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ABSTRACT

A program capable of caleculating the design-point and quasi-steady-state
annual performance of a paraboloidal~concentrator solar thermal power plant
without energy storage has been written for a programmable calculator equipped
with suitable printer. The power plant may be located at any site for which a
histogram of annual direct normal insolation is available.

Inputs required by the program are aperture area and the design and
annual efficiencies of the concentrator; the intercept factor and apparent
absorptance of the receiver aperture, and the receiver heat loss} the design
efficiency of the power conversion subsystem and a polynomial representation
of its normalized part~load efficiency; the efficiency of the electrical
generator or altornator; the efficiency of the electric power conditioning and
transport subsystem} and ti~ fractional parasitic losses for the plant.
(Losses to auxiliaries associated with cach individual module are to be
deducted when the power conversion subsystem efficiencies are calculated.)

Qutputs provided by the program are the system design efficiency, the
annualized receiver efficiency, the annualized power conversion subsystem
efficiency, the total annual direct normal insolation received per unit area
of concentrator aperture, and the system annual efficiency.
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SECTION I

INTRODUCTION

A program capable of calculating the design-point and quasi-steady-state
annual performance of a paraboloidal-concentrator solar thermal power plant
operating without energy storage is described in this report. The program has
been written for a programmable calculator equipped with a suitable printer,
viz.,, the Texas Instruments TI-59 with PC-100C. For computational purposes,
the power plant may be located at any site for which a suitable histogram of
annual direct normal insolation is available.

Inputs required by the program are the design and annual efficiencies of
the concentrator; the intercept factor and apparent absorptance of the
receiver aperture, and the receiver heat loss per unit area of concentrator
aperture; the design efficiency of the power conversion subsystem and a
polynomial representation of its normalized part~load efficiency; the
efficiency of the electrical generator or alternator; the efficiency of the
electric power conditioning and transport subsystem; and the Eractional
parasitic losses for the plant. (Losses to auxiliaries associated with each
individual module are to be deducted when the power conversion subsystem
efficiencies are calculated.)

Qutputs provided by the program are the system design efficiency, the
annualized receiver efficiency, the annualized power conversion subsystem
efficiency, the total annual direct normal insolation received per unit area
of concentrator aperture, and the system annual efficiency. In additionm,
pertinent performance data for the concentrator, receiver, and power
conversion subsystems, and for the entire system are output at each of the
twenty-one median values of direct normal insolation included in the histogram

(0.025, 0.075, . + ., 0.975, 1.025 kW/m2}.

Input parameters required for the caleculation of paraboloidal-dish solar
thermal power plant performance, together with supporting explanatory notes,
can be entered into a form such as the one presented in Table 1. This form
also provides spaces for listing all the design and annual performance data
pertinent to a given configuration operating under given design and annual
insolation conditions. :

The input and output variables and a description of the program and
corresponding equations are presented in Section II, Description of the
Problem and Its Solution. A flow chart and thoroughly annotated program
listing are inecluded in Appendixes A and B, respectively.

A sample problem statement and corresponding solution are presented in
Section III, Sample Problem and Solution; input data for the sample
problem are included in Appendix C.

Section IV, entitled User Instructions, provides step-by-ctep
instructions for using the program.

Section V provides the concluding remarks.
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Table 1.

Technology:

Performance Summary Lnput Data Form

Time Framne:

Design Direct Normal Insolation:

Geographic Location:

K/

Annual Direct Normal Insolation:

Concentrator
Design Parameters
Aperture area {(me) . .+ « .
Reflactivity ¢ v+ o o « « o
Blocking + v s « o o o o
Efficiency « o o « o o o »
Annual Operating Parameters
Degradatfon . « + + 4 +
Shading « o+ o « s o o & »
Efficiency + « + ¢ o + »
Receiver
Design Parameters

kWn/me/y

Aperture area {m2) . + o+ o 0 o o
Temperature of the thermodynamic

receiver outlet (°F) . .
Intercept Factor « . + .+ »
Conductien loss (kWy/m2) .
Convection 1oss (kwt/ng .
Reradiation loss (kWg/m¢)
Combined losses (kwt/mz) .
Efficiency « « o o o 4 o &

Annual Operating Parameters
Efficiency + « o+ o 4« ¢ & o
Thermal Transport
Design Efficiency « « +
Annual Efficiency . + .
Power Conversion Efficiency
Dasign Parameters
Heat Engine Efficiency . .

*

medium at

[ I

.
s 2 0
L]
»

LI T T

Generator Efficiency « +» « « o 4 o s 4 o @
Power Conversion System Efficiency . » « »

Annual Power Conversion

System Efficiancy « o « o o o = ¢ o ¢ o »
Power Conditioning and Transport Efficiency . .

1 = {Fractional Parasitic Losses)

System Performance
Oesign Parameters

a 4 » a4 4 82 =

Receiver Quiput Thermal Power (kWy) . . .
Electric Power Output (kWg) + . . . . « &

EffiC‘tenCYo--..--------o--

Annual Performance
Efficiency « « v+ o« » ¢ + &

Nates are presented on the following page.

1--2

Performance
Design Point Annual

{a)

(b)

| {e)
(d}
{e)
(f)

(9}
{h)

(i)

{3)




: Table 1, (Cont'd): Notes on the Performance Summary Input Data Form

E (a) The power conversion assembly package and its supporting struts block
, insolation that would otherwise fall on the concentrator. This blocking
? reduces the performance of the concentrator.

i {(b) Between cleanings, the design reflectivity of the concentrator mirrors
" is degraded by the gradual accumulation of fdust on the first surface of
the mirror panels but is virtually completely restored by proper
cleaning.

(¢) The annual performance of the usual optimal concentrator ficld is

i degraded by the shading of some concentrators by others at times
considerably removed from solar noon. This is particularly true during
the winter.

(d) The apparent absorptance for concentrated insolation of the receiver
apertures considered here is assumed to differ negligibly from unity.

(e) The maximum bullk temperature achieved by the thermodynamic medium as it
moves through the complete cycle is noted here.

