in the longitudinal (i.e •• flow) direction; the transverse direction is 
divided int~ only three elements, one sol id and two fluid. At any instant of 
time, each solid element is characterized by one temperature, considered to be 
uniform over the element. For each fluid element in contact with a solid node, 
temDerdture varies exponentially from inlet to outlet. This steady-state tem­
perature distribution for a fluid flowing past a uniform temperature so: id is 
derived ir standard heat transfer texts. Thus, for the fluid passages there are 
N + 1 nodal tel':'lperatures associated with ttle N fluid eleMents, as shown in 
Figure A-2. 

For the ith sol id node in the heat exchan9~r, the thermodynamic problem is 
to find the temperature at the node at a time t' = t + 6t, given the physical 
and geometrical properties of the element, the temperature, Ti(S), of the elemen~ 
and ttle temf)eratures, Tj , of all the nearest-neighbor solid and fluid nodes, all 
at time t. That is, calculate 

Ti(S)(t') = f( ~ T/t) l; physical, geometrical properties; 6t) (12) 

It should be noted that the right-hand side of Equation (12) is written entirely 
in terms of quantities known at the tine t. The computation is therefore quite 
strdi~htforward and ~uch ot the programming effort reduces to careful bookkeeping 
to step ttlrough all the sol id nodes at the system. 

An expl icit expre5si~n for Equation (12) can be obtained by calculating 
the temperature change in the ith sol id eloment during the time interval 4t due 
to al I the surrounding temperdture gradients.* The average temperature dif­
ference from a fluid passage to a solid element is given by the log mean temp­
perature difference due to the exponential temperature profi Ie of the fluid. 
Ttlis leads to the following expression for Ti(S)(t ' ): 

*For example: G.M. DU5inberre, Heat Transfer by Finite Differences, 
International Textbook Co., 1961. 
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Ttwrmdl capacity of the ith element (mass of elemont times specific 
hect ) 

c:; conductive coupling strength (thermal conductivity times cross sec­
tional arc" divided by average separdtion) connecting the i- and jth 
sol i d nodes 

CGnvective coupling strength or thermal conductance (heat transfor 
coefficient times heat transfer area times overal I fin efficiency) 
connecting Hie ith sol id element with the kth nearest-neighbor fluid 
element (k is 1 for the hot fluid and 2 for the cold fluid) 
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The log mean temperature difference Is doflned as: 

( 14) 

T(f) - T(s) 
i+l,k i 

The subscr I pts I n the above def I" It ions assume that the f I ul d temper8tures 
are numbered relative to the solid node temperature as indicated in Figure A-2. 
The superscripts represent either fluid (f) or solid (s) temperatures. 

Because Equation (13) uses temperature differences throughout the interval 
~t ~v3luated at the beginning of the interval, its accuracy depends on the size 
of ~t. The maximum al lo~ed value of 6t is inversely related to the response rate 
of the elemer,t to the surrounding temperature gradients. Intuitively, this is 
proportio:.al to the Kij and Hjk and inversely proportional to Cio By replacing 
~lU.1 with :ts geometric average, Equation (13) can be cast into a form (see 
Ousinberre, loc. cit.) that clearly shows th,t ~t must be constrained by the 
relation 

c· I 
~t<----­

~;K i j + ~ Hi k 
( 15) 

The model for the receiver Is similar to that of the recuperator, but 
there are two major differences. First of all, there Is only one fluid passage, 
so that the sums over k In Equations (13) i'!Ind (15) disappear. Secondly, the 
solar heat input that is carried away by the cooling fluid is introduced directly 
to the sol id nodes. Mathematically, this is acc~pl I shed by adding a term QI 
inside the curly bracket in Equation (13), where2:ql equals the net absorbed 
solar flux. Future solid temperatures tor these components are th9n given by: 

(5) 
T i (t' ) 

(s) ,"\: r (s) (s)] 
=Ti (t)+~t'LKi' TJ' (t)-Ti (t) + 

Ci l j J l 

H I 61 LM I + q I I 
, J 

( 16) 

