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ABSTRACT

A program capable 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
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 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.
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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 selar 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 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.)

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 addition,
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 calculation 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 included 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 Frane:

Design Direct Normal Insolation:

Grographic Location:

Ki/m’

Annual Direct Normal Insolation:

Concentrator
Design Parameters
Aperture area (me) . . . .
Reflectivity « » « o o « o
Blocking o+ v o o » o & o »
Efficiency « o s = o o o »
Annual Cperating Parameters
Degl‘adatkm P T I
Shading + v o & o 4 ¢ » »
Efficiency « + + v o + & &
Receiver
Design Parameters

th/mzly

Aperture area {m2) . « v o+ v 4 s
Temperature of the thermodynamic

receiver outlet {°F) . .
Intercept Factor « + » « o
Conduction loss (kW/m) .
Convection loss (kwt/ng .
Reradiation loss (kWi/m¢)
Combined losses (kwt/mz) .
Efficiency + + ¢« ¢ o ¢ o &

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

Generator Efficiency « » v + » & &

medium at

*. & & & @

Power Conversion System Efficiency . . + .

Annual Power Conversion

System Efficiancy « + ¢« o v o 2 ¢ o » = o
Power Conditioning and Transport Efficiency . .

1 - {Fractional Parasitic Losses)
System Performance
Design Parameters

4 4 * 4 & 3 = a ®

Receiver Output Thermal Power (kWp) . . .

Electric Power Output (kWg)

Efficiency « + o« + o o &
Annual Performance

* & ¢ & & & 3 2 =

Efficiency « « v o« » ¢ o 4 4 &«

® & & 2 8 9 B » 2

Hotes are presented on the following page.

1--2

Performance
Design Point Annual
{a)
{b)
| {e)
{d)
(e}
(f)
{9}
{h)
(1)
{4)
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: Table 1. (Cont'd): Notes on the Performance Summary Input Data Form

F (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.

(b} Between cleanings, the desipgn reflectivity of the concentrator mirrors
is degraded by the gradual accumulation of dust on the first surface of
the mirror panels but is virtually completuly restored by proper
cleaning.

(¢) The annual performance of the usual optimal concentrator ficld is
degraded by the shading of some concentrators by others at times
considerably removed from solar noon. Thig is particularly true during
the winter.

S S SO

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

(e) The maximum bulk 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) reradiation through the aperture, {2) direct convection at the

: aperture, and (3) conduction through the body and/or supports of the

L recaiver followed by convection from the surface of the receiver body.

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

(h) Because the receiver and thermodynamiec 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.
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SECTION TI

DESCRIPTION OF THE PROBLEM AND ITS SOLUTION

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

Algebraic

Variable Acronym
Ipxp IDND
Tcp HCD
e HC
QrL QRL
¢ FSBS
a ALPH
TpD HPD
a, ANPS

NOTE:

MEGT HEGT
p HPAR

Definition

Design level of direct normal insolation (often
assumed to be 0.8 or 1.0 kW/m?).

Design efficiency of the concentrator.

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

Receiver combined thermal less in kwt/mz of
concentrator area projected onto the concentrator
aperture plane.

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.

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

Design efficiency of the engine,

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

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 wormalized input thermal power.

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

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.

2-1



Algebraic

Variable Acronym Pefinition
IpN IDN Actual leve! of direct normal insolation at which

performance fs Lo be determined (kW/m?).

H RS Annual total hours of direct normal insolation at
intensity centered at Ipy (Alpy = 0.05 kW/m?).

N NPOL Degree of the polynomial representing the normalized
power conversioti gubsystem efficiency.
0 <N <6 (Integer).

B, OUTPUT VARIABLES

1. In Segment No. L

Algebraic
Variable Acronym Definition

Tep HGD Concentrator design efficiency (an input variable).

7D HRD Receiver design efficiency.

TpDp HED Power conversion subsystem design efficiency defined
as thermal input to electrical generator output (an
input variable).

Nep HEP Efficiency of electricul power conditioning and
transport including an allowance for module or plant
parasitie power requirements.

D HSD System design efficiency.

