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NOTICE 

This report was prepared by Boeing Engineering and Construction (BEC), a 

division of The Boeing Company, as an account of work sponsored by the U.S. 

Energy Research and Development Administration (ERD,A). Neither ERDA. BEC, nor 

any person acting on behalf of either: (a) makes ·a.my wa·rranty or representa

tion, express or implied, with respect to the accuracy.-· completeness, or useful

ness of the information contained in this report, or that the use of any 

information, apparatus~ method, or process disclos.ed in this report may not 

infringe privately owned rights; or (b) assumes any liabilities with respect 

to the use of. or for damages resulting from the use of, any information, 

apparatus, method or process disclosed in this report. 
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ABSTRACT 

This document describes the computer program used to simulate the operation 
of the high temperature gas-cooled solar power plant. The program was used 
to assess the interrelations of plant components as opposed to the design 
of the individual elements. The model estimates the effectiveness of the 
Brayton cycle solar power plant on an hourly, daily and yearly basis. Herein 
is a description of the program and how the program is used including inputs, 

outputs and operating instructions . 

This report is an account of work sponsored by ERDA under Contract EY-76-C-03-
1300. The work is the first part of a two part cooperative EPRI/ERDA research 
program. The work was completed in June. A report on that effort was released 

at the conclusion of the first part of the program . 

The report is contained in four separate volumes as follows: 

Volume I 
Volume II 

Volume III 
Volume IV 

Technical Report 
Thermal Energy Storage Sizing Computer Program 

Thermochemical TES Sizing Computer Program 
Solar Power Plant Operation Analysis Computer Program 

The latter three volumes contain technical descriptions and operating instructions 
for the three computer programs developed as part of this research program . 
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FOREWORD 

In August, 1976, a research project was initiated by the U. S. Energy Research 

and Development Adminsitration (ERDA) as a continuing study of energy storage 

concepts for high temperature gas-cooled solar power plants. Obviously, an 

energy storage facility, no matter how well designed, is not valid unless it 

can be shown to interface with the power plant it is intended for. The solar 

power plant and its storage system are interdependent in many ways. The most 

effective way to evaluate the consequences of this interdependence is a power 

plant mathematical model. 

The solar power plant model described herein has been developed to easily show 

on an hour-by-hour, seasonal basis the physical effects of any number of storage 

concepts and their cost impact over an entire year. The results of the computer 

studies has contributed to the Systems Analysis sections of the Technical Report 

(Volume I). 
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Section 1 

INTRODUCTION AND SUMMARY 

Analytical models and computer programs which mechanize these models have been 

developed to support the sizing and performance anlaysis of the thermal and 

chemical energy storage systems. Each of the three major models presented in this 

volume and volumes II and III have been programmed in Fortran for the IBM 370 . 

The math model for sizing the thermal storage systems (Volume II) performs the 

basic function of initial thermal sizing, conceptual configuration sizing, and 

preliminary cost estimating. The math model for the sizing of the CES system 

(Volume III) includes the chemical analysis, initial thermal sizing for the reactor 

and fractionating column, preliminary cost estimating, and overall configuration 

synthesis. The solar power plant operation math model described in this volume is 

the result of a major modification to a similar program developed during the EPRI 

Advanced Thennal Energy Storage Program RP788-1. 

The analytical basis and overall program structure for each of these three 

computer programs is presented in Section 2.0 of each volume. The input, output, 

operating instructions, and Fortran listings for each of the three Fortran pro

grams are also included . 

This volume is a description of the Solar Power Plant Operation computer program. 

The program emphasizes the interfaces with thermal and thermochemical energy 

storage devices . 

The purpose here is to furnish the prospective user the necessary information to 

successfully operate the program. While quite complex internally, the inputs have 

to be kept to a minimum and the program has proven quite reliable in performing 

the trade studies described in Volume I. The model has been coded in standard IBM 

FORTRAN IV language using EBCDIC card format. The program encompasses about 

4500 cards, and is totally self-contained in batch execution . 
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Figure 1-1 shows the program logic flow at the executtve level. The separate 

logic blocks represent subroutines that execute the functions described in the 

figure. 

The main program provides the framework for the simulation of tile p1ant as a 

function of time. At each time step the current thermodynamic state data are 

combined with the solar heat input to the receiver and heat rates throughout 

the plant are determined. There rates are integrated to establish new thermo

dynamic state data. The result of each complete daily cycle are analyzed to 

determine component efficiency, overall plant efficiencies, component energy 

consumption, and component energy output. 
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1-3 



• 

• • • • • • 
• • • • • • • • , 
• 

Section 2 

TECHNICAL DESCRIPTION 

The operation and control of the STC power plant, with source side thermal energy 

storage for source leveling, involves an understanding of the source profile, the 

load profile, and the plant operating policy. The approach used in the plant 

operating policy affects the energy economics and to some extent, affects the 

design decisions and operating requirements of the various plant subsystems . 

