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FOREWORD

This report describes the results of a study conducted by AiResearch
Manufacturing Company, a division of The Garrett Corporation, on the applica-
tion of latent-heat buffer thermal 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 Manvi, Advanced Solar Therma! 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 65-kw(th) Air Brayton Solar Receiver
and Mod "O" engine were used as a baseline system.

The operating life 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 engine 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-elemcur thermal masses; actual operating or predicted
performance data are used ‘or all components, including the rotatirg equipment.

The insolation input is minute-by-minute data recorded at the NASA/JPL
test faciiity at Edwards Air Force Base for the year 1979. Based on this input
and a speciiied 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 similar insolation pa‘tterns and selecting a representative
day from each group, To determire the year's performance, the results from
each of the representative days are multiplied by the number of days in the
group, and al! these products summed and normalized.

The simulated year was run for various weights of sodium chloride and
lithium carbonate phase-change materials, The results indicate that thermal
storage can afford a signitficant decrease in the number of engine shutdowng
a. ompared to operating without thermal storage. 1t has also been found that
th > 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 material. A large weight will not increase in temperature as rapidly
as a small 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 small a weight limits 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 affurded by the
thermal storage. The study indicates that the economic viability of buffer
thermal energy storage is largely a function of the achievable engine life.
At low precicted life, thermal storage is ecotiomically attractive; for highly
reliabte, long-lived engines, thermal storage is not economical.
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SECTION 1
INTROOUCT ION

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 goa! of the study was to estab-
lish the 1eed, 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 insotation.

The AiResearch 85-kw(th) Air Brayton Solar Receiver (ABSR) and Mod "O"
engine were used as the baseline system. The engine 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 recuperator, absorbs the
sotar input in the receiver, is expanded in the turbin: (producing the engine's
power), and gives up heat to the incoming air before neing exhausted to the
environment. The thermal storage device (TSD) is also shown in Figure 1-1.

The version of the Mod "(0O" ergine used for the present study does not contain
an auxiliary combustor for hybrid operation.

Depending upon the Brayton cycle pressure ratios and efficiencies, there
is a@a minimum working fluid air temperature that must be supplied to the turbine
to maintain cycle operation. During periods of solar outage, the primary heat
source is removed or limited. The working fluid will initially extract heat
trom the thermal capacitance of the receiver and recuperator; but, after a time,
additional energy must be supplied if the engine is to remain running.

A latent heat of fusion buffer TSD is investigated in this study. Energy
is supplied tc the cycle air from the latent heat released by the solidifica-
tion ot a phase-change material (PCM), which, in the temperature range of
interest, will be an inorganic salt.

The main advantage of buftfer TES is its ability to reduce the number of
start-stop cycles required of the Brayton engine. For operation in a positive-
net-power, self-sustaining mode, the power produced by the turbine must be
greater ttan the power consumed by the compressor. This condition requires a
reasonably high tTurbine inlet temperature (TIT). The thermal capacitance of the
receiver, recuperator, and ducting is sufficient to maintain the necessary TIT
tor only a tew minutes during a solar outage. The addition of thermal storage
substantially increases the thermal capacitance of the system, resulting in an
extension of the periods of solar outage during which the engine can remain
running. Because many solar outages are ot short duration, bufter TES can
substantially reduce the number of engine shutdowns. With the operating lite
ot the engine used in this application largely a function of the number of
start-stop cvcles, TES has the potential tor increasing engine life and, hence,
reducing engine yearly cost. Balanced against this is the cnst of the TS50 and
its required auxiliary equipment,
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To cemonstrate the effect of bufter TES on engine operation, a8 complete
transient/steady-state Brayton cycte performance computer program was written.
The program models the recuperator, receiver, and TSD as finite-element thermal
masses; all components, including the rotating equipment, utiiize actua! oper-
ating or predicted parformance data. Writing this computer program and running

tha program 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 insotation 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, California, for the entire year of 1979.
The data, recorded on magnetic tape, are records from two Edwards AFB normal
incident pyraheliometers (NIP) measuring local insolation in w/sq m. Data
from NIP 2 are used for all months except for September and December, when
technical malfunctions appear to have existed and the data from NIP 1 seem
to be more reliable.

Because weather and insolation conditions vary over a year, a full year
should be considered when analyzing the overall 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 insotation patterns. For
example, certain days had moderate clouds in the morning and were clear in the
afternoon; other days were totally clear; etc. Days with simifar insolation
patterns were combined into groups, and a representative day selected from each
group. A total of eleven groupings was formed. These are summarized in Tabie
2-1. Suniess days are days during which the engine is never turned on. As will
be discussed in Section 3, this is equivalent to insolation always pelow 450
w/sq m.

Insolation datas are available for 343 days out of the year. The remaining
days had missing or obviously invalid 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 group, and all
these products summed. The sums are normaiized to a full 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 baseline 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 innut to the fluid is taken as 72.25 x
Q/1000 kw(th).
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SIMULATED YEAR GROUPINGS FCR
1979 EDWARDS AFB DATA

TABLE 2-1

Number Representative

Type of Day of Days Day
Clear 119 April 20
Minor afternoon clouds 11 September 9
Minor morning clouds 30 March 2
Heavy afternoon clouds 18 May 18
Heavy morning clouds 9 August 23
Thin clouds all day 27 April 26
Partly cloudy all day 18 June 3
Moderate clouds all day 44 February 21
Heavy clouds all day 32 April 7
Minimal clearing 24 January 17
Sunless 11 -

Total days 343%

N

*Remaining 22 days had missing or invalid data.
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SECTION 3

BRAYTON ENGINE DEFINITION

COMPUTER MODEL ING

The computer program developed to analyze the air Brayton sclar engine is
described in Appendix A. This program, named SOLARBRAYTON, is a transient per-
tormance program that predicts the time-dependent behavior of the modeled sys-
tem in response to the initial and boundary conditions. Some of the latter may
be functions of time. The model contains control elements that modify system
behavior according to the control logic and the values of certain performance
indicators.

Two important points about the nodeling are (1) that proper consideration
has been given to the thermal capacity of the massive system components and to
their effects on system time response and (2) that reatistic performance speci-
fications have been used for both the heat transfer components and the rotating
equipment. The recuperator, receiver, and therma! 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 between the node in question
and its neighboring nodes. The coupling 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.

tn this study the modeied run interval usually was one complete day from
shortiy after sunrise to sunset. Typical days were analyzed to give an indica-
tion of a simuiated year's performance, as discussed 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 fong time intervals, combined
with the need to minimize the actual computer running time, dictated the !evel
of modeling detail. The tevel chosen is detailed enough to provide fairly
accurate and reliable results but simple enough to allow for the modeling of
long time intervals without overly long computer running times.

Besides the frue iransient mode, SOLARBRAYTON has two other operating modes:
steady-state and pseudo-transient. The steady-state option allows for rapidiy
obtaining the equilibrium solution of the system for a fixed set of boundary
conditions. This is done by directly soiving a set of simultaneous system equa-
tions and not by simply running the transient to steady-state. This option is
especially useful in the earlv stage, of the analysis to quickly provide initial
insight into the system 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 noi used in the present study
where rapidly changing boundary conditions are the ruile rather than the exception
and where true transient calculations are needed for trustworthy resuits. The
discussion in Appendix A centers on the primary program mode, the transient per-
formance prediction mode,
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SYSTEM OPERAT ION

Therma! Storage Flow Control

As can be seen from the schematic in Figure 1-1, the TSD is located 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
aquipment, requiring three-way flow modulation, high temperature operation (up
to 1500°F), and relatively large size (a 4-in. valve is necessary to limit
pressure losses). Nevertheless, the vaive is considered to be a necessary
compoiient. Removal of the valve would require the TSD to be in line with the
receiver and turbine at all 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 seif-sustaining TIT would be delayed while 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 available
through storage batteries or similar 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 full flow with the TSD in series
with the receiver. The position of the modulating valve and, hence, the flow
rate through the T3D, is determined by simple contrcl logic keyed to a control
temperature (TC). This logic, and its integration into the system operation,
is described below.