2. In Segment No. 2

Algebraic
Variable Acronym Definition
At each value of IDN:
Mo HC Concentrator efficiency.
ToN HCN dormalized concentrator efficiency, HC/HCD.
Q¢ Qc Concentrator photon power output per unit concentrator
area (kiW/m?).
QeN QCN Normalized concentrator photon power output, QC/QCD.
(See page 2-6 for the definition of QCD.)
M HR Receiver efficiency.

2-2



Algabraie

Variable Acronym Definition

N HRN Normalized recciver efficiemcy, HR/URD.

) QR Receivar thermal power output pep unit concentrator
area (kW/m2),

QrN QRN Normalized receiver thermal power output, QR/QRD.

Mp Hp Power conversion subsystem efficiency.

NpN PN Normalized power conversion subaystem efficiency,
HP/HPD,

Qp qQp Power conversion subsystem electrical power output per
unit concentrator area (kW/m?).

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

Mg Hy System efficiency.

SN HSN Normalized system eEficiency, HS/HSD,

Qg Qs System electrical power output per unit concentrator

area (kW/m2).

Qsn QSN Normalized system e¢lectrical power output, QDS/QSD,

Annual Performance:

MRA HRA Annual average receiver efficiency.

NpA HPA Annual average power conversion subsystem efficiency,
2Ey ZEI Annual direct normal insolation [kW/(mzy)].

MsA HSA Annual average system efficirnecy.

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
quasi-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



be concentrator-mounted or ground-mounted, or parts of it may be
conecentrator-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.

It is again empnasized that the program developed here is valid only for
a piwer plant that has negligible energy storage capacity for either thermal
or electric nmnergy.

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., More sophisticated programs ordinarily impose the requirement that
the design output of the power plant never be exceeded, wasting the excess
power if necessary. MHowever, because of TI-59 limitations 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 selected design value or only
exceeds it by small amounts, this limitation on the program is negligible. On
the other hand, if a design direct normal imsolation of 800 W/m? 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/m2 and 1f 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 ss photon energy; most of the photon energy absorbed by the receiver
is transferred as thermal energy to the thermodynamicz engine; the
thermodynamic engine converts some of the thermal energy to mechanical energy
and rejects or loses the remainder; 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 concentrator aperture,
pc represents mirror reflectance, and Fp represents the fraction of Ag

that is blocked by the power ¢onversion assembly package and its supporting
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struts. Ipyp is defined in Seetion A of this chapter. Under general
conditions,

AcQc = AglpnPcFp * Fpg * Fs

where Fpo 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. BEven in an optimally distributed field of
concentrators, shading is appreciable near 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 = Pcfp

and

M¢ = PcFelpefs

respectively. Then Qpp and Qg can be expressed by

Qep = Mcplpnp

and

Qc = 7¢lpy -

Note that Qgp, Qc¢, 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 flux from the concentrator, valid for annual average
conditions of shading and degradation, can then be defined for an arbitrary
Ipy as

Qcy = Q¢/Qp -
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The definition of weceiver 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 = 0$Qcp = QrL,

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

_ %o

"RD %p i

by gsubstitution,

At other than design conditions, the receiver thermal flux delivered to
the engine 18 defined as

Qr =PQc - Qgr,

and receiver design efficiency can be defined as

MR
(N
Q
= ag¢ _.EEE .

Then from earlier definitions,

L 1
-N, = " = l - —————
I ( R/ QCD)

and
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=
i
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=
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Finally, a normalized receiver efficiency can be defined as

TRy = TR/MRD -

As can be seen 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 mp < 0 is calculated;
obviously, all subsequent Q's and m's except 7p are set equal to zero fnr
insolation levels below this threshold.

The evaluation of the energy flux through the remainder of the power
conversion subassembly 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
astimated.