A math model of the high temperature STC power plant operation was developed as 

a part of the earlier EPRI Advanced Thermal Energy Storage contract to support 

the plant design and performance analysis. This model predicts the plant 

performance on an hour-by-hour daily cycle basis, as well as a weekly cycle, 

including the effects and performance of all of the major plant subsystems. It 

has been exten~ively modified and expanded as a part of the study being reported 

here. 

A technical description of the elements of the math model is included in this 

section. The principal objective of this work was to create a capability to 

relate storage system design requirements to the seasonal insolation cycle and the 

basic operating requirements of the power plant. Consequently, it is appropriate 

to simplify the demand profile and plant operating policy, recognizing that the 

resultant plant performance estimates are limited by these simplifications. The 

work reported here is based on a flat demand profile, and the plant operating 

policy simply provides energy for storage on an as-available basis with first 

priority to direct generation . 

2.1 COMPUTER PROGRAM SUMMARY 

A simplified schematic of the plant operation math model is shown in Figure 2-1. 

Each of the major subsystems in the power plant is characterized in a separate 

program module. The effects of the major parameters for each subsystem are 

included in these program modules . 
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The control logic for the program prov,des the framework for the simulation of 

the plant as a function of time. At each time step the current thermodynamic 

state data at the state points shown in Figure 2-2 are combined with the solar 

heat input to the receiver and heat rates throughout the plant are determined. 

INSOLATION 

FIELD 

r--- -- ~ - .,_ - - -, 
' I 
I 
I 
I 
I .__ 

ENERGY 
fCS 

• lnsolation and f•ld IIWNk!led as hour by hour 
solar heat into the receiver apertu.e 

• Receiver modeled by efficiency 

'>R. Heat to helium circuit 
Solar heat into ftkleiver 

• Turbine aenerator cycle efficiency, mass flow, 
and He temperature distribution all modeled 

• Energy s1oraae-inc1odes pamitk los.ws, thermal 
losses and He temperature distribution 

• Energy economics-leveli~ed fixed charae rate 
method. input/scaled cost accounts 

Figure 2-1. Plant Operation Computer Program Schematic 

These rates are integrated to establish new thermodynamic state data. Input 

data to the program includes hourly insolation data, reflector field conversion 

efficiency data, component design parameter data such as storage media thermal 

properties, component performance data, plant operation data such as storage 

limits, and energy economic parameters such as itemized cost account numbers. 

The results of each complete daily cycle are analyzed to determine components 

efficiency, overall plant efficiencies, component energy consumption, and com

ponent energy output. Printed results include thermodynamic state data at each 

time point, daily analysis results, and the overall results with energy economics 

of the four seasonal days analyzed as a yearly operation. 
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At each time p.oint the control log-i.c._ determines_ the plant- o.p.er-ating_ mode and 

calls up the necessary program modules to evaluate each plant function. A brief 

technical description of each of the subsystem math models and the plant control 

logic is included in the following sections. 

2.2 PLANT CONTROL LOGIC 

The following plant operation policy is the framework of the power plant control 

logic: 
o Generator output for demand load is always first priority. 

o Insolation energy in excess of generator demand is used to 
charge storage. 

o Demand load profile is flat with a specified start time 
(normally taken as 8:00 a.m.). 

o Early morning insolation prior to generator start-up is 
used to charge storage. 

o Insolation energy in excess of storage limit is rejected 
in the reflector field. 

o Storage is charged in a separate flow circuit 
(See Figure 2-2). 

o Storage is discharged in a series circuit with receiver 
(See Figure 2-2). 

o Power plant operates as a stand-alone system with the 
turbine providing all power requirements including grid 
demand and storage parasitic power. 

The mathematical logic used in the computer program to implement this operation 

policy was developed with two key objectives in mind. First, to represent the 

functional interface among the plant subsystems in terms of the operating vari

ables most likely to enter the real plant control system. Secondly, to provide 

a simple, flexible system which will allow the investigation of alternate opera

tion policies. Both objectives have been met. The resultant logic algorithm is 

shown in Figure 2-3. 

The first level plant operating condition checks are shown in Figure 2-3 in 

conjunction with the five major plant operating modes which are shown in the 

shaded blocks. The operation of the power plant in each of the given modes is 
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controlled by a separate subroutine in accordance with the plant operation sche
matics shown in Figure 2-2. During periods of high insolation with the utility 
grid demand active, energy input to the helium stream in excess of that required 
to drive the turbine is used to charge storage. The high temperature gas flow 
from the receiver is transported in part to the turbine to meet the plant demand 
output, and in part to a separate fluid circuit which includes the storage device 
and a high temperature pump. The pump provides the input energy required to 
circulate the helium and must be sized to meet the flow requirements encountered 
as the storage device reaches its fully charged condition. This particular mode 
is identified in Figure 2-3 as mode 5. Mode 1 is analogous to 5 except there is 
no demand, and the corresponding control algorithms are simplified . 