QOperating Conditions and Controls

The operating conditions for the engine were selected after some preliminary
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
outlet temperature, T15; 15D outlet temperature, T16; and TIT, T8. An addi-
tional temperature measurement may be desirable at the recuperator hotside outlet
(to monitor overheating of the recuperator), but the measurement does not enter
directly into the contro! 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 contrcl box is required
to orchestrate these functions. The control scheme is expected to be readily
transferable to a real engine.

81-18087
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At the start of each day, all components are assumed to be at ambient tem-
perature (70°F). This is a conservative approach, because on some days tempera-
tures may be somewhat above ambient (especially in the TSD). |f a day-by-day
year were 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 all com-
ponents would seem to be the most prudent approach. As will be discussed below,
the system (including the TSD) is allowed to run itself down at the end of each
day, so the components are relatively cool at shutdown. The approximate average
component temperatures at shutdown are:

Component Temperature, °F

Recuperator 500

Receiver 630

TSD 800 (completely solid)

The collector is assumed to be defocused at the beginning of rthe 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 "O" 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 waste some of the available solar
energy.

As the collector is focused, the rotating group is turned on, using an
auxiliary power supply to motor the engine atv 53,000 rpm. The engine must be
running any time the collector is focused, to prevent rapid overheating of the
receiver. The fluid flow completely bypasses the TSD, as shown in Figure 3-la,
If during this motoring period the insolation drops below 400 w/sq m, the erngine
is shut off and the collector cefocused. 7his is done to prevent useless motor-
ing and draining of the auxiliary power sup.ly. The collector is focused and
the engine restarted when the insolaticn again reaches 450 w/sq m.

As the components heat up, the cycle air temperature increases until a net
positive power is produced by the engine. This occurs at a TIT of around 800°F.
As this point, the auxiliary power supply is disconnected. The engine continues
to run with the rotating speed controlled at 53,000 rpm. Once the positive net
power condition is attained, the engine is allowed to run until it shuts itself
down; thus insolations below 400 w/sq m do not result in automatic shutdown. Any
shutdown is accompanied by collector defocusing. The engine is always restarted
(and the collector focused) when the insolation reaches 450 w/sq m. During tem-
porary shutdowns, the recuperator, receiver, and TSD temperatures are assumed to
be unchanged. This is a reasonable assumption because, with good insulation,
shutdown durations of less than a half-hour will not result in much temperature
change. Thus, once positive net power has been attained, any subsequent restarts
on that day will require only an initial burst of power from the auxilary source,
because the fluid temperature conditions will almost immediately be self-
sustaining.

- 31-18087
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As the engine runs and the solar insolation Increases, the receiver and
recuperator temperatures Iircrease until the TIT (T8 in Figure 3-1) reaches
the control temperature, TC. 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 recelver flow Is assumed,
This flow will 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 egquality.

As the system continues 1o heat up, the TSD outlet temperature (T16)
reaches the TC, At this point, all the receiver flow will 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 all this time. When the receiver outlet
temperature (T15) reaches 1500°F, 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 controlled. This protects the receiver from possible high temperatures
because with the TSD in series (Figure 3-1c) a T8 of 1500°F could be accompan-
ied by a considerably higher T15. The 1500°F air temperature |imit is the
design maximum for 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 insofation drops. |f the speed drops to
as low as 53,000 rpm, this value is maintained and the temperature Is no longer
controlled. This minimum speed was selected to limit the recuperator hot-side
iniet temperature to about 1200°F, tne nominal lirmit for the Mod "O" design.
Maintaining a TIT of 1500°F at speeds less than 53,000 rpm will result in exces-
sive recuperator temperatures,

A continuing decrease in insolation will eventually result in T8 dropping
below the TC, However, since T16 wi!l be greater than T15, full flow is main-
tained through the TSD. The system continues in this mode until it shuts itself
down. Any subsequent startups will occur with T16 greater than T15, so the full

flow is routed through the TSD (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
possibly be reduced, because the temperatures are low during this 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 TSD. For example, once
the TSD were fully charged (PCM completely melted), the flow could bypass the
TSD during high solar insolation periods. This would save pressure drop and
Increase cycle efficiency. Some flow would still be required, however, tc
overcome therma! 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 (less than 450 w/sq m) at the beginning
of the day to partially heat the TSD. Because it is not desirable to exces-
sively motor the engine, an auxiiiary flow loop was employed, using a separate
compressor or fan to flow air through the receilver and TSD without running the
engine. |t appears that this approach has the potential to decrease the num-
ber of engine shutdowns while increasing the nat energy produced. Also the
engine startup power required is substantially reduced. However, in addition
to the extra compressor, a number of three-way valves, including at least one
expensive 1500°F valve, would be required. |n addition, the energy required
to operate the auxiliary compressor would have to be stored, requiring a large
increase in storage battery 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 unti| a self-sustaining fluid
temperature is attained, energy must be supplied to the generator (acting as
an alternator) from an auxiliary source. A reasonable source of this energy
might be autocmotive type batteries. These batteries are typically rated at
a maximum output of 200 amp at 12 v. This yields a 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 while the fiuid 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. 1In other words, if 2 kwhr is
required for startup, 4 kwhr is charged against the output. The overail 50~

percent efficiency includes all lcsses (charging, discharging, rectifying,
eftc.).

81-18087
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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 limitations, it was possible to run only six
simulated years, Two PCM's were studied, sodium chloride (NaCl) and lithium
carbonate (LiyC03). The thermophysical properties assumed for the two salts
are listed in Table 4-1.

TABLE 4-1

THERMOPHYSICAL PROPERTIES OF NaCl AND LipCO3 AT MELTING PGINT

—
Parameter NaCl Li2CO3

Melting point, °F 1472 1333

Latent heat of fusion, Btu/lb 206 261

Solid heat capacity, Btu/Ib-°F 0.260 0.630

Liquid heat capacity, Btu/Ib-°F 0.274 0.600

Solid density, Ib/cu ft 121,7 122

Liquid density, Ib/cu ft 97.3 114

Solid thermal conductivity, Btu/hr-ft-°F 0.97 0.87

Liquid thermal conductivity, Btu/hr-ft-°F 0.58 1.16

Viscosity, Ib/ft-hr 3.9 11.7

Coefficient of volumetric expansion, °F~! 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 (as 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 NaCl and Li»C0z, a result of the similarity in solid density of the two sub-
stances.

The day-by-day results of the computer runs from which the simulated years

were derived are given in Tables 4-3 through 4-8. As an example of the arith-
matic used to establish the performance for the simulated year, consider the

81-18087
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TABLE 4-2

SIMULATED-YEAR THERMAL STORAGE SUMMARY

PCM TSO Heat Control

Weight, Transter Temperature, Number of Net Energy,
PCM b Area, sq ft *F Shutdowns kwhr
- 0 - - 1,810 44,676
NaCi 100 22.76 1,000 1,202 41,983
NaCl 200 45.53 1,000 1,084 40,723
NaCH 400 91.06 1,000 1,318 38,310
NaCl 200 45,53 1,300 1,188 41,276
LiCOy 200 45.53 1,000 1,276 37,138

TABLE 4-3

PERFORMANCE WITHOUT THERMAL STORAGE

Representative Number ot Energy Output, Energy Input,

Day Shutdowns kwhr kwhr
April 20 1 152.7 1.1
September 9 2 150.9 1.9
March 2 2 168.2 1.6
May 18 3 13641 1.9
August 23 9 146.9 1.2
April 26 3 146.3 1.8
June 3 10 123.7 1.5
February 21 10 129.6 1.9
April 7 14 47.7 .4
January 17 9 36.3 0.8

81-18087
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TABLE 4-4

PERFORMANCE WITH 100 LB OF NaCi AT 1000°F CONTROL TEMPERATURE

Representative Number of Energy Output, Energy Input,
Day Shutdowns kwhr kwhr
April 20 1 145,4 1.1
September 9 1 144,5 1.9
March 2 2 159,7 1.6
May 18 1 127.3 1.9
August 23 7 137.9 1.2
April 26 1 137.8 1.8
June 3 4 115.1 1.5
February 21 6 121.8 1.9
April 7 " 40.8 1.4
January 17 5 30.0 0.8
81-18287
Page 4-3
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TABLE 4-5