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
reflecting plant parasitic losses can be defined as

Mpar = 1 = fpaR s

where fppp 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 engine.
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 combipation, a polynomial representation
for this efficiency, 7Mp + Mggrs can be entered during the loading

phase (Segment No. 1) of the program in place of 7mpy = WPN{QRN}* and Qger = 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



In the sample problem and corresponding solution here, 7ggr and Npap
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, Qpy, has 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:

Qew = 7pN * RN
Mp = 7pN * Med

and

Qp *=7Mp " QR -

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

If the product of mggy (the efficiency of the generator and electrical
power conditioning and transport subsystem) and Npar (the normalized
fractional correction for plant parasitiec electrical power dissipation) is

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

Qsp = Mgp * b

and

Qs =7gp * Qp -

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

msp = Qsp/IpNp

and

Mg = Qg/Ipy -
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A formule 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
site in order accurately to simulate annual plant performance. A histogram of
annual direct normal insolation 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
Eg = Qo * H
EpR = Qq * H
Ep =Qp * H
Eg = Qg * H
These individual energies are then added to the sum of corresponding energies

determined for all the previocusly employed (smaller) values of average Ipy.
When all bands of Ipy have been considered, summations for the year are then

available:

2E; = Z(Ipy * H)

EER = Z(QR « H)
2-10
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Figure 2. Histograms of the Annual Hourly Average Direct Insolation
for Four Selected Sites
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Finally, from these annual summations, the annual average efficiencles of the
receiver, the engine, and the system can be calculated:

Mra = ZER/2Eg

Nga = ZE/2E;

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

Nea = ZEG/ZEL
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 1I-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
a 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 calculator or microcomputer whose capabilities equal or exceed
those of the TI~59, the program listing presented in Appendix B c¢an 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 ILII

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 electrical 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 (1l600°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?2 (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 Incremaent
0.00 - 0.05 251
0.05 - Q.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 94
0.35 ~ 0,40 92
0.40 - 0045 96
0.45 - 0.50 i1l
0.50 - 0,55 141
0.55 - 0.60 129
0.60 - 0.65 143
0.65 - 0,70 192
0.70 - 0.75 228
0.75 - 0.80 288
0.80 - 0.85 345
0- 85 - 0090 489
0.90 - 0.95 595
0.95 - 1.00 508
1.00 - 1.05 60
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Table 3. Estimated Garrvett Turbine Engine Company SAGI-1A
Brayton Engine Normalized Peivt-Load Efficiency
As a Function of Normalized 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:

ao = "11.484
ap = +93,721
ay = =303.71

a3 B +532070
84 = =5206.26

05 = +257056

ﬂ6 -590527

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 0.9%, 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. Enterf.g the
degree of the polynomial (NPOL) and starting the program results in
(1) calculation 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.



After the sccond segment is londed and started, the annual performance
of the specified PDB/STPP is calculated, When the calculator stops, the
~.lution is complete. The following vesults have then been presented:

(1) performance data for the concentrator, recelver, engine, and complete
system for each median value of direct normal insnlation 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 per square
meter of concentrator aperture area and the annunl average efficiencies of the
receiver, thermodynamic engine, and the system in its entirety,



SECTION IV
UBER INSTRUCTIONS

While the i{nstructions 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 ganeral sequence of inastructions is
certainly applicable to any programmable calculator or microcomputer that

might be employed to solve the problem.
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SECTION V
CONCLUDING REMARKS

The results obtained for a wide variety of paraboloidal-dish solar
thermal power plants operating at various sites have been compared with
hour-by~hour calculations made for the some configurations at the same sites.
In every case for which the site was located in the sunbelt and for which
Iynp ® 1000 was apecified, the results obtained by the method deseribed
herein differed negligibly from the hour-by-hour resulte 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 Ye a relatively simple task.

For the reader who wishes to underetand the problem and its solution,
the task is more difficult, However, 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 splved the sample problem (1) on 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, uan intercsted reader who is familiar with a sufficiently capable
programmable 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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APPENDIX A

FLOW CHART OF THE PROGRAMMED SOLUTION
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SEGMENT NO. 1
Recall and print
Load., store, and orint

HCD
IDND
HﬁD Calculate, store, and print
g
QRL HRD
FSBS
ALPH
HPD Recall and print:
HEGT
HPAR HPD
HEP
Calculate and store
HEP Calculate, store, and print
Qco
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

X¥X = HRS

1.026 = IDN

7% = HRS
L

PRECEDING PAGE BLANK NOT FILMED
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SEGHENT NO. 2
11—-> DROO

Note: DR designates a

data register.