(£) Thermal energy is lost from the receiver through the parallel paths of
(1) veradiation through the aperture, (2) direct convection at the
| aperture, and (3) conduction through the body and/or supports of the
' receiver followed by convection from the surface of the receiver body.
One minus the sum of these losses (expressed as fractions of energy
entering the receiver cavity) represents the transfer factor for energy
entering the receiver aperture.

(g) Miceiver annual efficiency is affected by the insolation histogram
employed, even in the case of a non-storage system.

(h) Because the receiver and thermodynamic engine subsystems are closely
coupled in a point~focusing thermodynamic power module, the module's
thermal transport efficiency differs negligibly from unity. Annual
thermal transport efficiency is assumed equal to the design thermal
transport efficiency.

(i) Power conversion annual efficiency is affected by the insolation
histogram employed, even in the case of a non-storage system.

(j) Annual system efficiency is a function of both receiver and power
conversion annual efficiencies and thus is affected by the insolation
histogram employed, even in the case of a non-storage system.

e e g, e o . . e
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SECTION 11

DESCRIPTION OF THE PROBLEM AND ITS SOLUTION

A. INPUT VARIABLES (ALl in Segment No. 1)

Algebraic
Varianble Acronym Definition

IpnD IDND Dasign level of direct normal insolacion (often
assumed to be 0.8 or 1.0 kW/m?).

Mep HCD Design efficiency of the concentrator.

e HC Annual average efficiency of the concentrator
(degraded by mirror soiling and by the mutual shading
of grouped concentrators).

QrL QRL Receiver combined thermal loss in kwt/m2 of
concentrator area projected onto the concentrator
aperture plane.

¢ FSBS Intercept factor of the receiver aperture, i.e., the
fraction of concentrated solar radiation falling on
the aperture plane of the receiver that passes through
the aperture.

a ALPH Apparent absorptivity of the receiver aperture for the
concentrated insolation incident on it.

TeD HPD Design efficiency of the engine,

ag ANPS The degree of the polynomial representation must be no
greater than 6.

NOTE: PPX-59 Professional Program 208008 Polynomial
Regression by T. H. Wysmuller has been most useful in
evaluating the required polynomial coefficients from
graphs of normalized power conversion efficiency as a
function of normalized input thermal power.

MEGT HEGT Efficiency of the combined electrical generator, and
transport and power conditioning subsystems.

p HPAR Correction factor by which the gross output of the
power plant must be multiplied in order to account for
losses due to plant auxiliary equipment, office and
control room space conditioning, etc.

e PP T 3 vy S o o " st



Algebraic
Variable Acronym
IpN IDN
H RS
N NPOL
B. OUTPUT VARIABLES
L. In Segment No. 1
Algebraic
VYariable Acronym
Tep HGD
TRD HRD
oD HPD
Ngp HEP
75D HSD
2. In Segment No. 2
Algebraic
Variable Acronym
o HC
ToN HCN
Qc qQc
QeN QCN
R HR

i SR SR R S il s A R e S G S PR R
N :

Definition

Actual leve! of direct normal insolation at which
performance {8 Lo be determined (kW/m2).

Annual toral hours of direct normal insolation at
intensity centered at Ipy (AIpy = 0.05 kW/m2).

Degree of the polynomial representing the normalized

power conversion subsystem efficiency.
0 < N < 6 (Integer).

Definition
Concentrator design efficiency (an input variable).
Receiver design efficiency.
Power conversion subsystem design efficiency defined
as thermal input to electrical generator output (an
input variable).
Efficiency of electricul power conditioning and
transport including an allowance for module or plant

parasitic power requirements.

System design efficiency.

Definition

At each value of IDN:

Concentrator efficiency.
Jdormalized concentrator efficiency, HC/HCD.

Concentrator photon power output per unit concentrator
area (ki/m?).

Normalized concentrator photon power output, QC/QCD.
(See page 2-6 for the definition of QCD.)

Receiver efficiency.

2=-2
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Algobraic
Variable Acronym Definition

TRN RN Normalized receiver efficiency, HR/HRD.

Qr QR Receiver thermal power output per unit concentrator
area (kW/m2),

QN QRN Normalized veceiver thermal power output, QR/QRD.

p He Power conversion subsystem efficiency,

NpN HeN Normalized power conversion subsystem efficiency,
HP/HPD.

Qp QP Power conversion subsystem electrical power output per
unit concentrator area (kW/m2),

QpN QPN Normalized power conversion subsystem electrical power
output, QP/QED,

Mg Hy System efficiency.

mSN HSN Normalized system efficiency, HS/HSD,

Qg Qs System electrical power output per unit concentrator
area (kW/m2).

Qsn QSN Normalized system electrical power output, QDS/QSD.

Annual Performance:

MRA HRA Annual average receiver efficiency.

NpA HPA Annual average power conversion subsystem efficiency.

2E7 ZEI Annual direct normal insolation [kW/(mzy)].

MsA HSA Annual average system efficirney.

C. METHOD OF SOLUTION

As indicated in both the abstract and the introduction, the program
presented here has been developed to allew calculation of the design=point and
quagi-steady-state annual performance of a modular solar thermal electric
power plant, each module of which comprises (1) a sun-tracking, point-
focusing concentrator and (2) a power conversion assembly that is mounted on
the concentrator with the receiver aperture near the focal plane and on the
optical axis of the concentrator. In turn, the power conversion assembly
comprises a cavity receiver, a thermodynamic engine complete with auxiliaries,
and an electrical generator, The electrical control and conditioning
equipment directly associated with each modular power conversion assembly may

2~3
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be concentrator-mounted or ground-mounted, or parts of it may be
concentrator-mounted and the remainder, ground-mounted, Typically, the power
plant in its entirety will require additional power control and conditioning
equipment to enable connection to a power grid and to supply auxiliary power
to the modules, at least during start-up.

i It is again emphasized that the program developed here is valid only for
o pywer plant that has negligible energy storage capacity for either thermal
% or clectric energy.