PERFORMANCE WITH 200 LB OF NaC! AT 1000°F CONTROL TEMPERATURE

Representative Number of Energy Output, Energy Input,

Day Shutdowns kwhr kwhr
April 20 1 141.7 1.1
September 9 1 141,8 1.9
March 2 2 156.0 1.6
May 18 1 124.6 1.2
August 23 8 135.2 1.2
April 26 ] 134,0 1.8
June 3 4 111.8 1.5
February 21 6 118.5 1.9
Aprilt 7 8 36.8 1.4
January 17 5 25.7 0.8

B1-18087
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TABLE 4-6

PERFORMANCE WITH 400 LB OF NaCl AT 1000°F CONTROL TEMPERATURE

AIRESEARCH MANUFACTURING COMPANY

Representative Number of Energy Output, Energy Input,
Day Shutdowns kwhr kwhr
April 20 ! 134.4 1.1
September 9 1 134,7 1.9
March 2 2 148,8 1.6
May 18 1 117.7 1.9
August 23 8 128.9 1.2
April 26 1 126.7 1.8
June 3 8 106.9 1.5
February 21 5 113,2 1.9
April 7 1 28,2 1.4
January 17 9 20,5 0.8
81-18087
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TABLE 4-7

PERFORMANCE WITH 200 LB OF NaCl AT 1300°F CONTROL TEMPERATURE

Representative Number of Energy Output, Energy Input,
Day Shutdowns kwhr kwhr
April 20 | 143,1 1.1
September 9 1 143.3 1.9
March 2 2 157.2 1.6
May 18 1 126, 1 1.9
August 23 7 135,9 1.2
April 26 1 135.5 1.8
June 3 5 113.0 1.5
February 21 6 120.0 1.9
Aprit 7 10 39.0 1.4
January 17 6 28.6 0.8
81-18087
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TABLE 4-8

PERFORMANCE WITH 200 LB OF LioCOz AT 1000°F CONTROL TEMPERATURE

~w :\:
é;-:-vv AIRESEARCH MANUFACTURING COMPANY

Representative Number of Energy Output, Energy Input,
Day Shutdowns kwhr kwhr
April 20 1 131.1 1.1
September 9 1 130.3 1.9
March 2 2 145,7 1.6
May 18 1 112.8 1.9
August 23 8 125.2 1.2
April 26 1 123.3 1.8
June 3 8 102.6 1.5
February 2! 5 108.9 1.9
April 7 9 27.8 1.4
January 17 10 17.3 0.8
81-18087
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data for performance without thermal storage listed in Table 4-3 and its grouping
distribution given in Table 2-1. The total number of unnormatlized shutdowns for
the year is: 1x119 + 2x11 + 2x30 + 3x18 + 93 + 3x27 + 10x18 + 10x44 + 14x32 +
9%x24 + Ox11 = 1701. This Is normalized to a complete year by: 1701x(365/343) =
1810. The yearly energy output and input are calculated in the same manner.

All but one of the simulated years were for a TC of 1000°F. As previously
discussed, from a cold startup this temperature must be attained at the recelver
outlet before any flow is routed through the TSD (see Figure 3-1). Subse-
quentiy, the turbine inlet temperature is controlled to this value until the
TSD is heated sufficiently to allow the TIT to rise with full flow passing
through the TSD. The 1000°F TC is about as low as possible without causing a
shutdown when the TSD flow is first initiated (and the TIT drops considerably
from the TC). The one run at a higher TC (1300°F) did not result in improved
performance; the slightly increased energy output was more than offset by an
additiona! 100 shutdowns,

The simulated-year results in Table 4-2 indicate that thermal storage can
produce a significant decrease in the number of shutdowns as compared to a
system with no thermal storage (a 40-percent decrease in the case of 200 Ib of
NaCl at TC = 1000°F). Whether this decrease, and the accompanying increase in
engine life, is sufficient to pay for the thermal ctorage system will be dis-
cussed in Section 6.

From the first four entrias in Table 4-2, it can be seen that the number
of shutdowns does not continue to decrease as the PCM weight increases. This
is because of the sensible heat effects of the PCM. 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 meltina pcint is considerably greater
thar the latent heat for either POM. A large PCM weight will not increase in
temperature as rapidly as a small 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 equa! weights of NaCl and
LipoCOz3, Since the LIpCO3 has a solid heat capacity roughly two and one-hal f
times that of the NaCi, the LipCO3 will not heat up as rapidly. This results
in an increase in the number of shutdowns.

To further investigate this trend, 50- and 100-1b Li7C03 thermal storages
(TC = 1000°F) were run for the representative day of heavy clouds all day,
April 7. The results, along with the previous!y run conditions for April 7,
are precented in Table 4-9.

= 81-18087
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TABLE 4-9

THERMAL STORAGE SUMMARY FOR APRIL 7, 1979

PCM
Weight, Number of Net Energy,
PCM b Shutdowns kwhr
_— 0 14 44.9
Nacl 100 1 38.0
NaCl 200 8 34.0
NaCl 400 1 25.4
LipCO3 50 9 37.3
Li2C03 100 8 32.2
LipC03 200 9 25.0

It can perhaps be generalized from the results in Tables 4-9 and 4-2 that
for given solar input conditions, any potentia! therma! 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 PCY weigh*
was increased.

On the other hand, the trend in net energy produced seems to be more
straightforward: the energy decreases with increasing PCM 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 LipoCO03. 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-~

From the 200-1b NaCl| case as an example (Figure 4-3), the engine operating
characteristics can be observed. it should Le 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. |t
should be noted that there have already been two engine shutdowns to this point.

= 81-18087
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As the TSD heats up, the TIT is controlled at 1460°R. 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 serlies, |.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 periods
are observable as perlods of constant TIT and 7SD outlat temperature. |t Is
significant to note that the TSD operates aimost entirely in the sensible heat
(solid PCM) 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 200-1b LizCO3y case (Figure 4-6) clearly Indicates
the more rapid heat-up of the NaCl, As previously discussed, this is a result
of the much lower heat capacity of NaCl. Heat-up time differences are also
apparent for different weights of the same PCM,

Plots were also made for a clear day, April 20. The insolation is shown
in Figure 4-7, and the output temperatures are shown in Fiqures 4-8 and 4-9 for
200 1b of NaCl and 200 Ib of LipCO3z. For the clear day, the TSD operates pri-
marily in the latent heat (two-phase PCM) regime.
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SECTION 5

THERMAL STORAGE DEVICE CONCEPTUAL DESIGN

Although a thorough conceptual design study for the TSD is beyond the scope
of the prasent effort, one conceptual design was prepared to elucidate the size
and packaging requirements as well as to serve as a baseline for future cost
estimation. The design is based on 200 Ib ot NaCl as the PCM; a TSD of this
size ylelded the minimum number of shutdowns (see Table 4-7),

The conceptual design ic that of a shell and tube heat exchanger with two
tube-side passes. The two-pass design is we!l suited to the orientation varia-
tions that would be encountered by a TSD mounted in the enuine plane. With a
single-pass design, it the tubes are in a near-horizontal orientation, some of
the tubes may not be surrounded by PCM when the PCM is in the sol!d phase. This
is because of the difference in density of the liquid and sclid phases of the
PCM (about 25 percent). Volume must be available to handle the entire PCM weight
at its highest liquid temperature (1500°F). Thus, in the solid phase, substan-
tial tube surface might not be covered with PCM. This could result in complete
bypassing of some of the cycle air, resulting in a loss of heat exchanger etfec-
tiveness because there would be no heat transfer to these tubes. The two-pass
design ensures that complete bypassing cannot occur regardless of heat exchanger
orienvation; 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 pliates to form a leak-tight and structurally sound unit, A flow divi-
der is installed 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 in, of
high-temperature insulation.

The unit is sized to yleld suftficient heat transfer area when the PCM is
solid. Additional volume is available for PCM expansion during melting. Tius,
about 25 percent of the tube surface area may be uncovered when the PCM is solid.

To maintain the TSD pressure drop at 2 percent of the inlet pressure at
the design flow (0.6 ib/sec), it was necessary to use a minimum .. >e diameter
of 0.375 in. The 0.25-in, tube dizmeter used for the computer runs (:se Appendix
A) results in a pancake shape for the two-pass configuration, The tube spacing
was selected to maintain the value of the resistive path iength used in the
computer runs (0.375 in.). The resulting design does not, however, exactly
match *he cycle fluid therma! conductance used previously. Thus, more precise
performance prediction awaits using the appropriate parameters of the conceptual
design in the computer runs.