Clear Flag 0
DROO = DROO + 1

IDN = 0.025
+,05%(DRO0-12)

Print ION

IDN «—> DR46

Recall and print HC

HC/HCD = HCN
Print HCN

IDN*HC = QC
Print QC
QC—> DR47

Qc/qQcd = QCN
Print QCN
QCN—~—> DR48

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

Print HR

HR—-> DR49

HR/HRD = HRN
HRN—> DR51

l

.,

@

Print
HRN
HRN = 0 ~-—> DR4D

0 SET

7

DR51 —— DSPR
Note: DSPR designates the
disulay 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
Print QR HPN = 0 SET
QR -~——> DR50
QR/QRD = QRN HPN = 0 --—> DR51
Print QRN
SUM (::%:>
QRN ——> DRO3
NPOL ——> DRO2 @
NPOL + 5 —-> DRO1
DROZ = DROZ2 + 1
DR{DRO1} — DSPR
Note: DR{DRO1}
is, at this point, HPN —-—> DR51
the value of the HPN*HPD = Hp
polynomial Print HP
coefficient, ag, HP ——> DR52
Tocated by indirect
address,
Set Flag 0

DRO1 = BDROL -~ 1

\

DSPR*QRN + BR{DRO1-1}




DRO3 = QRN —— DSPR
QRN*HPN = QPN
QPN——> DRO3

DR51 = HPN~——> DSPR
HPN*HPD = HP
HP—~—-> DR52

HP*QR = QP

QP—— DRb2

DR0O3I = QRN—— DSPR
Print QRN

DR5Z2 = QP——> DSPR

QP*HEP = QS

QS——> DR53

QS/1DN = HS

Print HS

HS~—> DR54

HS/HSD = HSN

Print HSN

DR53 = (S——> DSPR
Print QS

DRO3 = QPN = QSN——>DSPR
Print QSN

DR46 = IDN——> DSPR

DR55

IDN*HRS + DR55
ZIDN*HRS

|

DR47 = QC——> DSPR

DR56 = QC*HRS + DR56
= LQC*HRS
I
DR50 = QR-——> DSPR
DR57 = QR*HRS + DR57

nn

EQR*HRS

DR62 = QP——> DSPR

DR68 = QP*HRS + DR58
= LQP*HRS
I
DR53 = QS—> DSPR
m
DRE9 = QS*HRS + DR59
= EQS*HRS
[
DROO——> DSPR




|

ZQR*HRS/ ZQC*HRS = HRA
Print HRA

EQP*HRS/ ZQR*HRS = HPA
Print HPA

|

LIDM*HRS = ZEI
Print FTEI

]

LQS*HRS/ LEI = HSA
Print HSA

END

DSPR*DR{DROO}
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APPENDIX B

TI-59 PROGRAMMABLE CALCULATOR PROGRAM
SEGMENT NOS. 1 AND 2

B~1



JRIGINAL Peia. 7
Segment No, 1 OF POOR QUALILY,
Loc |cone[ KEY | cOMMENTS || Loc [cODE] KeYy [ COMMENTS | LOC [COPE[ KEY | COMMENTS

aon 0z o3 252 90 LET FSBS=+DR39| 110 326 326 HCD

0 T A " S aoe 01 i A i1t 2% = = QCD
ooz 42 570 a7 I 112 42 5TO0

Q03 Og 0o 34+DROO (DR o2 2 L 112 40 40 [CD~DR40
nod4 P11 SER now QF v 114 22 AOY

QoS 89 PRT DeR 03 3 p 115 34 4

a0e 0r o2 I el 03 3 116 42 2TO

ooy 04 4 pEE 0z 2 H 117 00 03 | 4-+DRO0
ooE ol ) Des 0z 3 Print 118 05 ©

Qos 06 & Qo4 VY1 SER |ENTER ALPH| t1% 42 STO

S N W W R N 265 90 LST  |ALPH-+DR40( 120 23 23 5 +DR33
(o N A D es D22 H 121 o1 1

o122 01 D oeT o 0% 003 f2z o1 1

iz 08 g deg 0303 123 2 =570

014 71 ZER |Print 0E% 03 3 P {24 34 34 |11-+DR34
015 =0 LsT |ENTER IDND [ovd 01 D 125 01 1