Another more subtle but ordinarily less important limitation of the
program is that the plant power output may exceed its design value if the
direct normal insolation exceeds the design value selected for this
parameter. Moxe sophisticated programs ordinarily impose the requirement that
the design output of the power plant never be exceeded, wastlng the excess
power if necessary. However, because of TI-59 11m1tatxona in available
program steps and memory cells, the author has been unable to incorporate this
feature into the program presented here., If the direct normal insolation
received at a given site scldom exceeds the seclected design value or only
i exceeds it by small amounts, this limitation on the program is negllglble- On
the other hand, if a design direct normal insolation of 800 W/m?2 were chosen
for a plant whose power conversion subsystem could accept the energy collected
by the concentrator at a direct normal insolation of 1000 W/mé and if this
plant were located in the desert Southwest, the difference in annual
performance as calculated by this program and by one limiting output to the
design maximum would be appreciable,

Figure 1 has been included so as to provide a graphic representation of
the energy path through the power plant. Most of the direct normal insolation
collected, reflected, and concentrated by the concentrator is directed to the
receiver os photon energy; most of the photon energy absorbed by the receiver
is transferred as thermal energy to the thermodynamic engine; the
thermodynamic engine converts some of the thermal energy to mechanical energy
and rejects or loses the yemainder; the generator converts most of the
mechanical energy to electrical energy with only slight energy dissipation;
the module's electrical power control and conditioning transfers the energy to
the plant control and conditioning system, again with relatively small losses;
finally, the plant control and conditioning system transfers most of this
energy to the electrical grid, while most of the remainder is absorbed by
plant auxiliaries and the rest 1s dissipated.

Concentrator performance is determined in the following manner. At
design conditions,

AcQcp = AcTpnpPcFa in kW

represents the photon flux transmitted to the receiver aperture plane by the
concentrator at design conditions, where Ag represents the concentrator's
reflecting surface area projected on the plane of the conecentrator aperture,
pc represents mirror reflectance, and Fp represents the fraction of Ag

that is blocked by the power ¢onversion assembly package and its supporting

i B
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struts. Ipyp 18 defined in Section A of this chapter. Under general
cornditions,

AgQg = AclpnPefp * Fpg * Fs »

where Fpg represents the average fractional degradation of mirror
reflectivity that results from dust accumulation on the first surfaces of the
mirrors between cleanings, and Fg represents the average degradation of
concentrator field performance for the entire power plant due to the shading
of some concentrators by others. Even in an optimally distributed field of
concentrators, shading is appreciable nsar sunrise and sunset and, at
latitudes appreciably above or below the equator, is more important in the
winter than in the summer. Obvious definitions can be written for the design
and general efficiencies of the concentrator as

Nep = Pefp

and

T¢ = PcFBFpcFs

respectively. Then Qgp and Qg can be expressed by

Qep = Moplpnp

and

Qc = 7¢clpy -

Note that Qgp, Qg¢, and all other Q's in the following discussion represent
energy flux per unit area of concentrator reflective surface projected upon
the aperture plane of the concentrator. Defining the Q's in this way allows
any one of them along the path of energy transport and conversion to be
compared directly with the incident direct normal radiation, Ipy. A
normalized photon f£lux from the concentrator, valid for annual average
conditions of shading and degradationm, can then be defined for an arbitrary
Ipy as

Qy = Qc/Qp -
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The definition of receiver efficiency employed by the program is more
complicated than that for the concentrator. Receiver thermal flux delivered
to the thermodynamic engine is defined in the following way:

Qrp = 2$Qep = QL »

where all the parameters and variables on the right side of this equation have
already been defined., Defining receiver design efficiency as

by asubstitution,

At other than design conditions, the receiver thermal flux delivered to
the engine is defined as

QR =2%PQc - Qpr, >

and receiver design efficiency can be defined as

U
"7R = a'c':'
- ad - JRL
Q¢
Then from earlier definitions,
Q
RL 1
rq - 'q 2= e s—— 1 — ————
RD 'R Up Qe/%p
and
Q
RL 1
n = ‘q - 1 R — .
R "RD  Qgp Qn
2-7
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Finally, a normalized receiver efficiency can be defined as

TRy = Tr/MRp -

As can be geen from the formulae for mg, at insolation levels below a
certain threshold, receiver thermal efficiency can become negative. The
program presented here sets Mgy = 0 whenever g < 0 is calculated;
obviously, all subsequent Q's and 7's except mp are set equal to zero fnr
insolation levels below this threshold.

The evaluation of the energy £lux through the remainder of the power
conversion subagsembly is treated in a manner different from that employed in
the case of the concentrator or receiver. The full-load efficiency of the
engine is considered known from extensive analysis and/or experiment by the
manufacturer. The same knowledge is usually available for the generator and
the complete power conditioning and transport system. The fractional

parasitic losses for the plant are also known from experiment or have been
estimated.

In the program presented here, parasitic losses are assumed to be a
small constant fraction of the gross plant-produced, conditioned, and
transported electrical output; thus, a constant component efficiency
vreflecting plant parasitic losses can be defined as

Tpar = 1 = fpAR s

where Eppp represents the normalized fractional parasitic losses just
described. The efficiencies of the generator and of the electrical power
conditioning and transport subsystem can be entered during the first segment
of program execution as normalized fractional constants. Typically, real
generator and electrical conditioning and transport subsystems exhibit
efficiencies that reflect a relatively small, constant, fractional no-load
loss and an additive fractional loss that varies with the fraction load. This
same behavior is also exhibited by the typical thermodynamic engina.
Therefore, if the user of this program wishes a more accurate representation
of the combined efficiency of the engine, generator, and power conditioning
and transport subsystems and if combined efficiency as a function of load is
known or can be estimated for this combination, a polynomial representation
for this efficiency, Mp - Mggrs can be entered during the loading

phase {(Segment No. 1) of the program in place of npN = nPN{QRN}* and pap = 0
can be set. Another alternative often employed by the author is to define the
normalized efficiency of the engine-generator combination by a least-squares=-
best-fit polynomial function of normalized thermal flux from the receiver to
the engine (converted from the manufacturer's data presenting efficiency as a
function of output for this combination) and to assume respective constant
values for mggp and fpap, the efficiency of the power conditioning and
transport subsystem,and the fractional parasitic losses, respectively.