As shown in Figure 5-1, the overall length is about 23 in. (including
manifold and pan) and the diameter is 20 in. There are 268 tubes, Tte tubes
and shel! are expected to be made of type 321 SS. Thus matsrial has performed
we'!l in compatibility tests conducted by JPL with molten NaCl, The tube weight
Is about 30 Ib. The shell (including ends) weighs 40 to 5C 1b, depending on
the wall thickness used. The PCM weight is about 220 Ib, inslucing 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 |ife. This additonal engine life is, of course, 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 enginc life 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 life for new appl!ications, given the scant data avail-
able for engines of this type. |t has thus been decided to treat engine life
parametrically, rather than make a prediction, in this economic study. To
simplify the investigation, engine life has been assumed to be relatively
insensitive to operating hours; it will be treated only as function of the
number of start-stop cycles,

Engine cost, on the other hand, has been investigated for this application.
By scaling cost information for a 10-kw(e) subatmospheric engine, Fortgang
and Mayers of JPL have determined required selling prices for a 20-kw(e) so!ar
Brayton engine for various annual production volumes.* This is essentially
equivalent to the Mod "O" engine used for the present study, Fortgang and Mayers
determined a selling 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. |t is assumed that the entire engine replacement cost of $5328
must be met at engine failure. In actuality, some engine repa!r may be possi-
ble for certain types of failures; this uncertain situation is not considered.

The life of the TSD is not likely to be cycle-dependent, The large ther-
mal inertia of the device results in only moderate transient etfects., Long-
term creep and interaction with the molten PCM will make the TSD life largely
a function of service life. The TSD replacement cost, which is treated para-
metrically, is assumed to be completely met at TSD failure.

in addition to the TSD 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 will be assigned a va'ue of 80 mills/kwhr.

*H.R. Fortgang and H.F, Mayers, "Cost and Price Estimate of Brayton and Stirling
Fngines in Selected Production Volumes," JPL Publication 80-42 May 1980,
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A * Snapnanany

The results of the parametric calculations are presented in Figure 6-1,
which shows the break-even TSD cost as a function of TSD and engine life. The
calculations were performed in such a manner that they could be readily repeated
using other cost assumptions and information. The TSD with 200 Ib of NaCl was
used in the calculations. From Table 4-2 it can be seen that the number of
yearly cycles for the engine is 1084 with thermal storage and 1810 without
thermal storage. Since the engine cost is $5328, the cost per year is given by:

$5328/(N/1084) with thermal storage
and

$5328/(N/1810) without thermal storage
where N is the cyclé life of the engine

The energy differential is 44676 - 40723 = 3953 kwhr, equivalent to $316.24/yr
if the cost is 80 mills/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/1084) - 316.24 - 333.33

The break-even TSD cost is the savings per year multiplied by the life of
the TSD.

Examination of Figure 6-1 indicates that the sconomic viability of buffer
TES is largely a function of achievable engine life. At low predicted life,
TES is economically attractive; at greater engine !ife, 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
cf the energy iost during power plant downtime. Inclusion ot these costs would
tend to improve the economic position of TES. The same general conclusion
still applies however--attainment of high engine retiabilties precludes the
advantage of buffer thermal energy storge. For iess reliable engines, thermal
storage may he a cost-saving approach.
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SECTION 7

CONCLUSIONS AND RECOMMENDAT IONS

CONCLUS IONS

The following itemized remarks summarize the results and conclusions of
the study:

(a) A complete transient/steady-siate Brayton-cycie 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 all components, including the
rotating equipment.

(b) Therma! storage can afford a significant decrease in the number of
engine 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 indicated that the economic viability of
buffer TES is largely a function of achievable engine life. At low
predicted life, thermal storage is economically attractive; for highly
reliable, long-lived engines, thermal storage is not economical.

RECOMMENDAT I10NS

The following suggestions for fufure work are offe:red:

(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 viability 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 similar assumptions is necessary for further economic

analysis.

(d) Accurate engine life-cycle prediction, afong with an accurate estimate
of TSD tife, is also necessary for improved 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 distinguisked: those with a long (compared to some arbitrary standard)
time-constant and those with a short time-constant. Cholce of the standard
will 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 prevailing values of the transient variables and the boundary conditions
(which also may be time-dependent).

For example, a sudden change in the controlled turbomachinery 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 targe change. The temperatures of
massive solid elements, therefore, are treated in a proper transient 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!l enough that the gradients and couplings remain
unchanged over the interval. On the other hand, the flows and pressures (and
the turbomachinery speed when this is not controlled to a given value) are found
from steady-state relations., This usually involves a set of nonlinear simul-
taneous equations, the solution of which determines the flows, temperatures,
etc., that would be in equilibrium with the boundary conditions and the current
temperatures of all the massive elements at some instant of time. Because the
working fluid capacity rates (mass fiow multiplied by specific heat) are small,
the fluid temperatures are also found from steady-state relationships.

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

(a) From the prevailing 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, temperature identities, etc., that must be satis-
fiede They are solved using an N-dimensional Newton technique. This is an
iterative method that involves a series of successive linearizations. The gen-
eral development and soiution of these equations is discussed below, followed by
a description of the methods used in the second calculation to find the tran-
sient solid node temperatures for each massive component in the system.

. 81-18087
: AIRESEARCH MANUFACTURING COMPANY Page A-1




© Ay

Deveiopment of the System Equations s BOOR SURLI T

Figure A-1 shows the system modeled by SOLARBRAYTON with the station and
flow numbering indicated. At any time there will be known values of all the
boundary conditions and the slowly responding temperatures of the solid elements
of the massive canponeints (recuperator, receiver, and thermal storage device).
The values of the quickly responding variables (pressures, flows, fluid tem-
peratures, etc.) that at that time are in equilibrium with these boundary condi-
tions and solid temperatures are found by solving a set of system equations
as described below.

Let {x¢J)} represent the set of N independent variables (yet to be speci-
tied) and let f(i)({ x (J)} ) = 0 be one of the N equations (generally non~-
linear) that the system of Figure A-1 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

HDEx} ) = zape =0 ()
over all
components in loop

where APy is the pressure rise or drop in the kth component. A second type
of (1) results from specific system pertormance requirements. For example,
demanding a specific turbine infet temperature (T8) is stated mathematically as

f(2)({x(j);) =T8-TR =0 (2)
where TR is the desired temperature.

The third type of f(i), introduced as a mathematical convenience, is
discussed shortly., First, it is necessary to discuss the {x(J) « The choice
of the N variables to be the { x{J)} is influenced by the specific performance
question being answered, but it is not always unique. Convenience and pro-
grammer preferences play a role. If £(1) angd f(Z), above, were applied to
the system of Figure A-1, a convenient choice would be the total flow, W(1),
and the turbomachinery speed, Nt. The problem reduces to finding values of
Nt and W(1) so that, starting at the campressor inlet and calculating the
pressure drops and temperatures around the circuit, T8 is the required value
and the sum of the AP's is indeed zero. From an initial estimate of the system
variables, {xI(J)T, which generally lead to f{i)({x;(J?}) # 0, better estimates
are developed until on the nth iteration the equations satisty t{1)({x,(}r<e
where e is some convergence criterion.

There are many other variables in the system besides W(1) and Nt: tempera-
tures, pressures, and pressure ratios, for example. But these can all be
straightforwardly evaluated once iterative values of W(1) and Nt are provided.
Thus, these other variables can be mathematically eiiminated to reduce the

problem to one of only a few equations in a few unknowns from one of many equa-
tions in many unknowns.

A third type of t(1) 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 may be either one of the {x(J) }or one of
the other variables known once the { x{J) | are specitied. The evaluation of z

81-18087
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trom 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 will result if an iterative value of y exceeds, even by the
slightest amount, the range of y. The problem Is readily solved, however, by
adding z to the }X(J)}- When the circuit calcultation arrives at the component
in question with the iterative value y,, instead of finding z(y,), the itera-
tive value z, (one of the {X(J)}) is used to continue around the circuit. In
addition, y(z,) is calculated and

£03) =y - y(zp) = 0 (3)
is added to the set of system equations that must be solved to determine the
{x(2}. This technique is used by SOLARBRAYTON to avoid some reading diffi-
culties with the turbomachinery performance maps.