The thermal storage device can be considered to b~ a heat exchanger with 
a ~Ingle fluid (air) In contact with the massive PCM (which is modeled to 
i.le I udc the heat exchanger wa II s) 0 As ~tlch, the TSD can be model ed I n a manner 
simlldr to that of the receiver. Depending on the nature of the TSD design, 
the elemonts can represent sections of a heat eXChanger or discret.e modules 
making up the overai I unit. 
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The major difference between the receiver and TSD models Is In the thermal 
resistar.ce of the massive elements. The massive elements for the receiver 
represent the cavity wal Is. The resistance to heat transfer of these wal Is Is 
quite low and can be safely neglected. Thus, only the fluid thermal conductance 
(reciprocal of resistance) need be considered in specifying the overal I thermal 
resistance. This is not the case for the TSD, however. The massive PCM can 
represent a significant resistance to heat transfer and must be considered alonq 
with the fluid thermal conductance (convective coupling strength). 

The PCM can be completely solid, completely liquid, or In the two-phase 
regime in the melting or freezing mode. The resistance calculation is different 
tor each of these conditions. It should be noted that each PCM element is con­
sidered a separ3te entity; i.e., each has its own temperature and phase boundary 
location. To account for the most general TSD design, longitudinal conduction 
betw~en adjacent peM elements is not included. 

For the case of the PCM either completely solid or In the two-phase reqime 
in the freezing mode (solid PC~ in contact with the cycle fluid), the resistance, 
R, is given by the usual expression 

~ =- ( 11) 
kA 

where = the resistive path length 

k = the PCM sol id thennd I conductivity 

A the n'lean heat transfer area 

rbwever, if PC'''' I iquid is in contact with the cycle fluid (either PI)v1 com­
pletely melted or two-phase in the melting mode), heat can also be transferred 
through tile PCM I ayer by natura I convect i on. The comb i ned conduct I ve-convect i ve 
resistance is taken as 

R = ( 18 ) 
hA + kMI 

where h is the natural convection heat transfer coefficient, which is calc'Jlaterl 
from the relationships given In ~cAdams* using the actual temper~ture differences. 

The resistive path length, I, varies with the different PCM conditions. ~on­
sidering the tlcJid and PCM elements shown in Figure A-3, It can be seen that the 
resistive path through the p~ extends from the fluid Interrace to the P~ ele­
ment bou,dary when the PCM is in a slngie phase (solid or liquid). However, if 
the PCM is in the two-phase regime, the resistive path lenqth extends only to 
the two-phase boundary. The heat transfer area, A, is a computer program Input, 
assumed to be constant in a given run. 

*w. H. McAdams, Heat Transmission, 3rd ed., McGraw-HI I I Book Co., ~ew York, 
1954, p. 112. 
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Using the reslst~nces determined from Equations (17) and (18), the future 
solid temper~tures are calculated when the rOM Is In The slngle-ph~se regime 
by 

( 19) 

where Z is the overall coupling strength (or thermal conductance) given by: 

Z = * + R 
(20) 

Because longitudinal conduction Is not considered. there Is no conductive 
coupling strength term (Klj). There Is no ql term because the solar Input Is 
con f I ned to the rece I ver. 

If the PCM is in the two-phase regime, the massive element temperature 
does not change over the time int£rval. What does change Is the location of 
the phase boundary (or fraction liquid). The fraction liquid, M, Is given by 

(21) 

where L Is the fusion capacity of the PCM (latent heat of fusion times mass of 
el ament). 

PCM 
ELEMENT 

FLUID 
ELEMENT 

•. SINGLE-PHASE REGION 

T 
1 

1-
PHASE 
BOUNDARy ............... ..--___ ~ 

b. TWO-PHASE REGION 

FigL·re A-3. ResIstive P~th Length 
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[ Temperatures of Fluids in Contact with Solids 

The working fluid In contact with any of the heat transfer devices Is 
treated as being In equilibrium with the local solid temperature. The problem 
Is to find the steady-state outlet temperature for each fluid element, given 
the Inlet temPerature, the solid temperature, and the flow rate. 