2-8
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In the sample problem and corresponding solution here, mggr and 7Mpar
have been defined as constants, and only the efficiency of the engine has been
defined as a function of the heat flow into the engine.

The program presented here allows the representation of normalized
engine efficiency as a polynomial function of normalized thermal flux to the
engine from the receiver. This representation is limited to a polynomial of
no more than sixth degree.

Once the normalized thermal f£lux from the receiver, Qgpy, bas been
determined, the normalized efficiency of the engine, mpy, can be
calculated. Then the normalized mechanical output power of the engine, its
efficiency, and its dimensional mechanical output power can be calculated:

Qpn = 7oy * QRN
Np " TpN * MpD

and

Qp =7Mp * Qp

As was the case with the receiver, at input thermal fluxes to the engine
below some threshold, mp will be negative. When this oceurs, the program
sets Hpy = 0, and all subsequent Q's and %'s in the energy train are also
set equal to zero.

If the product of mggp (the efficiency of the generator and electrical
power conditioning and transport subsystem) and mpap (the normalized
fractional correction for plant parasitic electrical power dissipation) is

defined as 7mpp, the electrical power output of the plant can be calculated
for design and arbitrary loads as

Qsp = Mep * Qpp

and

Qs =7gp * Q -

For design and arbitrary loads, plant efficiency can be obtained from the
simple formulae,

msp = Qsp/IpNp

and

Mg = Qs/Ipy -
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A formula for the normalized system efficiency of the plant is

nsy = Ms/Msp

The assumption of quasi-stecady plant operation allows all transients due to
abrupt changes in insolation to be ignored; thus, it becomes unnecessary to
employ a dynamic temporal record of direct normal insolation at a particular
gite in order accurately to simulate annual plant performance. A histogram of
annual direct normal insclation at the same site serves just as well under
this assumption, and, instead of making thousands of calculations of plant
performance to obtain annual plant performance, only a few tens of
calculations of plant performance are required. Histograms for a few typical
sites during what have been judged to be representative years are presented in
Figure 2.

Annual plant performance for a plant is calculated by the program in the
following way. At the average Ipy corresponding to each incremental Alpy,
energy fluxes are calculated and multiplied by the number of hours during the
year in which that particular Ipy was measured:

Er =Ipy * H
g " Q - H
Qp * H
_QP'H

Eg = Qg * H

=1
-~
L]

[52)
ha~)
0

These individual energies are then added to the sum of corresponding energies
determined for all the previously employed (smaller) values of average Ipy.
When all bands of Ipy have been considered, summations for the year are then
available:

ZEp = Z(Ipy + H)

ZE; = 2(Qg + H)

H)

ZER = 2( QR

2-10
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Finally, from these annual summations, the annual average efficiencles of the
receiver, the engine, and the system can be calculated:

pa = ZEp/ZER

nsa = ZEg/ELy

The annual average efficiency of the concentrator was established near the
beginning of this section. It is therefore unnecessary to determine

Nca = 2Eg/2ET
although this equation can be employed as a check.

D. FLOW CHART

The flow chart (Appendix A) of the programmed solution follows standard
flow charting conventions and is virtually self-explanatory, Segment No. 1 is
stored on the first TI-59 program card and Segment No. 2, on the second. The
names of the various subprograms correspond to the various TI-59 keys employed
as user—defined subprogram labels in the course of program development.
Although an attempt was made to choose each label in a way that would provide
a2 hint as to the function of the corresponding subroutine, the severely
limited number of names available probably prevented much success in this
respect. The reader must simply remember the names of the various subprograms
as the various loops of the program are traced and retraced,

E. ANNOTATED PROGRAM LISTING

While the flow chart presented in Appendix A is easily adapted to any
programmable caleculator or microcomputer whose capabilities equal or exceed
those of the TI-59, the program listing presented in Appendix B can be
directly keyed in and executed only on a TI-59. Nevertheless, since a TI-59
and attached printer are still commonly available and widely used in science
and engineering, the program listing has been included in this report. To
those who are familiar with the TI~59 programmable calculator and the
ancillary, no-longer-extant PPX-59 user's group, the form in which the listing
is presented will be completely familiar. The comments accompanying the
listing closely parallel the remarks presented in the flow chart.

2-12
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SECTION IIL

SAMPLE PROBLEM AND SOLUTION

The design and annual performances of a paraboloidal concentrator
(dish)/Brayton solar thermal power plant (PDB/STPP) operating without thermal
or ¢lectrical storage capability at Barstow, California, is considered here.
A histogram of the direct normal insolation received at Barstow in 1976 is
presented in tabular form as Table 2.

The design value for direct normal insolation is assumed to be
1.0 kW/m?, Design and annual values of concentrator efficiency are assumed
to be 0.94 and 0.88, respectively.

A receiver outlet temperature of 870°C (1600°F) has been specified, The
corresponding combined thermal loss, intercept factor, and apparent aperturo
absorptance for the receiver have been estimated to be 0.07445 kW/m? (based
on concentrator aperture), 0.99, and 0.92, respectively. The design
efficiency of the Brayton engine has been estimated as 0.271, and the
normalized part-load characteristics of the engine are presented in Table 3.