016 @z =  |IDND+DR35 | 071 D& & 126 03 3 A
D17 08 3 H Y2 0o o0 127 03 3 N

[0 = B | ¢ oys 00 Print 128 01 |

ais 05 05 o4 v1 SEEO|ENTER HPD || 129 03 3

azc of 075 20 LST  |4pD-DR4L || 130 az 2 P
D21 08 & D OFE 02 = ' 131 03 & S

Oz o0 0 ary o2 3 122 08 &

022 o0 0 Print fva 011 £ 3% &% OF Print

024 V1 SER ENTER HCD avyd I._IT" [ 124 N2 102 | ENTER ANPS

RS 90 LT HCD -+ DR36E Cl=§l:l l':lg. G 125 &% Op

HEE Qg oz H et 02 2 126 05 05

a2y 03 3 gz 03 03 T 127 7é LEBEL

ozmoonl g 07 7 : 122 78 I+

029 05 5 ¢ 084 71 SER |fyres wearl 133 D1 1 |DROD +1

A0 00 0 D85 90 L3T  |4pAR +DR42|| 140 44 Sum | ~+DROO

CoEf Qa0 on age 02 o2 H 41 a0 Qg

sz oo 0 oET e 3 142 4% RECL

05% a0 0 Print DEE 0% 3 143 o oo | DROO

na4 71 sgp  |ENTERHC lpma oz = P 144 75 - |-

oEs =0 Lst | HC~+DR37 LT S A Fd45 43 ROL

[XPcT =  SR— Q =T R W B 146 32 2% | DR33

=7y 04 4 P R e R 147 35 = =n (of ap)

(b= R - R agz 05 5 142 29 PRT |Print n

oz 05 48 nEd gs OF Print 149 91 F#%  [Enter ay

L L nEs 02 O engeg par] 190 T2 ET# lsioee a

041 07 7 035 £3 OP 15100 B0 Jocing o
4% r 037 NS 0% 52 W% PR .

: 4“: i ; 095 21 Res | Enter HPAR 155:;:: 47 F-:E;T Continue

it 10 (] Print i - “ . 133 94 RECL Enter'lﬂg

044 71 SER [ENTER QRL | WE%  ¥2 FRT |Print HPARD 154 =4 34 |0d Storing

D45 0 LET  |QRL-+pR38 | 100 49 FRL |ypag + 1ad 32 BIT Ja- through |

Ode Q2 = 101 48 342 | HEGT-+DR4A2| 156 3 RCL |p = 6.

047 01 1 F {02 4% RCL 157 00 oo

(T S o I 103 40 40 [ALPH * {58 gz THy |Noter If

049 06 g S 124 49 FRD [Fss+pR3gf 152 77 E |WPOL=m<6

aso o1 g 105 23 29 160 78 z+  [store ap=0

051 o4 4 B 106 43 RCL [ I0ND L&l BZ ALY  |for n>m,

as2 03 3 5 1y 35 25 g2 o1

0S3 0E B Print 108 &5 w * lex o0z 2

054 71 ZBR | ENTER PSS | 10% 43 RCL 164 42 =270

B-3
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Loc [cobe] Key | coMMENTS [[ LOC |CODE] KEY | COMMENTS [l LOC |CODE| KEY | COMMENTS
165 =42 &3 |12-+DR33 AL , Y EEE 0
166 03 = 221 01 4 276 N2 o2

{67 o2 2 ZER 44 sUR [PROO+ 1 oaze gz oz

1EE 42 5TO 223 oo oo |+DROO 2FE 07 7 L
iea o4 =4 [32-+DR34 224 4% RLCL 279 £3% OF Print
170 fpz 2 2ES 00 Qo 220 02 02 |ENTER NPOL
i71 03 & H ZRE TS - 221 &9 OP

172 O3 & 227 4% RCL =N 0% 05

173 0z 2 0 2EE 33 3 ZEE 25 CLR

174 04 4 . 2P9 35 = Ca1c§1ate =g w1 Res | Enter NPOL
175 0 230 £S5 x 10! 2E5 48 ATO

176 |:|;%: 3 231 @3, 296 34 54 NPOL -+ DRO4
{77 0% 5 R 25F Q0 0 zz7 99 prT | Print NPOL
178 g9 0OF 2233 09 5 28E a8 mov