For each fluid element in a heat transfer device, an equation similar In 
scope and derivation to Equation (13) can be written. If I Is the fluid Inlet 
Index and j Is the outlet Index, and contact with only one solid node Is assumed, 
then 

( f) 
Tj (t') 

(f) At [ (f) (f) ] 
= Tj (t) + C -HAlLM + VeTi - Tj ) (22) 

where C is the fluid element thermal capacity, H is the fluid element convec­
tive coupl ing strength, and V is the fluid element capacity rate. The steady­
state equation is obta ined by setting T/ f) (t') = T/ f) (t) In Equatioll (22) 

and solving the resulting expression for Tj(f). The result is 

(f) (f) 
Tj (steady state) = T(s) + (Ti - T(s»e-H/V (23) 

Additional Aspects 0t the ~alcul~tions 

The calculation around the circuit of the fluid temperatures and pressures 
is a major part of the evaluation of system equation closure errors. In the 
model , all temperature and pressure changes take pi ace in the three heat transfer 
devices and the two pieces of rotating equipment. The ducts were not modeled 
and their outlet con~itions are set equal to their inlet values. For the heat 
transfer devices, the fluid temperatures are calculated through the components 
on a node-by-node basiS, using the equations previously discussed. For economy 
of calculation, the heat transfer component pressure drops were found simply 
from the inlet pressure and a given al lowed fractional pressure drop. 

Compressor hydrodynamic and thermodynamic performance is customarily sum­
marized by curves of constant corrected speed, Nc , and curves of constant 
adiabatic efficiency, n, plotted on a plane with pressure ratio, Pr, on the 
vert i ca I and corr-ected f I ow, Wc , on the hor I zonta I ax is. The corrected f I ow 
and speed are related to the actual flow, W, and speed, Nt, by the relations 

Nc = Nt I J TIT s 

where T and P are the inlet temperature and pressure, respectively. 
script s refers to standard conditions (70°F and 1 atm). 

~I AIRESEARCH MANUFACTURING COMPANY 
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(25) 
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Map reading is complicated by the fact that the speed lines tend to drop 
off sharplv and the efficiency contours form closed loops. The situation is 
greatly improved by presenting the performance information in a different 
manner. The maps are transformed by first constructing a set of lines that 
cut across the speed lines. These are labeled by values of a map parameter, 
X. It is convenient to let the surge line be the X=O I ine; negative X values 
then provide an indication that the compressor is in surge. Each speed line 
can then be converted into two curves, one of Wc vs X and one of Pr vs X. 
These curves represent well-behaved, single-valued functions of X that span 
the whole X range chosen. Knowledge of Wc and Nc thus determines X, which is 
then used to determine Pro Also, from the intersection of the efficiency lines 
with the speed lines, n vs Wc c~rves result that then can be converted into 
n vs X curves, using the previously determined Wc vs X relation. These curves 
are used to find the temperature rise across the compressor. The n vs X curves 
are easier to use than the n vs Wc curves because the former consist of a set of 
essentially superimposed curves, each extending across the whole range of X, 
whi Ie the latter curves each cover a different, limited range of Wc. 

The turbine performance is given by curves of Wc vs Pr for different cor­
rected speeds. These I ines also drop sharply. Again, by constructing map 
parameter lines that cut across the speed curves, two sets of weI I-behaved 
curves (Wc vs X and Pr vs X) can be produced. The speed and flow then deter­
mine X, which, in turn, gives Pro The efficiency can then be determined from 
a map co~sisting of curves of n vs Nc for different Pr values. 

The outlet temperature of the compressor and turbine is calculated from 
the usual expression for adiabatic compression and expansion given below. 

Compression: (26 ) 

Expansion: = T· r 1 - n (1 - 1 /p 9) ) In r (27) 

where 

9 = (Y - 1 )/y 

Y = ratio of specific heat at constant pressure to specific heat at con­
stant volume 

In these expressions, the pressure ratio, Pr' is the ratio of the outlet-to-inlet 
pressure ,or the compressor and the inlet-to-outlet pressure for the turbine. 