Table 2. Tabular Histogram of Direct Normal Insolation Received
at Barstow, California, in Calendar Year 1976

Insolation Hours of Insolation
Increment in this Inerement
0.00 - 0.05 251
0.05 - 0.10 174
0.10 - 0.15 131
0.15 - 0.20 109
0.20 - 0.25 111
0.25 - 0.30 122
0.30 - 0.35 o4
0.35 ~ 0.40 92
0.40 - 0.45 96
0.45 ~ 0.50 111
0.50 - 0.55 141
0055 - 0-60 129
0.60 - 0.65 143
0-65 - 00 70 192
0.70 - 0.75 228
0.75 - 0.80 288
0.80 -~ 0.85 345
0.90 - 0,95 595
0.95 - 1.00 508
1.00 - 1.05 60
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Table 3. Estimated CGarvett Turbine Engine Company SAGI-1A
Brayton Engine Normalized Peyt-Load Efficiency
As a Function of Normnlized Input Thermal Power

Normalized Normalized
Input Thermal Power Part~Load Efficiency
0.295 0.000
0.375 0.515
0.500 0.827
0.625 0,940
0.750 0.989
0.875 1.000
1.000 1.000

The coefficients of the sixth~degree polynomial approximation

corresponding to this normalized part-load operating characteristic are as
follows:

B

a "11-‘584

Q

ay +93.721
ap = ~303.71
as = +532.70
ag = -526.26

85 = +257056

ag = ~59.527

The combined efficiency of mechanical-to-electrical power conversion by
the generator, the power conditioning equipment, and the electrical transport
network has been estimated to be 0.95, while the correction factor to the
gross output of the power plant required to account for losses due to plant
auxiliary equipment, etc., has been estimated to be 0.98.

As indicated by the sample problem (Appendix C), the input segment of
the program requests the entry of the input data, item by item. GEnterf.g the
degree of the polynomial (NPOL) and starting the program results in
(1) calculatien and printing of the design performance parameters
corresponding to the PDB/STPP configuration specified by the input parameters
and (2) a printed directive to load the second segment of the program into the
calculator.

3=-2
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After the second segment is londed and ptarted, the annual performance
of the specificd PDB/STPP is calculated. When the calculator stops, the
-.lution is complete. The following vesults have then heen presented:

(1) performance data for the concentrator, receiver, engine, and complete
system for each median value of direct normal insolation employed in the
histogram -~ only the results obtained at Ipy ® 0.925 are labeled ~- and

(2) the total direct normal insolation rece?vad during the year pear square
mater of concentrator aperture area and the annual average efficiencies of the
receiver, thermodynamic engine, and the system in its entirety,

3-3
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SECTION IV

USER INSTRUCTIONS

While the instructions presented in Appendix D are intended primarily
for instruction of the TI~59 user and while the contents of the data registers
are uniquely applicable to the TI~59, the gencral sequence of instructions is
certainly applicable to any programmable calculator or microcomputer that

might be employed to solve the problem.

4-1

e Y



- . e

T

SECTION V
CONCLUDING REMARRS

The results obtained for a wide variety of paraboloidal-dieh solar
thermal power plants operating at various sites have been compared with
hour~by=-hour calculations made for the same configurations at the same sites.
In evory case for which the site was located in the sunbelt and for which
Iynp © 1400 was specified, the results obtained by the method deseribed
herein differed nagligibly from the hour-by-hour results obtained with a
mainframe computer.

For the reader who has access to a TI-59 programmable calculator and
attached TI PC=~100C printer, loading the program and duplicating the sample
problem should B2 a relatively simple task.

For the reader who wishes to underetand the problem and its solution,
the task is more difficult, lowever, the author recently presented the flow
chart and the TI~59 program listing that are included here to members of a
senior class in mechanical engineering., Within a few days these students had
rewritten the program in BASIC and within ten days had duplicated the sample
problem results with a Commodore 64 computer. Since that time, these same
students have successfully programmed and snlved the sample problem (1) om an
HP=41C programmable calculator and (2), using FORTRAN, on the university's
mainframe computer. Thus, the author is convinced that, by studying this
report, un interested reader who is familiar with a sufficiently capable
programnable calculator or computer will be able to create a program and solve
the sample problem presented herein and any similar problems of interest.
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FLOW CHART OF THE PROGRAMMED SOLUTION
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SEGMENT NO. 1
Recall and print
Load, store, and vrint

KCD
IDND
HCD Calculate, store, and print
HC
ORL HRD
FSBS
ALPH
HPD Recall and print:
HEGT
HPAR HPD
HEP
Calculate and store
HEP Calculate, store, and print
QcD
HSD
Load, store, and print
ANPS ag Print:
a)
: LOAD SECOND CARD
a5
ag(max. )

Load, store, and print
twenty-one values of

HRS
corresponding to calcu-
lated and printed values
of

IDN
to provide the tabular
histogram of annual
insolation required in
later calculations:

0.025 = IDN

XXX = HRS

1.025 = IDN

7X7 = HRS
]

PRECEDING PAGE BLANK NOT FILMED



SEGMENT NO, 2
11—~> DROO

Note: DR designates a
data register,

Clear Flag 0
DROO = DROO + 1

IDN = 0,025
+,05%(DRO0-12)

Print IDN

IDN «—> DR46

Recall and print HC

HC/HCD = HCN
Print HCN

IDN*HC = QC
Print QC
QC—> DR47

Qc/Qco = QCN
Print QCN
QCN-—~—> DRA8

HR = -({1./QCN-1.)
*QRL/QCD - HRD)

Print HR

HR—> DR49

HR/HRD = HRN
HRN— DR51

l

~—

®

Print
HRN = 0 SET
HRN = 0 —~-=-=> DR49

T

DRS1 ——> DSPR
Note: DSPR designates the
display register

Print DSPR

Note: DR51 = HRN if Flag 0
has not been set.
DR51 = HPN if Flag O
has been set.