Solution of System Equations

Sets of simultaneous, nonlinear equations can be solved efficiently by the
method of Newton (also called the Newton-Raphson method). This is an iterative
technique that involves a series of successive linearizations. Consider, for
simplicity, one nontinear equation in one unknown,

fix) =0 (4)
It x, is the nth trial solution, then the closure error is defined by
elxpy) = fixg) (5)

and the problem reduces to finding x, so that e(x,) is less than some given
convergence limit. To find an iteration formula for x,4+1 in terms of x,, a
Tay lor expansion of e(xp) about x, is made, keeping only the linear terms.
This gives

e
elxps) 7 wlxg) + — (Xpe1 = Xp) (6)

dx

X=X

Setting el(xp4+1) to the desired value of zero and solving for x.;q gives the
Newton-method iteration formula:

-1

il = Xn elx,) (7)

Rep lacing the inverse derivative factor by a constant (usually less than or
equal to 1) results in the simpler but less rapidly converging iteration
tormula of the method of successive substitutions. An intermediate approach
is to use the iteration formula defined by

de -1
Xn+1 = Xp ~ ;( G(Xn) (8)
X1
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where xy 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 atter 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 satistactory reductions of the 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 a set of N equations in N unknowns, each
of the form

f(i)(gx<J)}) = (9)

is a straightforward extension of the method outlined above and is discussed in
numerical ane'ysis texts and references.* |f X, is the vector whose components
xn(J) are the nth iterative values of the individua! independent variables,

and if £, is the vector whose components el {xn(J)}) 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

Xn+1 = Xy = 4n7) Ep (10)

where J, is the inverse of the NxN Jacobian matrix w:th elements

J G, =8ell) (i
T ek .
{%JH ={x(j»
f{ n
Clearly, Equation (10) reduces to Equation (7) for N = 1,

A similar multidimensional generalization can be written for Equation (8).
The evaluation of the derivatives (usually by numerical methods) and the invert-
ing ot the matrix can involve considerable amounts of computation time. There-
fore, the program that implements the solution of the set of simultaneous non-
linear equations must be judicious in choosinyg when to evaluate a new Jacobian
matrix 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, Principles of Numerical
Analysis, McGraw-Hill, 1953,
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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. This allows a 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, |t is this magnitude that is
usually tested against a specified convergence criterion.

femperatures ot Solid Elements

The solid 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 thereftore are analyzed by finite element models to properly
evaluate the effects of their finite thermal capacity on system performance.

The recuperator tinite-element model is illustrated in Figure A-2, In this
model the multipassage nature of the recuperator is represented by a single
passage for each stream, separated by the total mass of the heat exchanger.

The solid cor= and the two fluid passages are divided into N elements (or
nodes) in the longitudinal (i.e., flow) direction; the transverse direction is
divided into only three elements, one solid 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,
temoerature varies exponentially from inlet to outlet., This steady-state tem-
perature distribution for a fiuid flowing past a unitorm temperature so'id is
derived ir standard heat transter texts. Thus, for the fluid passages there are
N + 1 nodal temperatures associated with the N fluid elements, as shown in
Figure A-2.

For the ith solid node in the heaT exchanger, the thermodynamic problem is
to find the temperature ot the node at a time t' = t + 4%, given the physical
and geometrical properties of the element, the ftemperature, Ti(S), ot the element,
and the temperatures, T;, of all the nearest-neighbor solid and fluid nodes, all

at time t. That is, ca+cu|afe
Ti(s)(ft) = f({ YJ(T) }; physical, geometrical properties; 4t) (12)

it should be noted that the right-hand side of Equation (12) is written entirely
in terms of quantities known at the time t. The computation is therefore guite
straightforward and much ot the programming effort reduces to careful bookkeeping
to step through all the solid nodes of the system.

An explicit expression for Equation (12) can be obtained by calculating
the temperature change in the ith solid element during the time interval At due
to all the surrounding temperature gradients.* The average temperature dif-
terence from a tluid passage to a solid element is given by the log mean temp-
perature difference due to the exponential temperature profile ot the fluid.
This leads to the following expression for Ti(S)(Y'):

*For example: G.M, Dusinberre, Heat Transter by Finite Differences,
International Textbook Co., 1961.
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Figure A-2, Hecuperator Model with Node Identification

At
Ii(S)”') - Ti(S)(f) + F;EK‘J [Tj(S)(T) - Ti(S)(T)]JfZHik ATLM,ik 1(13)
i 1S
J

where

C; = thermal capacity of the ith element (mass of element times specitic
heat)
KiJ = conductive coupling strength (thermal conductivity times cross sec-

tional area divided by average separation) connecting the i- and jth
solid nodes

Hik = convective coupling strength or thermal conductance (heat transtor
coetficient times heat transfer area times overall fin efficiency)
connecting the ith solid element with the kth nearest-neighbor fluid
eglement (k is 1 for the hot ftluid and 2 for the cold fluid)
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The log mean temperature difference Is defined as:

() ()
8T\ M, ik = Tik = Ti+

(14)

The subscripts in the above detinitions assume that the fiuld temperatures
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 difterences throughout the interval
At ovaluated at the beginning of the interval, its accuracy depends on the size
of 4t. The maximum allowed value of At is inversely related o the response rate
of the elemert to the surrounding temperature gradients. Intuitively, this is
proportio:.al to the Kij and Hjk and inversely proportional to C;i., By replacing
AT m with its geometric average, Equation (13) can be cast into a form (see
Dusinberre, loc. cit.) that clearly shows thet At must be constrained by the
relation

Ci

At < —m—mm— — (1%5)

:.'-‘KiJ‘ +2Hik

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) and (15) disappear., Secondly, the
solar heat input that is carried away by the ccoling fluid Is introduced directly
to the solid nodes, Mathematically, this is accomplished by adding a term q;
inside the curly bracket in Equation (13), where £q; equals the net absorbed
solar flux, Future solid temperatures tor these components are than gliven by:

(s) (s) ‘ (s) (s)
Ti (1) =T (1) + &1 ) Ky TJ~ (= Ti (| +
Ci l']

(16)
Hi 8Tim,i * Gif

The thermal storage device can be considered to be a heat exchanger with
a single tluid (air) in contact with the massive PCM (which is modeled to
include the heat exchanger walls). As such, the TSD can be mcdeled in a manner
similer to that of the receiver. Depending on the nature of the TSD design,
the elements can represent sections ot a heat exchanger or discrete modules
making up the overail unit.

81-18087
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The major difference between the receiver and TSD models is in the thermal
resistance of the massive elements. The massive elements for the recelver
represent the cavity walls. The resistance to heat transfer of these walls is
quite low and can be safely neglected. Thus, only the fluid thermal conductance
(reciprocal of resistance) need be considered in specifylng the overall 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 along
with the fluid thermal conductance (convective coupling strength).

The PCM can be completely solid, completely liquld, or in the two-phase
regime in the melting or freezing mode. The resistance calculation is different
for each of these conditions. |t should be noted that each PCM element is con-
sidered a separate entity; i.e., each has its own temperature and phase boundary
focation. To account for the most general! TSD design, longitudinal conduction
betwoen adjacent PCM etements is not included.

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

R =7;; (17)
where I = the resistive path tength

k = the PCM solid thermal conductivity
and A = the mean heat transfer area

However, if PCM liquid is in contact with the cycte fluid (either PCM com-
pletely melted or two-phase in the melting mode), heat can also be transferred
through the PCM layer by natura! convection. The combined conductive-convective
resistance is taken as

1
R= — (18)

hA + KA/

where h is the natural convection heat transfer coefficient, which is catcuiated
from the relationships given In McAdams* using the actual temperature differences.