The electrical output of the engine 
net enthalpy change in going through the 
mechanical and electrical inefficiencies 
are accounted for by constant efficiency 

ffiI AIRESEARCH MANUFACTURING COMPANY 

is calculated from the working fluid 
turbine and compressor. Losses due to 
in the bearings, gears, and generator 
factors. 
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COMPUTER IMPLEMENTATION 

Program Structure 

The program that Implements the mathematical solution to the transient 
problem reviewed above Is cal led SOLARBRAYTON. It Is composed of a main program 
plus a number of subroutines. The general structure of the program showing the 
relationships between the subroutines Is Indicated In Figure A-4; Figure A-5 
shows the specific component subroutine relationships. The function of each 
subroutine is discussed In Table A-I. 

In Figure A-4, the dashed lines from 5 (start) to F (finish) show the over­
all order of the subroutine cal Is. The acutal transient Is performed by TI~ES 
through repetitive cal Is to TRANS (for transient calculations on massive ele­
ments) and NEWTON (for solution to the system equations). SYSTE~ defines to 
NEWTON the system equations that are unique to this particular system. ~oth 

TRANS and SYSTEM do the bulk of their actual calculations via calls to a number 
of specific component subroutines. This modular construction of the program 
makes it easier to produce error-free code, facilitates program maintenance, 
and allows modifications to be made quickly and reliably. 

Figures A-6 and A-7 are flowcharts of MAIN and TI~ES, respectively, 
showing further detai Is of the avera I I program logic. 

Input Reguirements 

Three types of input are required by SOLARBRAYTON. These are read In by 
subroutines CNTRLS, SPECS, and STTMNT under the control of subroutine INPUT and 
~re referred to as Type 1, Type 2, and Type 3 Inputs, respectively. The option 
exists to define all of the Type 2 Input by a block data subroutine and to 
bypass SPECS. For multiple cases I~ on~ run, only the Type 3 Input is changed 
for the additional cases. 

Type 1 input consists of program mode and run controls. It contains: 
indices that select various program mode, model lng, map reading, and output 
options; time-stepping controls for the transient; and iteration limits and 
convergence criteria for the Internal iterative techniques. These quantities 
need to be reviewed and possibly changed for each new run. 

Type 2 input contains all the system and component specifications. 
This rather large block of data needs changing only If the syste~ is changed 
or the performance specifications are updated. It Is usually read directly 
from a data fi Ie rather than from cards. 

Type 3 input constitutes the particular problem statement for the case 
under study and therefore changes In at least same part from case to case. 
Included here are indices that choose from a set of candidate variables and 
equdtions (built into SYSTEM) those that will be th~ jx(j)land the ltCl)l 
for the present case. I nit i a I est i mates of the i x( J)l needed by the Newton 
procedure for the solution of the system equations are also provided. High 
and low limits (fences) for each x(J) are provided to help the iterative 
technique converge smoothly. Parameters required by the control logic and 

lEVi AIRESEARCH MANUFACTURING COMPANY 
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TABLE A-l 

SUBROUTINE IDENTIFICATION LIST FOR SOLARBRAYTON 
TRANSIENT PERFORMANCE PROGRA~ 

LEYEL I 

""IN 

LEYEL II 

INPUT 

IHIlLS 

T IIoES 

fl~IAL 

LEYEL III 

CNTRLS 

SPECS 

STT~T 

PR08U4 

TRANS 

NEWTON 

OUTPUT 

LEVEL I V 

SYSTE'" 

FOLLOW 

lEva V 

COfof'SB 

TlJRBSB 

HXTC 

HEAT 

ReV 

TSO 

SOLID 

LEVEL V I 

TABIN 

IW'IN 

REAO 

TABLE 

TABLE 2 

HSTGAM 

~al n progr8111 that ca lis the four L...,o I I I au bl"out I ne •• 

~ster Input subl"out I ne that cal Is CNTRLS, SPECS, and STTMNT for 
ectual Input. 

Subl"outlne that parforms any required Initialization calculation •• 

~85ter control progr ... for the transient perfor ... nce cAlcul.tlon; 
It Incr_to the tl .. IItId repetitively c"lls TRI\NS, NEWTON, FOLLOW, 
and OUTPUT. 

Produces a f I na I suftftWlry output of the run. 

I "puts the program and run contro I s. 

Inputs the syst ... and c,,",ponent specifications. 

Inputs the problem ,tat.".."t, and may con'taln Information tor 
more than one case. 