QC*HR = QR

Print QR

QR -~—> DRSO
QR/QRD = QRN
Print QRN

SUM

QRN ~——> DRO3
NPOL ———> DRO2
NPOL + 5 —> DRO1
DROZ = DROZ + 1

DR{DRO1} —> DSPR

Note: DR{DROZ}
15, at this point,
the value of the
polynomial
coefficient, ag,
Tocated by indirect
address,

DRO1 = DROLl - 1

|

DSPR*QRN + UR{DRO1-1}

Print
HPN = O SET

HPN = 0 -—> DR51

mONO

HPN —-—> DR51
HPN*HPD = HP
Print HP

HP ——> DR52

Set Flag 0
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DRO3 = QRN ——> DSPR DR56 = QC*HRS + DR56
QRN*HPN = QPN = LQC*HRS
QPN——> DRO3
I
DR51 = HPN——> DSPR
HPN*HPD = HP DR50 = QR—> DSPR
HP—> DR52
HP*QR = QP
QP ——> DR52
DRO3 = QRN—-> DSPR
Print QRN
DR52 = QP——> DSPR DR57 = QR*HRS + DR57
QP*HEP = (S =  IQR*HRS
QS——> DR53
QS/IDN = HS |
Print HS
HS5——> DR54 DR52 = QP—> DSPR
HS/HSD = HSN
Print HSN
DR53 = {S——> DNSPR
Print QS
DRO3 = QPN = QSN——>DSPR
Print QSN
DR58 = QP*HRS + DR58
DR46 = IDN—-—> DSPR = LQP*HRS
I
DR53 = (QS—— DSPR
Y[}
DR6b = IDN*HRS + DR55
= LIDN*HRS
DR59 = QS*HRS + DR59
3 = LQS*HRS
DR47 = QC——> DSPR [
DROO——> DSPR




|

ZQR*HRS/ ZQC*HRS = HRA
Print HRA

EQP*HRS/ ZQR*HRS = HPA
Print HPA

f

LIDN*HRS = ZEI
Print ZEI

f

LQS*HRS/ ZEI = HSA
Print HSA

END

DSPR*DR{DROO}

R S p—




APPENDIX B

TI-59 PROGRAMMABLE CALCULATOR PROGRAM
SEGMENT NOS. 1 AND 2
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Segment No. 1

JRIGINAL Prwr . 7
OF POOR QUALYWY.

LOC |CODE| KEY

COMMENTS

LOC |CODE]|

COMMENTS

LOC |cODE|  KEY

COMMENTS

aon 0E 3 255 90 FSBS=+DR39| 110 2 32& HCD

ool 04 4 aoe 01 i A i1t =28 = = QCD
ooz 42 570 nav -3 112 42 570

Qo= ag a0 |34+ DROO nEs oz o2 L 113 40 40 {QCD~DR40
ood4 1 SER R T A 114 22 ROV

Oons 99 FRT el Q3 p 115 04 4

a0e o8 2 I DEL 03 3 116 42 3TO

gy 04 4 dez 0z 2 H 117 0 0o 4 +DROO
aoe 01 1 0 DEE 0% 3 |ppint iig 05 5

oog e & 264 71 SBR O [eNTER ALPHIl 119 42 =TO

nio 0z 3 " 085 90 LET  |ALPH-+OR40| 1200 @3 =3 | 5-+DR33
S 68 D2 2 H 128 o1 1

o1z 01 g D - ¥ IR f22 01 1

(S S o | 4 De@ 03 3 12% 42 570

014 71 2BR  |Print 06% 03 3 P {24 24 &4 [11-0R34
015 90 LsT  [ENTER IDND [avd ot 1 0 125 01 1

Q16 o =  |IDND+DR3S | 071 06 & 126 03 3 A

R R« T R H ¥ oo 0 127 0z = N

0 = v B | C avs aonon Print i a1t 1

U I T L I ord vl ENTER HPD 129 0z 3

nEo ot 1 075 %0 LST  [HPD-DR41 || 1300 03 3 P
D21 06 & D OFE 02 2 H 131 03 3 S
o2z 00 avy 03 3 f32 08 &

Rl Print Oy I;ll 1 £ 122 &% OF Print
HEZ 20 LsT 4CD -+ DR3G g”? [ I':I,,:,’ -_-' G 1235 £9 OF

pae o2 = Y nEl 02 oz 126 0% 03

N W C R (= b B T 127 7e LEL

ozs oAl 1 Des Oy 7 : 138 7RI+
VECITI ‘ 084 71 SER |entew wear| 135 D1 1 | OROO 41
Q0E0 00 0 D85 %0 L5T  |HpAR +DR42[ 140 44 =M | ~+DROQ
ol Ao 0 nEE 02 H 141 oo a0

OEF A0 0 a7 o id2 43 RCL

o5y a1 o Print 03 0 14% Q0 oo | DROO

034 71 zep |ENTERHC | ozs 03 P id4d4 75 - -

oas =0 psT  |HC+DR37 os0 o A 145 43 ROL

a3e o33 Q (=1 A W ide 23 @ DR33
ozy o4 4 = FE N R 147 =5 = =n (of ap)
03 0% 3 R 053 05 148 99 PRT |Print n
oEe 05 & I:l'.?:__‘r =E Print %4'.‘ 91 F-:}*:E: Enter aj
1= Y O - nas 0 “ 200 V2 5T

041 07 7 L 035 £ FNERBPAR) 151 oo o [Store o
odz 0G0 ey NG 152 29 PRT :
D4E 00 0 Print MEL IS Enter HPAR) {53 43 RCL gﬁ?ﬁl?ﬁg
044 71 SER  |ENTER QRL || W23 99 Print HPARL 154 34 34 |ang storing
D45 90 LET  [QRL-DR3g || 100 4% HPAR * 193 22 81T I3 through|
ad4e gz o= 121 42 HEGT -+ DR42]| 156 2 ECL |n = 6.

(TS R R | F 1oz 43 159 o0 Do

ogs 03 05 103 40 ALPH * {Zg 22 1My |Note : If
043 06 & S 104 49 FSBS+DR39) 153 77 oE [WOLem<§
oso o1 1 B 105 39 160 7@ I+ [Store aps
ns1 04 4 1o 43 1DND 1861 22 ALY |for n>m.
oSz 0z 2 5 1oy 25 182 o1

QS2 08 & Print 102 g5 * led 02 &

054 71 seR  |ENTER FSBS|| 103 42 164 42 270

PRECEDING PAGE BLANK NOT FILMED
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LOC [CODE]
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COMMENTS

KEY

COMMENTS

I Do n o) ) 0wl
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ENTER
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Fa
o I

P P PP P P P PO T M T P DI R DI T o T

241
24
243
244
245
24
247
245
243
B
251
e

_f]
J

VIR LE RN IR L LN N xx R ® R ¢ [ Y

LR

he B Bt e W R U B W N s A 2 e n N S N W o sy I I e ol Rl ¢ ]

PO T P PP PO P PO PO PO B D) [0 P P T PRI M R D3 |

R AT AP

ng
ni
34
{10
42
]
e
4§

3
B3
2
(N
05
3]
e
o0
nE
AL

RN
I Ty o e

c

(L LL
]

n
1.