The resistive path length, |, varies with the different PCM conditions, Cfon-
sidering the tluid and PCM elements shown in Figure A-3, it can be seen that the
resistive path through the PCM extends from the fluid interface to the PCM ele-
ment boundary when the PCM is in a singie phase (sotid or liquid). However, if
the PCM is in the two-phase regime, the resistive path length 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-Hill Book Co., New York,
1954, p. 172.
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Using the resistances determined from Equations (17) and (18), the future
sol Id temperatures are calculated when the FCM is in The single-phase regime
by

( (s) t
T, T =1, % +£'—[z‘ ATLM] (19)

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

1
Z= + R (20)

Because Iongifudlnaf conduction is not considered, there is no conductive
coupling strength term (K ;). There Is no q; term because the solar input is
confined to the receiver,

If the PCM is in the two-phase regime, the massive element temperature

does not change over the time interval, What does change is the location of
the phase boundary (or fraction liquid)., The fraction liquid, M, is given by

at
M CH) = M) + —L—[Z,ATLM] (21)

where L is the fusion capacity of the PCM (latent heat of fusion times mass of
element).

-f— PHASE
PCM

BOUNDARY
ELEMENT 1 ~— _

|-

FLUID
ELEMENT

s. SINGLE-PHASE REGION b. TWO-PHASE REGION
A-17538

Figure A-3. Resistive Path 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 equillbrium with the local solld temperature. The problem
Is to find the steady-state outlet temperature for each fluld element, given
the inlet temperature, the solld 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 | is the fiuid Inlet
index and j is the outlet index, and contact with only one solid node is assumed,
then

(f) at £ _(H
Tj D = T = M+ VT - T (22)

where C is the fluid element thermal capacity, H is the fluid element convec-
tive coupling strength, and V is the fluid element capacity rate, The steady-
state equation is obtained by setting Tj(f)(?') = T:(f)(t) in Equation (22)
and solving the resulting expression for Tj(f). The result is

(f) (f)
Tj (steady state) = T(S) 4 (T; - T(S))e-H/V (23)

Additional Aspects of the Talculations

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
mode!, all temperature and pressure changes take place in the three heat transfer
devices and the two pieces of rotating equipment. The ducts were not modeled
and their outlet conditions 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 caiculation, the heat transfer component pressure drops were found simply
from the inlet pressure and a given allowed fractional pressure drop.

Compressor hydrodynamic and thermodynamic per formance is customarily sum-
marized by curves of constant corrected speed, N., and curves of constant
adiabatic efficiency, n, plotted on a plane with pressure ratio, p., on the
vertical and corrected flow, Wo, on the horizontal axis. The corrected flow
and speed are related to the actual flow, W, and speed, Nt, by the relations

/T

W = W0 S
c P/P, (24)

Ne

Nt/ T/Tg (25)

where T and P are the inlet temperature and pressure, respectively, The sub-
script s refers to standard conditions (70°F and 1 atm).
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Map reading is complicated by the fact that the speed lines tend to drop
oft sharply 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=0 line; 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 We vs X and one of ppr vs X.

These curves represent well-behaved, single-valued functions of X that span

the whole X range chosen. Knowledge of W, and N. Thus determines X, which is
then used to determine p.. Also, from the intersection of the efficiency lines
with the speed lines, n vs W, curves result that then can be converted into

n vs X curves, using the previously determined W, 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 W. curves because the former consist of a set of
essentially superimposed curves, each extending across the whole range of X,
while the latter curves each cover a different, limited range of W..

The turbine performance is given by curves of W. vs p. for different cor-
rected speeds. These lines also drop sharply. Again, by constructing map
parameter lines that cut across the speed curves, two sets of well-behaved
curves (W, vs X and p. vs X) can be produced. The speed and flow then deter-
mine X, which, in turn, gives p.. The efficiency can then be determined from
a map consisting of curves of n vs N. for different p. values.

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

Compression: Tou+ = Tip [1 - (1/m(1 = pp9)] ' (26)

Expansion:  Tgup = Tin 11 =n (1 = 1/p9] (27)
where

8 = (Y~ 1)Y

Y = ratio of specific heat at constant pressure to specific heat at con-

stant volume

In these expressions, the pressure ratio, pp., 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 is calculated from the working fluid
net enthalpy change in going through the turbine and compressor. Losses due to
mechanical and electrical inefficiencies in the bearings, gears, and generator
are accounted for by constant efficiency factors.,
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COMPUTER IMPLEMENTATION

Program Structure

The program that implements the mathematica! solution to the translent
problem reviewed above is cailed SOLARBRAYTON. [t Is conmposed 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-1.

In Figure A-4, the dashed lines from S (start) to F (finish) show the over-
all order of the subroutine calls. The acutal transient is performed by TIMES
through repetitive calls to TRANS (for transient calculations on massive ele-
ments) and NEWTON (for solution to the system equations). SYSTEM defines to
NEWTON the system equations that are unique to this particular system. Both
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 TIMES, respectively,
showing further details of the overall program logic.

Input Requirements

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
are 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~ one run, only the Type 3 input is changed
for the additional cases.

Type 1 input consists of program mode and run controls. 1t contains:
indices that select various program mode, modeling, 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 syster is changed
or the performance specifications are updated., |t is usually read directly
from a data file rather than from cards.

Type 3 input constitutes the particular problem statement for the case
under study and therefore changes in at ieast same part from case to case.
Included here are indices that choose from a set of candidate variables and
equations (built into SYSTEM) those that will be the {x{1)} and the {f(1)
for the present case. Initial estimates of the x(J)} 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

81-18087
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TABLE A-1

SUBROUTINE {DENTIFICATION LIST FOR SOLARBRAYTON

TRANS | ENT PERFORMANCE PROGRAM

LEVEL |
MAIN Main program that catis the four Leve! ! subroutines,
LEVEL 1

INPUT Master input subroutine that calls CNTRLS, SPECS, snd STTMNT tor
actual Input.

INITLS Subroutine that performs any required inltiallization calculations,

TIMES Master control program for the transient performance calculstion;
it increments the time and repetitively calls TRANS, NEWTON, FOLLOW,
and QUTPUT.

FIMNAL Produces a final summary output of the run.

LEVEL (it

ONTRLS Inputs the program and run controls.

SPECS Inputs the system and component speclticatlions.

STTMNT Inputs the problem statement, and may contain information for
more than one case.

PROBLM Subroutine to print out a probiem statement page.

TRANS Does the true transient calculations tor the massl/ve components
by calting the appropriate component subroutines.

NEWTON Solves sets of simultaneous nonlinear equations, These determine
the values of those variables In equilibrium with the massive
element tumperaturss and the boundary conditions.

ouTPUT Produces a detaiied output on & user-defined frequency basis.

A one-iine output is usually produced by TIMES on a more trequent
busis.
LEVEL IV

SYSTEM Does system pertormance calculations that define to NEWTON the
simultansous equations that need to be solved.

FOLLOW Does additionat performance calculations not needed by NEWTLN.

LEVEL v

COoMPSB Campressor performance.

TURBSB Turbine performance.

HXTC Recuperator pertormance.

HEAT Heat source pertormance; calls RCY and TSD.

RCY Recelver performance.

TS0 Thermal storage device performance; calls PCM and SOLIC.

PM Calculates resistance of TSD siements,

SOL1D Determines status of PCM in each eiement.

LEVEL Vi

TABIN Reads in tables.

MAP (N Reads in maps.

READ Reads performance from maps.

TABLE Reads tables.

TABLEZ Special version ot TABLE for schedules

HSTGRM Special version of TABLE for histograms.

AIRESEARCH MANUFACTURING COMPANY
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any values needed for individual performance indicators are speci‘ied in this
block of Input, Boundary conditions, both constant and time-dependent, are
given, including the solar insolation for the day. This latter item is usually
Inpur directly from a data file,

Sample Qutput

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 detalled, one-
page output, printed at a particular specified time. The top of the page shows
pressures (psi) and temperatures (°R) at the various system station points (see
Figure A-1).

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 followed by the nodal temperatures of the massive elements of the
recuperator, receiver, and TSD, The fraction of liquid PCM for each TSD ele~-
ment is also calculated. Elements with liquid fractions between 0 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-1. SUNINS
is the input value of the insolation in watts/square meter, QFLUID is the heat
absorbed by the fluid in kiiowatts, and POWERE is the power output in kilowatts.