Subl"outlne to print out a problem stat_t page. 

Ooes the true trans lent ca I cu I at I on, for the Nssl ve cvmponents 
by cal II ng the appropr late c,,",ponent su bl"out I ne •• 

Solves sets of simultaneous nonlinear equations, These determine 
the ve I ues of thost.. var i lib 18S In equ! II br I '-I'" "- i th the rna5S I "e 
element t...nperatures and the boundary cond I t lOlls. 

Produces a d,.talled output on a user-defined frequency basis. 
A on ... llne output Is usually produced by Tl1oE5 on a more frequent 
bas is. 

Doe. system perfonnanee calculations that define to NEWTON the 
simultaneous equations that need to ba solved. 

Does additional parformance calculations not n .. ded by NEWTl". 

CanpressOf'" per tormance. 

Turbine performance. 

Recupere10r performonce. 

Heat source performance; CI) lis Rev and T5O. 

Recel ve' performance. 

Thermal storaga de.lce performance; calls P()4 and SOLID. 

Calculates resistance of TSO .'ements. 

DeTermine. status of P~ In each el_nf. 

Reeds In table,. 

Read. In IMP" 

Reeds parforIMnce from IMps. 

Reads 'able •• 

Spec la I veri Ion of TABLE for schedules 

Special v"'-ilon of TABLE for h I.togn .... 
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( START ) 
-r---J 

t 
Input specifications 
and problem statement 

(CALL INPUT). 

~ Yes 
~>---------.... ..,.{ ) STOP 

No 

Initialize (CAll INlTlS); 
includes CAll NEWTON to 
initialize flows, etc., 
and CAll PROBLM for 
problem statement printcut. 

~ 
~ 

No 

Solve.expanded set of 
system equations to 
directly give steady-

Do transient analysis 
(CALL TIMES); includes 
periodic output by 
OUTPUT. state resu I ts (CALL NEWTON). 

Output filial summary 
(CALL FI NALl. 

I 
Loop for new case 

Figure A-6. Flo~chart for MAIN 
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START 

Initialize counters, 
time, etc. 

New time step 

Update time-dependent 
boundary conditions. 

CALL TRANS for 
transient analysis 
calculation. 

Check performance parameters; 
change controls if needed. 

CALL NEWTON to 
find equilibrium values 
of flows, pressures, etc. 

CALL FOLL~W for 
additional performance 
cal culat ions. 

Increment counters. 

CALL OUTPUT 
and reset 
counter. 

Produce one-
I ine output; 
reset counter. 

Figure A-7. Flowchart for TIMES 
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eny values needed for Indlvlduel performance Indicators are specl f.led I~ this 
block of Input. Boundary conditions, both constant end time-dependent, are 
given, including the solar insolation for the day. This latter Item i~ usually 
Inpu~ directly from a data fl Ie. 

Semple Output 

An example of the output of the SOLARBRAYTON performance program Is pre­
sented In Figures A-8 and A-9. Figure A-8 Is an example of the detal led, one­
page output, printed at a particular specified time. The top of the pege shows 
pressures (psi) and temperatures (OR) at the various system station points (see 
Figure A-I). 

Next are the compressor and turbine operating conditions. The scaled 
corrected speed, used for map reading convenience, is the ratio of the corrected 
speed to a reference corrected speed (80,000 rpm for the compressor and 39,434 
rpm for the turbine). 

This is fol lowed by the nodal temperatures of the massive elements of the 
recuperator, receiver, and TSO. The fraction of liquid PCM for each TSO ele­
ment is also calculated. Elements with I iquid fractions between a and 1 are 
always at the PCM melting point, in this case 1932°R (NaCl). The final entry is 
the power output. 

Figure A-9 shows a series of one-line outputs at specified time intervals. 
The flows and temperatures are the station values indicated in Figure A-I. SUNINS 
Is the input value of the insolation in watts/square meter, QFLUIO is the heat 
absorbed by the fluid in ki lowatts, and POWERE is the power output in ki lowatts. 

Plotting Capabi I itie5 

A computer plotting subroutine has been written and coordinated with SOLAR­
BRAYTON. The subroutine has the capabi lity of plotting any specified parameters 
as functions of time. Plots of the key variables for several runs are presented 
in Section 4 of this report. 