T

oy
Al

DO R el R LR )
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Enter HRS
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Loc [cODE| KEY | COMMENTS || LoCc jcope| KEY [ COMMENTS | LOC [CODE| KEY | COMMENTS

IR (55 42 RLL PO 4 ROL QRD

(I S R | S9& 48 46 IDN 111 44 44 =QRN

o2 42 270 ST &S * {1z 95 =

002  agc 00 |11+ DROO 058 4% RECL 112 9% PRT [Print QRN

Dos Pe LEL 0 T T HC 114 92 /DY

oS &9 0P o0 =9 = =QC 115 Fe LEL

Q0E 22 THY Clear net 39 PRT  [Print QC L idd 44 ELH

Q07 =2E ETF Flag DEa 42 wTo [QC+DRA7 fHi1v 42 E5TO

02 0o oo 0 OE% 47 47 qc 115 0z o3 [QRN--DRO3

ang 98 ALY De4 55 <+ - g Sd
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APPENDIX C

THE SAMPLE PROBLEM AND ITS SOLUTION
BY TI-59 PROGRAMMABLE CALCULATOR

SEGMENT NO. 1: INPUT DATA AND COMPLETE DESIGN-POINT
0 UTL’UT DATA L] ] a L] L] [ ] L] . * L] L .

[ R T T 00-3

SEGMENT NO, 2: OUTPUT DATA FOR SELECTED VALUES OF Ipy

AND TOR ANNUAL PERFORMANCE , . ., .
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Sample Problern

Statement, of Example

Given (1) the required input data describirg a paraboloidal

concentrator/Brayton solar thermal power plant operating without thermal

or electric storage capability and (2)

a histogram of the direct normal

insolation received at Barstow, California, in 1976, determine the design
and annual perfornances of the power plant when connected to & conventional

electric utility grid.
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APPENDIX D

USER INSTRUCTIONS FOR LOADING AND RUNNING
THE TI~59 PROGRAMMABLE CALCULATOR PROGRAM

D-1




: :74: 0
k. T4
i SLL”
5 seL”
SL9°
§29°
STA
: G2§°
744
P a2y

T

Op
N
X

133UROS
ag3uLod

6oy ssaJdppy “pul°

-a sbed
#0 psRULue)

un

"

=" 41
1etuoul;o4t.

i

]

[

o -

TR i e —————r—)

3

I

T 0e) SH3LSIOI VIVA

IO Fe
SANY ¥3IN3 [ T
XZ¥X s/y XZXX - QdH 49313 | 8
Gdd ¥31IN3 T
ZAXX s/ ZAXX o T T HAw el |
HdTY ¥31IN3 o
AAXX 5/d AAXX SES4 493Uy } 9
S8SJ ¥3IN3
XAXX S/Y KAXX 40 423u3 | §
74b ¥31a3
ZXXX 574 ZXXX ) OH w423 | ¢
JH 43EINT
AXXX S/d AXXX Qi 4=3ug | &
@34 H31N3 .
XXXX S/d XXXX QNQL «s3u3 § 2
ONGT 951INT S/Y
1Sy 7 T -ou luciipss Wwedbouad jaels | |
300A/LNdLNO SSINHd B3N JHNAIO0NA d3i1s
5 z £ Iﬁw [ mq £ z _n _o m@(Jm_
suonerdQ
0 Bugpuag T
sginisig Qi sjnpoyy Aresqry mcowUDh—mC— ummz
a ummmwmm {aigeandde y1)
-quawmbas siyy u: s|aaa HES apoly Jenbuy
pafojdua siage| Joy e aaisibay 3 65 6Ly
M“wwhwwm M_MMmM“MZW_.Wmm sjaaa sasaiuaind (/1 JO} uoniied
: ISLL 80 d0 935 30N S/d
W auoy 559.d :m:m tlsy ssaad “3J4e3s 9F  JION
! TZ *bag} Idueua0IA3g
W SAIA QaNI433 H3sN dd1S J03RAqUBOUD) FMﬁPOFOQMmemwc.ENEQr_

a

13)

o
2

PRECEDING PAGE BLANK NOT FILMF




'
.
v
'
'
'
|
'

3
b
]
i
"

"M N M ow R NS DD m O NMN N

i

i
H

I
'
!

»
'

f
'
L3
 ®» 0 O

1
L

asy™
TH{1 R
Q3K
m«mmxhwuzxoo_\meruu
a0dH "]
020/ 21 L/HAY
HdIWYXSES/¥01/SE &
T4d ™
44
GIH*
QNGI S
“XBl SS3JPpY "pujry
“ULH SS3JUPpPY "pUcE
mNO..m.H 0on n NL
56" wn  a
GZ6° = NOId S4ncH

|

) SHALSIOY Viva

m
: G20°T = NOI 02 NOI 40 3uewasouy | ;
m ” G0°0 Yo®a 3B S3NUL]EO0D SJnoy
: Butaszus Jo ssadcdd stul 9300
SO = XXZX S74 XXZX 0z
NGI = 5210
S¥H = 7ZAYX /Y 7ZAX 61
NOT = 5/0°0
SHEH = AZAX S/d AZAX 62070 = HQGI 3B sanoy J23u3 | g1
NOI = 520°0
NGI 1Y SYNOH ¥3INJ
XZAX S/Y XZAX VdH 423u3 § /1
UvdH ¥3La )
ZARX s/¥ ZARX 193H 4373 | 9T
1934 ¥ILN3
ARAX s/4 ARAX e umqu3 g1
*9
XARX s/y XARR T Se Jo3u3 | 1
"5
ZXAX S/ ZXAX Ye umug |1
t
AXAX $/y AXAX te uaqu3l | 21
g
XXAX /Y XXAX %e uaqu3 | 11
-2
72XX s/y ZZXX Te uagug | 01
‘1
AZXX s/d AZXX " 0e uoquz | 5
ICoW/1LNLLN0 S538d H3LIN3 J¥NA3200d 431S