Plotting Capabilities

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

COMPONENT SPECIF ICATIONS

Rotating Equipment

The Mod "0" turbomachinery consists of a turbine and compressor (specified
as GTP 36-51) and a 400-Hz generator, Pertormance 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 pressure ratio, corrected
tlow, 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
outlet (taken as 2 percent) is used to cool the bearings., This flow is assumed
to be added to the turbine exit flow. Thus, tre turbine flow is always taken
as 2 percent less than the compressor flow,

81-18087
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InoEX PSTATN PIOT AL ISTary Station 1.0,
1 18,700 14,700 $30.000 VORKING FLUTD TNLEY
2 18,700 18,709 530.200 CORPRESSOR TWMET
3 35.3¢) 35.3¢) 125%.120 CONPRESSOR QUTLET
L] 35.3¢) 35.34) 12%.12) HX COLOD SIDE TWEY
S 35.010 315.010 1578 .230 HY COLOD SIOE OQUTLET
¢ 35.010 35.71) 1570,230 HEAT SOURCE TWLETY
? 33,280 33.280 1935.925 MEAT SOURCE OVUTLEY
[ ] 33.200 33.28) 19335,92% SURGINE IMLET
* 19.145 15.1¢5% 1¢52.000 TURBINE OUTLET
10 15,5143 15.145 1632,593 NX WaARSm SIDE IWLEY
11 19.710 14,709 005 .010 MY wams SINE OQUTLEY
12 10,717 18.11) 805.21¢ WORKING FLUTOD EXIT
13 15.1¢8 15.1¢5% 1£32,5%)3 HX DUCE INLEY
10 =039 +000 300
13 .000 -000 19¢0.007 RECEIVER QUTLETY
1¢ «200 <039 1935,.925% S0 OUSLEY
17? 000 .D00 «020
18 «33 <) .000
134 +000 -0 00 «002
20 «J30 <00V «200
.
. SCALED SCALED SCaLED
. CORRECTED CORRECIEO CORRECIED CORRECTED PRESSURE PRESSURE SCALED Llld
. SPEED SPEEO SPEED FLOW FLOW FLoOW RATIO RATIO EFFICIENCYEFFICIENCY PARANETER

.

COPIPINENNPOIPICITINEI0IEtItItIsNININOOINNE0INPINONNNTCICIt ENNROtioiniesotortisdosceterttttositststtoceecescitraeostsrorteotsssersdsores
.

CONPRESSOR S13817. 57357, 1492 «5¢378 «5¢3178 Set378 2.%057 2.00%7 oT1729¢ «772% 3.7190

TuRpInE 51357, 30011, J1e228 «55192 <4459 «At593 2.1985% 2.1983 «82578 «02578 %.1153

SPEEDS ame Im mPn
FLOWS ARE IN LAR/SECe COMPRESSOR FLOW IS ToLEle TURBINE FLOW IS ITWLEY

RECUPERATOR PARAMEFERS EFFECTIVENESS = ,9401 qfINEX USED = 1t
INTERNAL TEMPCRATURES
1591, 15¢5. 1538, 1510, 1492, 1453, 1820, 1308, 13¢3, 1333,
1301. 12¢9. 123s. 1233, 11s9, 1138, 1099, 1943 102¢. 0. "
0.7 *11.8 872.0 831.5 *1.5%
RECEIVER PARARECTEKS NIIMEX USED = 1
TIERNA. TEMPERATURES
1721. 17¢0, [ RLL 1837, 1875, 1913, 1981, 1009, 2027. 2008,
TMERNAL STORAGE PAKAMETERS NItmEX USED = 1
INTERNAL FERPFRATURFS
1080, 1957, 1932, 1932, 1932, 1932, 1932, te32, 1932, 1932,
FRAC fTOM LIQuUTD
1. 000 1.000 .9093 7007 29533 8307 +3308 .2%9%0 «2000 «15%
ELECIRICAL OUTPUI POWER = 13,41 v
Figure A-8. Sample Detailed Output ArTe
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12.840
12.908
12- 888
12.8482
12. 087
L 2.021
12. 8¢5
12,449
12.073
12.477
12082
120 08¢
12.49%0
12098
12.00
12.502
12507
12511
12515
12.519
1282
12.527
12532
1293¢
12.5%548D0
12.500%
12. 548
17952
12857
12.541
12+ 545
12.549
12573
125177
12562
12584
12+ 5%0
12590
12.9598
12.402
12. 407
12.411
12.215%
12.417
12.£23
12+427
32.¢32
12.43¢

SUNI NS

332.000
832.020
832.000
83%.330
$3%.000
835.020
829.00C
829.030
829 .000
829.030
829 .000
829.320
829.C00C
029.030
829.00C
830.030
830.000
830.030
830.000
830.020
830.00C
830.000
818.000
818.0))
818.000
818.327
818.000
824,320
824.000
82:.070
82¢.000
82¢.020
824.000
L24.020
82¢.000
823.320
823.000
823.0390
822.000
822.330
822.000
822.%30
022.000
825.3J0
82%.000
82%.230
825.000
821.030

QFLUID
56,412
54.418
56,222
54.430
54 .834
58,440
58 .439
58,833
58,430
54.£29
58 .88
50.831
58 .02]
50.4814
54,413
58.012
58 .012
S8.012
54,011
5¢.%10
58.410
S53.%09
54 .40
54,133
53,217
$3.530
53.45¢9
53.429
58,110
564,223
56,233
58,247
54,258
$58.249)
58,243
58.2¢1
54,240
5e¢.078
54 ,054
5¢.0088
54 ,002
54,039
58,037
58,0080
54 .702
58.043
54,083
58,082

FOWERE
13.40¢
13.497
13.407
13.407
13.408
13.438
13.¢08
13.807
13.40¢
13,42¢
13.570
13.570
13.571
13.571
13.571
13.571
13.572
13.572
13.572
13.572
13.572
13.573
13.572
13.443
13.273
13.2713
13.270
13.312
13.505%
13.53%
13.50%
13.59%
13.50%
13.5)0¢
13.504
13.593
13.302
13.470
13.470
13.40
13.870
13.472
13.470
13.470
13.871
13.871
13.872
13.872

Wiso
«55%2
«552
«552
- 5‘2
+552
«352
«552
«%52
«552
«55%2
=550
«35%)
«550
« 550
«550
«550
+550
«5%0
+«550
«53%2
<550
<550
+«550
+548
-5..
«5408
508
« 504
+550
«5%0
+550
«55%)
+550
«59%)
+550
«3%)
+«550
10 ]
«508
<548
«598
«5e8
548
«5%8
508
<548
508
+ 502

Figure A-9,

et 3
«552
<582
*3%2
«552
«532
«582
«552
582
552
«53%2
«550
«550
+550
-59%50
+3%0
«350
+550
-~ 52
+550
«55%5)
«550
«33%0
«350
<3408
«5808
<580
11}
« 584
+«550
«535)
«550
«335)
«5590
«550
+550
«350
«550
548
«548
<548
«500
«588
508
<348
«548
+548
<548
«548

fte)
1578.23
1578.19
1578.1¢
1578.15
1578.1%
1578.10
1578.1%
1578.12
1578,00
1578.07
1578.08
1570,33
1578,082
1578.44
1578.50
1578.%2
1578.%%
1578.57
1578.%8
1578.¢0
1578.¢1
1578.¢3
1%78.¢08
1576.47
1%79,L0
1580.%1
1580, 7¢
1580.95
1580.3¢
1579,
1579.58
1579.43
157934
1579,.31
1579.28
1579.2¢
1579,21
1579,.34
1579.51
1579.57?
1579,.¢0
1579,.42
1579,.84
157944
1579.¢8
1579. 17
1579.73
1579.7%

1¢(8)
1935 .92
1935,.93
1935.93
1935.97
193¢ .00
193¢.02
ie3e .01
1935,.9¢
1935 .91
1935.88
1935 .85
1935.88
1935 .89
1935.91
1935 .92
1935,.9¢
1935 .98
1935.968
1935 .99
193¢.00
1934 ,0%
193¢.02
1935 .97
1935.88
19335.85
1935.90
1935 .9
193¢.08
193¢ .10
193¢.08
1932 ,07
1934,.0¢
193¢ .08
193¢.02
1934 .01
1938,94
1935 .92
1935.92
1935,.92
1935.92
1935 .92
1935.92
193%5.93
1935.97
1932 .00
193¢.03
193¢ .03
193¢,09