179 02 g 24 B8 4+ 289 &% OF

ig20 oz 0= 5 235 AL, SE0 00 N0

181 D& & 235 00 0 291 az 2

122 an 0 ZEP pE 232 0% & H

1852 a0 0 238 05 5 293 01 1 ¢
124 o1 i A du';i 25 = M 234 05 5

185 03 3 240 &% 0P : 295 01 i
T 241 06 pe PNt ION )l nos ge g D
127 07 7 T 242 £9 OF 297 59 [F

128 0o o0 2d4n 00 0o 298 04 g4

18% Q0 o 244 08 & - 299 43 RCL

191 &% 0OP dj: g 4 SO0 BE 36 Print
121 0= 08 24 D2 2 201 &9 OF mn

192 02 2 247 03 3 H 202 06 ne | YYXY HCD
193 04 4 I 248 03 3 R 03 &9 OF

t24 01 1 249 0% 5 04 Do AN

135 06 & D 2500 03 3 s afs  ne & N

198 D3 3 N 251 08 & a0E 04 4

197 01 1 252 &% OF 07 02 oz

198 0o 0 253 04 04 a0s on 3 H
199 00 o 254 25 CLE L S o b S

200 00 0 255 w1 Ro5 |Enter HRS | i s =5 R
201 [0 0 256 &9 0OF Print HRS || =11 o1 1

02 &% OF  |Print 257 06 08 215 06 & D
203 04 04 |ENTER 238 72 ST#  |[store HRS || 1% &% OF

204 A9 OF HOURS 259 02 00 14 04 04

205 05 05 AT 260 43 RCL  |continue 315 4% RCL | ALPH*FSBS
206 76 LEL IDN 1261 24 24 |storing || 316 3% 3% -
207 &0 DEG 2REIE2 HY HRS 217y Yoo -

205 98 ADY 263 43 RCl |corres- 218 43 RCOL QRL
209 &9 0P Zod OO0 00 Joonding to| 1T 3R 2@

210 oo 00 26T 22 IMY  |1DN until || 320 55+ -
211 e & _ 2E5 7T GBE |the 21 ZEl 43 RCL

212 04 4 = 267 &0 DEG |bins have ) mze 40 40 | QCD
2E Oz = 268 %8 ADY  |been filledi z23 35 = = HRD
214 04 4 I 269 71 SER 224 €3 gp | Print
25 01 1 270 99 FRT 325 08 g | VK2 = HRO
216 06 & D 271 0% =@ \ 326 42 =TO

217 03 3 N 272 011 3E7 43 43 | HRD +DR43
218 01 1 a7E 03 3 p 28BS 0w

219 &3 OF 274 D2 o= 229 43 RCL

w
i
£~

GRIGinaL Prw? 8
OF POOR QuUALITY



Ohlesim. " o ,

OF POGK §, it

Loc [cope] KeY | commENTs || LoC [copE| KEY | COMMENTS || LOC |[CODE| KEY | COMMENTS

230 40 42 LHRD % QCD I =29 42 FCL HEP G40 O3 @

331 %5 = [=QRD 2EE 42 42 441 07 T T

w3E 47 &T 257 95 = = HSD |l 442 01 1 :
232 dd4 44 | QRD~+DR44 || moe 42 STO 44 0y 7

334 &% OF 389 45 45 HSDORES 444 D3 3 R
335 00 Bo af &% gp print 445 05 §

338 02 2 a1 pE ne V2 =HSDE 44 g9 gp

22T A3 3 H 342 AE ROV 447 01 0t

e 0z 03 a3 Pl SER 448 92 RTH

a8% 0 03 3 P 334 %% PRT 445 TE LEL

a4 01 1 D 2E5 oD o3 S 450 90 LAT

a4l 08 & TEE OQE & 451 &% 0OF

I4E ES 0OF a7 01 1 452 g2 0z |Print
247 04 N9 292 DVOT E 455 &% OF ENTER--~--
244 4% PCL zasw 01 ¢ 454 0% 05