COMPONENT SPECIFICATIONS 

Rotating Equipment 

The Mod "0" turbomachinery consists of a turbine and compressor (specified 
as GTP 36-51) dnd a 400-Hz generator. Performance maps for the turbine and 
compressor were obtained from the Garrett Turbine Engine Company and are repro­
duced in Appendix B. The maps are plotted in terms of presSlJre ratio, corrected 
flow, percent corrected speed, and efficiency. The actual turbomachinery operat­
ing conditions, as derived from the maps, are used to determine the cycle state 
points. 

In accordance with usual practice, some of the flow from the compressor 
out let (taken as 2 percent) is used to coo I thEI bear'l ngs. Th Is f low I s assumed 
to be added to the turbine exit flow. Thus, tre turbine flow is always taken 
as 2 percent less than the compressor flow. 
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f Bec~use the turbine ~nd compressor are attached to the same shaft, the 

rot~tlng speeds ore assumed to be the same for each component. Since the 
efficiency ~nd flow rate are strongly dependent on rotating speed, only u 
oerrow r~nge of speeds Is reasonable for the turbom~chlnery. Indeed, the 
speed Is restricted to values between 53,000 and 62,500 rp~ during e~glne 
operation. 

The generator Is not explicitly modeled in the computer proqram. ~n 

efficiency of 88 percent Is assumed tor this component. Addltlon~1 mech~nlcet 
and gearbox tosses are accounted for by assum I nq " rotat I nq eft I c I ency of 91 
percent. These etflclencles, which are, of courJe, In ~ddltlon to the turbine 
and compressor ef fie I enc I es, are app i I ed to the net power producftd, I.e., the 
difference between the power of the turbine ~nd th~ power of th~ compressor. 

Recupera!~ 

The proposed recuperator for the ~od "0" engine consists of an exlstlnq 
design used In the GT601 engine. Two heat exchanger cores are required. The 
heat eXChangers are made of stainless steel and have an estimated welqht of 
~O) lb. The weight Includes that of the cores and manifolds and also any a 
ssoclated ducting not otherwise accounted for. 

For use In the ,omputer program, the recuperator Is specified by curve-fits 
of hot- and colj-side thermal conducta~ce data as functions of flow rate and 
temperature. The data were genqrated by AIRosearch from a riptal led computer 
representation of the recuperator. For the hot side 

H = 0.1017 T 0.561 W 0.316 (?B) 

~nd for the cold side 

H = 0.08214 T 0.579 W 0.289 (29 ) 

where H Is the thermal cor1uctance, Btu/sec-OR 

T is the average fluid temperature, -R 

and 'ti I s the f low nte, I b/ sec 

The values calculated from Equations (28) and (29) are applied to t~h 
recuperator finite elements (see Equation (13» and used to determine recu­
perator performance. The recuperator pressure drops are taken as ~ perce,t ot 
the Inlet pressure for the hot side and 1 percent of the 1~let pressure for the 
cold side. These are the design points tor the "'1od "0" enqlne cycle. 

Tho L-percent compressor flow that Is used to cool the bearings bypasses 
the cold side of the recuper~tor. Thus the hot-side flo. Is always 2 percent 
9reater than the cold-side flow. 
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Receiver 

The receiver configuration is that of the AiResearch ABSR Phase I I design. 
The receiver Is ccrstructed of Inconel 625 and has a weight of 8J Ib (heat 
exchanger only). The thermal conductance is specified by the fol lowing 
relationship generated by AiRe::;earch from a detai led computer model oj- the 
receiver: 

H ~ 0.1051 T 0.222 W 0.288 (30) 

The temperature dependence of the receiver differs from that of the recu­
perator bec~use of changes in the temperature dependence of air thermophysical 
pro~erties at the elevated receiver te~~~rature. It should be noted that only 
one thermal conductance equation is required, because the receiver is a one­
fluid heat exchanger, modeled as a fluid and a sol id wal I. 