(1))
1£32 .59
1£432.59
1£32,.¢0
1432.43
1¢32.¢¢
1£32,.48
1632 .47
1432,.¢2
1£32.58
1432.95
1¢33.17
1£33.1°
1£33.20
1833. 22
1£33.23
1£33.2¢
1633.2¢
1433,.28
1433 .29
1433.30
1¢33.31
133,31
133,27
1434,.39
1£3¢ .53
143¢8.57
1438 .40
143¢,.00
1433.90
1£33.60
1¢33,87
1433.68¢
1£33.6%
1433.03
1£33.82
1433, 78
133,74
1434,38
1¢ 43,30
1¢38.37
1434 .32
1434.30
1£34 .30
1438, 02
1838 .88
183¢,07
1438 .49
1£430,.5)

Sample One-_ine Output

71 %)
1920,01
1959,.99
1959,.%7
1943.30
19¢0.57
1940,77
19¢0.48
1930.12
1959,.46%
1939,.28
1959,28
1959,31
193902
1959.353
1959.43
1959,00
1959.9
190,12
1940,23
19s3.31
19¢0.37
1940.491
1959,.9¢
19%59,22
1959,.19¢
1959.484
19359.88
1940 .0¢
19£0.88
1943.65
1940,.73
194,355
1920,.3¢
1943.19¢
1940.00
1959,5%7
1959,.19
1939,.22
1959.22
1959.10
195917
1959.10
1999.20
1959.37
1959.88
1940,13
19:0.32
1940 .49

T
1935,.92
1935.93
1933.93
1935.97
193¢6.00
193¢.02
193¢.01
1933.9¢
1935.91
1935.88
1933.05
1935.08
1935.09%
1935.n
1935,92
1935.9¢
1935.9¢
1935.98
1935.9¢
1934.00
193¢.02
1934.02
1935,.97
1933.88
19335.05
1935.90
1935.9¢
193¢.08
193¢.30
193¢.08
193¢.07
193¢.04
193¢.09
193¢.02
193¢ .01
1935.94
1935,.92
193%2.92
193%5.92
1935.92
1933.92
193%5.92
1935,.93
193%5.%7
193¢.00
1938.03
193¢.0%
193¢.0¢

b —

6T
57337.08
5733171.008
57357.08
$713357.08
573%7.08
$73357.08
57357.08
sr13%7.08
$71357.08
$73%7.08
$72%¢.10
371%5%.10
372%¢.190
372%54.10
372%¢6.10
372%¢.10
322%¢.10
3723s.10
$72%¢.10
$72%4.10
572%¢.10
S72%5¢.10
$12%¢.10
3$7119.0%
5¢908 .57
54900.37
5¢904 .37
37018.04%
37282.23
S712¢41,.23
57201.23
572¢1.23
372641.23
372¢1.23
57201.23
$7291.23
57281.23%
ST137.88
S7137.8¢
S7137.4¢
S7137.0
S7137.08
$7137.88
ST137.44
37137, 0¢
S7137.84
S7137.0¢
$7137.88

ATTT?



Because the turbine and compressor are attached to the same shaft, the
roteting speeds are assumed to be the same for each component. Since the
efticiency and fiow rate are strongly dependent on rotating speed, only 2
narrow range of speeds is reasonable for the turbomachinery. Indeed, the

speed is restricted to values between 53,000 and 62,500 rpm during engine
operation.

The generator is not explicitliy modeled in the computer proqram. An
efficiency of 88 percent Is assumed for this component, Additional mechanlical
and gearbox losses are accounted for by assuming a rotating efficliency of 91
percent. These efficiencies, which are, of course, in addition to the turbine
and compressor efficiencies, are appiied to the net power produced, i.e., the
difference betwaeen the power of the turbire and the power of the campressor,

Recuperator

The proposed recuperator for the Mod "0" engine consists of an existing
design used In the GT601 engine. Two heat exchanger cores are required. The
heat exchangers are made of stainless stee! and have an estimated weight of
400 tb. The weight includes that of the cores and manitolds and also any a
ssoclated ducting not otherwise accounted for.

For use In the computer program, the recuperator is specified by curve-tits
of hot- and cold-side thermal conductarce data as functions of flow rate and
temperature. The data were genarated by AiRosearch from a detailed computer
representation of the recuperator. For the hot side

H o= 0.1017 7 0.567 4 0.316 (78)

and for the cold side

H = 0.08214 T 2+579  0.289 (29)

where H is the thermal corductance, Btu/sec-°R
T is the average fluid temperature, °R
and W is the flow rate, Ib/sec

The values calculated from Equations (28) and (29) are apptied to th.
recuperator finite elements (see Equation (13)) and used to determine recu-
perator performance. The recuperator pressure drops are taken as 3 percent of
the inlet pressure for the hot side and 1 percent of the iniet presscre for the
cold side. These are the design points for the Mod "0" engine cycle.

The ¢-percent compressor flow that is used to cool the bearings bypasses
the coid side of the recuperator. Thus the hot-side flow Is always 2 percent
greater than the cold-side flow.

= o= 31-18087
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Receiver

The receiver configuration is that of the AiResearch ABSR Phase || design.
The receiver Is corstructed of Inconel 625 and has a weight of 8J Ib (heat
exchanger only). The thermal conductance is specified by the following
relationship generated by AiResearch from a detailed computer model oi the
receiver:

H= 0.1051 T 0.222 y 0.288 (30)

The temperature dependence of the receiver differs from that of the recu-
perator beczuse of changes in the temperature dependence of air thermophysical
properties at the elevated receiver tem,urature. 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 solid wall.

The thermal conductance values calculated from Equation (30) are applied
to the receiver finite elements (see Equation (16)}) by the ccmputer program and
used to determine receiver performance. 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). Beceuse 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 preliminary or conceptual design for the TSD. Indeed, in running
the ~omputer pro: -m, various sizes and materials for the TSD are required.
Thus, the TSD . mronent specification changes for each run.

Heat of fusion 1SD!'s cen perhaps be divided into two classifications~-
integral with the receiver and separate from the receiver, A possible sche
matic for an integral thermal storage system is shown in Figure A-10. The
storage device is actually part of the receiver, so that no additional heat
exchangers, ducting, or controls are necessary., The PCM is shown contained in
a heat transfer matrix that could be metallic or ceramic. The PCM is charged
(melted) directly by solar insolation. Carefui design would be necessary to
ensure that the PCM be totally melted. This might prove to be difficult at
the cold end (receiver intet). Because the PCM i, integral with the receiver,
it will affect the heat transfer during normal operation by acting as additional
resistance. This will tend to raise the cavity wall temperature.

A separate or nonintegral thermal storage system is shown in Figure A-11.
Because the TSD is charged by the cycle air, the melting point of the PCM must
be somewhat below the nominal turbine inlet temperature. {n addition, the
separate heat exchanger will use up some of the cycle pressuire drap. Despite
these | imitations and the requirement for additional equipment, it is felt
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that nonintegral thermal storage is the better choice, especially since the
receiver for the ABSR Phase || has already been constructed. The storage
device does entail some developmental and operational risk, and it would
seem prudent to separate [+ from the recelver, whiie allowing for individual
component optimization. The nonintegral TSD is considered exclusively in
this study.

Although the TSD model is completely general!, a specific configuration
must be assumed to determine the specifications required to rur the program,
Differenv configurations with the same characteristics (fluid thermal conduc-
tence, PCM resistance, welght of PCM, etc.) wil!l perform simitariy, 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 hollow tubes through which the
cycle fluid (air) flows. Surrounding the tubes, and fllling up the sheli,
is the PCM. The configuration is shown schematically in Fiqure A-12. To
study the more important variables in greater detail, a tube size of 0.725-
in,~00/0,20-in.-1D with triangular spacing on 1-in. centers has been fixed.
This sets the resistive path length for single-phase PCM at 0.375 in. For
the tubular configuration, the fluid thermal conductance is given by

H = BT 0.268 y 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 PCM used (and its thermophysical pro-
perties), the weight of PCM in the TSD, and the allowable pressure drop. Spe-
cifying these variables completely defines the TSD and allows 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 all 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
fiows, the pressure drop is reduced proportionately.

As previously mentioned, the heat exchanger walls, which physically separ-
ate the cycle fluid and the PCM, are effectively included in the PCM clements.
The actual wall resistance is quite low and the weight Is about 10 to 20 percent
of the PCM weight.
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