245 41 41 A00 0% % 420 01 1

J4e £% QOF Print 401 03 03 0 456 44 UM (LROO + 1
47 08 g | YWYXHPD § d4p02 0z 2 457 00 G0 1 +pRroo
248 &% OF 403 &% 0OP 458 91 E-S  |[Epter-----
=49 00 On 404 02 AR 459 V2 ST# [Store-----
500 08 & ) 405 03 3 de0 QD 00

351 04 4 " e 01 o N 461 92 PRT |Printe~e--
C=SC O H 407 a1 1 D 452 B8 ALY

53 03 0% 402 0F & 4863 04 4 If

A54 0 01 409 00 0 454 03 3 DROO < 43
355 07 7 E 410 00 0 465 32 WIT g 4o
SEE Kk o P 411 (B! i C dE6 4% RCL Subroutine
257 0% 3 412 05 5 427 00 00 |pRr;

252 AE OF 413 01 402 22 IHY  |otherwise,
=5 od 0 nd 414 03 = A 49 VYV GE  lecontinue.
250 45 RCL 415 &% 0OF 470 92 FRET

361 42 z 416 03 03 471 01 1

nEZ RE 0OF Print 417 OR 0= R 472 22 IMV [DROO - 1
AE3: 0 0e D |YYYY = HEP || 442 05 05 473 44 SUM +DROO
64 69 OF 419 01 1 D 474 00 00

SEROQC 00 420 08 & 473 B RETH

BEE OR B - 421 o0 0 dve Q0 0

BET N4 4 422 OO0 0 477 D0

el Nz o2 " 4253 00 0 473 00 0

] - T i b A 424 00 0N L B N X

AP0 OE o3 S =5 OO0 0 .

E:_‘]. E'El f':.'a - :.:.'L':' |:”:| i p . t 1":: ] ?::; :+ E‘ st Df.
E; o4 D 427 6% OP EI:JFER 347 &0 DEC subroutines
I I ] 428 O 04 SECOND 4353 9% FRT

v &9 OF 2 g% OF CARD .njrf-',|:| lE; -‘1 LET

aTS 04 04 430 0% 0% T T

AFE 43 RCL HCD 431 91 R~% <4End of

CIr T A ] - 452 75 LEL |Segment

78 £S5 X 433 9% PRT |No. 1

a7E 43 RCL HRD 424 &% 0Op

20 43 43 432 00 D0

28] A5 X 436 011 E

222 43 RCL HPD 437 oY 7 '

Son 41 41 438 O3 = N

284 BS wm ) A 423 51 01




Segqment No, 2

Loc [copE] KEY [ comMeNTs || Loc Jcobe] KEY [ coMmENTS ][ Loc KEY | COMMENTS
oo o1 1 nss 33 RLL Y] 2 PO QrD
ooy o1 A58 48 48 IDN 111 44 a4 =QRN
o2 42 370 ne? &5 * itz 9% =

Qo3 00 00 j11-DROO 058 4% RCOL 112 9% PET |Print QRN
oY P& LEL (WL B HC 114 92 RDY

QoS &9 OF el =5 = =QC 11% V& LEL

oo0s 22 THY Clear N&1 39 PRT Print QC [[1té 49 =M

a0?  BE STF Flag DEz 42 51O [QC~DRA7  fl117 42 =70

002 oo 0o 0 fES 47 47 qc 113 g% |QRN--DRO3
E:?? 2 EII:W ned 55 < L 11;§I CO

aig &9 0OP D5 43 RCL 120 » RCL

011 00 0o 066 40 40 aon [z 04 NPOL
alz ae 8 “ HE7 RS = Print QCN {122 T

013 04 4 GEk 55 PRT  |ooNooRdD | 123 pz  |NPOL-+DROZ
ald o2 oo I Qes 42 3TR 124 +

nis 04 4 O7E 42 48 125 5

fie 01 1 D o7t =S ADY 126 J

D17 0 & nr/z 20 1- 1/QCN 127 ST0 NPOL + 5
s a00n N Oz ¢5 - 128 01 -+DRO1
oie ot ard ot 1 1 123 i DROZ + 1
DEg 5% OF Q75 95 = = 120 s | - DRO2
02t 04 04 076 E5 & (1/QCN-1) |l131 Qe