The thermal conductance values calculated from Equation (30) are applied 
to the receiver finite elements (soe Equation (16» by the computer program and 
used to determine receiver perfor~ance. The receiver pressure drop is taken as 
3 percent of the inlet pressure, which is the approximate receiver pressure drop 
at design flow (0.6 Ib/sec). Because of compressor flow bypassed to cool the 
bearings, the flow through the receiver is 2 percent less than the flow through 
the compressor. 

Thermal Storage Device 

The thermal storage device is the one major component in the Brayton engine 
that does not have an existing design; part of the present study effort is to 
establish a prel iminary or conceptual design for the TSO. Indeed, in running 
the ' .. 'lnpuier f,!rt)" -,11, various sizes and materials for the TSO are required. 
Thus, the TSO ,mrJnent s~ecification changes for each run. 

Heat of fusion lSD's can perhaps be divided into two classifications-­
integral with the receiver and separate from the receiver. A possible sch( 
matic for an integral thermal storage system is shown in Figure A-IO. The 
storage device is actually part of the receiver, so that no additional heat 
eXChangers, ducting, or controls are necessary. The PCM is showr. contained in 
a heat transfer m6trix that could be metal I ic or ceramic. The POM is Charged 
(melted) directly by sol~r insolation. Careful design would be necess3ry to 
ensure thdt the PCM be tota II y me I ted. Th ism i ght prove to be d i ff i cu I t at 
the cold end (receiver inlet). Because the PCM i~ integral with the receiver, 
it wil I affect the heat transfer during normal operation by acting as additional 
resistance. This wi I I tend to raise the cavity wal I temperature. 

A separate or nonintegral thermal storage system is shown in Figura A-l1. 
Because the TSO is Charged by the cycle air, the melting point of the PCM must 
be somewhat below the nominal turbine inlet temperature. In addition, the 
separate heat exchanger wi I I use up some of the cyc Ie preS!.li'd dr')p. Oesp i te 
these I imitations and the requirement for additional equipment, it is felt 
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that non i ntegra I thermal storage Is the better choice, especially since the 
receiver for the ABSR Phase I I has already been constructed. The storage 
device does ental I some developmental and operational risk, and It would 
seem prudent to separate rt from the receiver, while al lowing for Individual 
component optimization. The non Integra I TSD is considered exclusively In 
this study. 

Although the TSD model is completely general, a specific c~nflguratlon 
must be assumed to determine the specifications required to rur. the program. 
o i tferen-;- con f i gurat ions with the same character I st I cs (f I u I d therma I conduc­
tGnce, PeM resistance, weight of PeM, etc.) will perform simi larly, so the 
selection of a design for the present feasibility study Is not critical. 
The representative configuration selected Is that of a shell and tube heat 
exchanger. The unit consists of a bundle of hoi low tubes through which the 
cycle fluid (air) flows. Surrounding the tubes, and filling up the shell, 
is the PO~. The configuration Is shown schematically in Fiqure A-12. To 
study the more important variables In greater detail, a tube size of 0.25-
in.-00/0.20-in.-10 with triangular spacing on l-in. centers has been fixed. 
This sets the resistive path length for single-phase P~ at 0.375 In. For 
the tubular configuration, the fluid thermal conductance is given by 

H = BT 0.268 W 0.8 (31) 

where B is a parameter that is a function of the size of the TSD heat exchanger. 

Equation (31) is a general expression for the thermal conductance of 
turbulent airflow inside tubes in the temperature range of the TSD. 

The remaining key variables are the POM used (and its thermophysical pro­
perties), the weight of P~ in the TSO, and the allowable pressure drop. Spe­
cifying these variables completely defines the TSO and al lows for the calculation 
of the parameter B. The thermal conductance values calculated from Equation 
(31) are applied to the TSD finite elements (see Equations (19) through (21» by 
the computer program and used to determine TSD performance. 

For al I sizes studied in the present effort, the pressure drop was taken 
as 2 percent of the inlet pressure for full flow through the TSD. At reduced 
flows, the pressure drop is reduced proportionately. 

As previously mentl~ned, the heat eXChanger wal Is, wh:ch physically separ­
ate the cycle fluid and the POM, are effectively Included In the PaM olements. 
The actu:!1 wal I resistance Is quite low and the weight Is about 10 to 20 percent 
of the POM weight. 
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