D-4




Ay TSN e MR R T TR T T R T S T AR TR T e e

| 2 :
ﬁg:! vk -s'd:-‘, WL

OF POUR

~

OF i inys

¢

IR AT

@

>
—-— e T o
[4
- n_
- T T
e
- == ——
- - Tt
e
- -7 T e
e e  d
T e | 4
- = hand k4
T hae—— 4
o= - o
- e &
2
mTe et T
T e 9
= T 14
- = - I
e QUYD GNDOIS ¥IIN
U aSH = ZAAA
- T Tt T diH = AALA |
- ddd XAAA
) T * quH = TXAA
- - - T - L
s aH AXAA ~
. —— d s/d d 04N 483u3 | 68
T Ty 04N Y3iNT
e SHH = AXAA S/ XXAA 8¢
N -
. —— NOT = G20°1 : L :
-0 : :
i@ SHIISINAY VIVA JAONANILIN0 §S3Hd HALNT JHNO3I308d 4315




O M oNm g

Z “ous!
*bas jo0 47| daiss
1@ £Q ul pauo3s sLs
Ndb £ “ou -bBas um
L1y da3s 3e go uLsy |
fpaaozs sL Ngb:aionr: ! _

; NdD/ozL/mib/z1im
z: *SpLelsp Jaylani Jo) wajgoad
H u” 9|dwexs 3yl wWoJ4l INdINO0 SYI 0] LX3)3Y
(S2H+0D) ..M ‘weaboad syl jo jusubas puodes
SdH« i
i SLyl AqQ andin .
{SuH-dD) 5 wd Ly Aq indino sae e1ep Auey 310N
(Sunaub) T 4
{SuH«D)Z % - [S7d
(SUH«NA1} 2 =5 _ 154 Z TOU TUSEGSS Wea60ad J&1Eg | oy
mm 95
St € A0W/1NHLNO $S34dd HIINT 34NQ3J0kd d31S
db/i61/d4 =
NdH/SL/NgE ™ E : E E s > i z K o sovua
db ©
suonessd
HH =, ) Buipuag 1
.Uc o sequmsiq at sInpo Aziqry sSUOIIINASU} Jas
zww H a A (219=axdide 1)
374035 SL 7°0U S "quaubas siuy ut Sniosay S| BES  2pojN Jeinbuy
pa3zels st ¢ pafo|dus siage| 403 5 —_
quazbas uaym 1-ou 7 Burysi| weaboud z oy & Jasbay 3 65¥ 61V
Juabas teaboud © jusubag ayy buikoy|os Sjaaa) sassruated {£1 O} vonniegg
Aq papro| uasg ° 1511 80 d0 9§ =-930Y \r
1 £ 1 T S,
acm“.mn“umwm“ u:“mw o ouoy ssaadjuayy fipY ssoad |*3aels ol 310N
4 - JUBLLIO}AD
WMyE)SHIISIOA VIVA] | SAIN GINISSA HISN 4d1S ..oum.mmmmumwwu wwu mo.ponw me apst weiboig




S i A e

I YR W ety A Skt

kg Aol IRk S T

I A RIS S

-

TECHNICAL REPORT STANDARD TITLE PAGE

Te Report No. gs.34

2. Governmen! Accessfon No,

3. Reciplont’s Catalog Mo,

4, Title ond Subltitle

A Program fcr the Calculation of Paraboloidal-
Dish Solar Thermal Power Plant Performance

§. Report Date
April 15, 1985

6, Performing Orgonlzation Code

7.« Author(s)
J. M, Bowyev, Jr,

8. Porforming Organization Report No,

9.+ Parforming Orgonixation Nome ond Address

JET PROPULSION LARORATORY
California Institute of Technolopy

4800 Oak Grove Drive
Pasadena, California 91109

10, Work Ualt No.

11, Contract or Graont No,
NAS7-918

12, Sponsoring Agency Nome and Address

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546

13, Type of Report and Period Covered
JPL Publication

14, Sponsering Agency Code

15, Supplementary Notes gnsnagred by the U.S. Department of Energy through Interagency
Agreement DE-AIO1-76ET20356 with NASA; also identified as
and as JPL Project Mo, 5105-159 (RTOP or Customer Code 776-81-62-03),

DOE/JPL~1060-85

16, Abstroct

A program capahle of calculating the design~point and quasi-steady-state
annual performance of a paraboloidal-concentrator solar thermal power plant
without energy storage has been written for a programmable calculator equipped
The power plant may be located at any site for which a
histogram of annual direct normal insolation is available,

Inputs required by the program are aperture area and the design and
annual efficiencies of the concentrator; the intercept factor and apparent
efficiency of the power conversinn subsystem and a polynomial representation
of its normalized part-load efficiency; the efficiency of the electrical
generator or alternator; the efficiency of the eleetric power conditioning and
transport subsystem; and the fractional parasitic losses for the plant.
(Losses to auxiliaries associated with each individual module are to be
deducted when the power conversion subsystem efficiencies are calculated.)

Outputs provided by the program are the system design efficiency, the
annualized receiver efficiency, the annualized power conversion subsystem
efficiency, the total annual direct normal insolation received per unit area
of concentrator aperture, and the system annual efficiency,

with suitable printer.

17. Key Words (Selected by Author(s))
Conversion techniques

Computer programming and software

18, Distribution Stotement

Unelassified=Unlimited

19. Security Classif, (of this report)

Unclassified

20, Securlty Classif. {(of this poge)

Unclassified

21, No, of Pages | 22, Price

60

JPL 0184. R 9/83

ki

pr A s Aiaic
B Ry Ty W T v o

o B e 1+ e AR et et et A =i