ozx ool 0t |oroo + 1 {ar? 42 RCL * 122 73 pCs | DR{DROL)
025 44 SUM | ~+DROO o7g 3% 38 QL |33 01 | = a6~ DSPR
az4 00 00 g7e 55+ - 134 2 LEL | If DRO2=0
025 3, oE0 4% ROL QD #3135 &0 DEG |go to
nze 0 R El 40 40 - fae 22 IHW Subroutine
vy o2 2 ez 7S - 137 97 IsZ RAD;other-
oze 05 5 as o ORCL HRD 138 02 Aax wise, con-
oeg 25 o+ 024 4% 43 - - HR 12% 70 RAD tinue.
KM EI . Calculate [ =5 Qs = - 140 ed 0P

R S O IDN DEE 34 40— HR 141 z1 @ DROL - 1
oz 05 5 a7 29 PRT Print HR 142 53 ¢ -+DRO1
033 A5 x WP o 5TOD [HR-+DR49 |143 24 CE DSPR
T 089 4% 49 HR 144 £S5 *
BE5 43 RCOL o0 550 - . 145 43 RCL QRN
DEE a0 00 a1 4% RCL HRD 146 02 02

oEy 7R - 098 4% 43 ~HRN 147 85 + *

e 01 s 95 = 148 73 REC# DR{DRO1}
0Ee oz 2 a4 42 mTO [HRN-DRSL fl14% o1 0t

leil 5 b A 0as 51 51 to to 150 S4

] 25 = nes A1 3TO . 131 &1 570 Go to
042 g9 OF Print a7 4@ gwe  [Subroutinellisz e DEG | Subroutine
042 08 ne | %XXX=IDN fpsz  7e Lpp |EXC 152 7% LBEL | DEG

D44 @@ ADY es 4% PRI 154 70 RAD

045 4% ETO | IpN-+DR46 [[100 432 RLCL 1535 42 570 HPN +DR51
D4e 48 4é& int 4v 47 qc 1526 51 51 HPN
47 2 RCL o2 &5 = * 12¢ &5 = .*
n4s 37 03 Print HC 103 4% RCL HR 152 43 ROL HPD
D4s 9% PRT HC 104 49 49 159 41 44 =HP
oo 55 =+ - 05 95 = =QR 160 35 =

051 43 ROL HCD 10E @9 FRT  |Print QR 181 99 prT | Print HP
052 36 36 | ey 107 42 570 |R2DRSO p1e2 42 570 fyp+pRS52
NSz 95 = Print HeN || 10E S0 S0 QR 163 52 =52

054 99 FRT 10% 55 = + ied 86 57T Set




ORIGINAL PROE 1T

OF POOR QUALITY.

LOC |CODE| KEY COMMENTS |l LOC cODE] KEY | COMMENTS [ LOC JCODE] KEY | COMMENTS
165 Q0 Ao Flag 220 4% RCL I:-.".*ﬁ 5T 57 L QR*HRS
166 81 2T0 0 221 02 03 2ve 58 - -
157 4z Eue  |Go to 222 9% PRT \Print QPN 0277 4% RLL | pocwims
165 76 LeL [Subroutine 22z 42 RpL TR OSE SE

165 53 InT |EXC 224 45 48 279 85 = =HRA
170 43 RCL 225 71 SEBR 250 69 QP Print
171 03 03 QRN 226 89 o wine |22 06 D& | ZZKK=HRA
172 85 = P zz7 44 sUn | BIDNIHRS 222 a5 apy

173 42 ROL QPN 222 5% 55 = 253 89 0P
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APPENDIX C

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

INPUT DATA AND COMPLETE DESIGN-~POINT
OUT?UTDATA..-...o-.-»-.--aooC"?’

OUTPUT DATA FOR SELECTED VALUES OF Ipy
AND FOR ANNUAL PERFORMANCE . . . » + « 4 « + + C=6



Semple Probiem

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 recefved at Barstow, California, in 1976, determine the design
and annual performances of the power plant when connected to a conventional
electric utility grid.
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APPENDIX D

USER INSTRUCTIONS FOR LOADING AND RUNNING
THE TI~539 PROGRAMMABLE CALCULATOR PROGRAM
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