INT•R 

1&0111D 
Dl!MAND 
ACTIVE 

YEI 

IITKl!RE 
ANY INSOLATION 

YEa 

IIINCOLATIOIII 
IUl'PICIENT TO 
MEET DEMAND LOAD 

l&ITOIIAOE 
PULLY CHARGl!D 

• ORIO DIMAND NOT MET 
........, ......... ....._......_......_.......... " SOLAII l"'lRGY REJECTED M 

lXCltlll llllllOLATION 

IICIT 

Figure 2-3. Plant Control Algorithm 

During periods of reduced or no insolation, thermal energy is withdrawn from 
storage to supplement the receiver input or to replace the receiver as a heat 
source in the absence of insolation. During periods of no insolation (control 
mode 2). the storage device is used directly as the heat source in the helium 
turbine cycle. In this mode, there is no helium flow into the receiver circuit 
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and the high temperature pump is bypassed on the upstream side of the star.age unit. 

During periods of partial insolation (control mode 3), helium from the recuperator 
first passes through the receiver and then through the storage device. In this 
mode, the receiver and storage device act in series as the heat source for the 
helium turbine, with the receiver providing the low temperature heat increment and 
the storage providing the high temperature increment. This approach keeps the 
high temperature end of the storage unit nearest the turbine inlet and gives the 

highest conversion efficiency in the receiver. 

In mode 4 the storaqe circuit is inactive since storaqe is fully charaed. In this 
mode, the insolation innut to the receiver is adjusted so that there is just enouoh 

heat to meet the turbine demand. 

A representative daily plant operating cycle is shown in Figure 2-4. The cycle 
shown here is typical of the transient nature of the plant operation, when 

managed in accordance with the operating policy described above. All five modes 
of operation occur during the daily cycle shown in Figure 2-4 and are identified 
by their operation mode numbers. 
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For chemical storage systems (!CHEM= 1) long storage times are attractive because 
of the low storage cost per unit time. Consequently, a weekly plant operating 
cycle has been implemented assuming Saturday and Sunday are used to charge 
the storage device with no on line grid demand . 

The control policy is illustrated in Figure 2-5 for two seasonal weeks (winter and 
summer). The energy stored during the weekend is allocated to each of the five 
following days as initial stored energy E1. E1 is selected such that the total 
time on line for the plant is the same for each weekday. 

For the winter week the storage limit is not reached with the insolation avail
able on the weekend. (See Figure 2-5) In this case the energy available at the 
beginning of each weekday is simply 

where E5 = total stored energy at beginning of Monday operation . 

For the summer week the storage device has been saturated and the first weekday 
(Monday) will require a slightly larger allocation of initial stored energy. This 
is because there can be no contribution to storage during the Monday midday 
insolation peak . The initial energy allocation is given by 

where ET= theoretical excess of energy that could be placed in storage if the 

limit were not in place 

ESL= Energy storage limit 

For the second (and subsequent) weekdays the initial energy for equalization of 

plant operation time is 
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2.3 INSOLATION AND REFLECTOR FIELD MODEL 

Hourly insolation data for each day to be analyzed are the primary input variable 

in the program. Tables of reflector field efficiency are combined with the 

hourly insolation data and the collector area to compute the receiver heat input . 

The field efficiency tables are a function of time for each day of the year and 

include tracking efficiency, mirror reflectivity and receiver intercept efficiency. 

Default tables are built into the program to simplify the program input. The 

source of these data is described below . 

Insolation Data 

The insolation tables are based on clear day specular insolation data taken at 

Inyokern, California, in 1963. Insolation profiles for four representative days 

were taken from the data tapes assembled by the Aerospace Corporation. Results 

are shown in Figure 2-6 . 

Reflector Field Performance 

The reflector field efficiency, T)F' is the product of the tracking efficiency, 

T)T' the mirror reflectivity, rM' and the receiver intercept efficiency, T)I. 

The tracking efficiency includes projected area losses and shadowing and blocking 

losses. The tracking efficiency data used in the T)F tables are shown in Figure 

2-7. The value of mirror reflectivity to be used is rM = 0.88. The receiver 

intercept efficiency is the fraction of energy reflected from the heliostat field 

that enters the receiver aperture. The value of nI to be used is Tlr = 0.90. This 

value is determined by describing the solar flux pattern from the heliostat field 

and sizing the receiver aperture such that the captured reflected light is a 

maximum. This maximum occurs where increasing the aperture size will cause more 

heat to be lost than would be admitted to this larger opening from the field. 

The resultant reflector field efficiency is given by T)F = TlT x rM x Tlr• 

2.4 RECEIVER MODEL 

The receiver performance analysis is based on a thermal scaling analysis of the 

preferred gas cooled receiver reported in the final report to RP377-1. An iterative 

procedure is used to solve for the receiver power output as a function of the 

average helium temperature, the receiver geometry, and solar heat into the 
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receiver. The thermal analysis includes the radiant heat losses through the 

aperture, convective heat losses, reflective solar heat losses, and conduction 

losses through the receiver wall . 

The algorithm is shown schematically in Figure 2-8. All the significant heat 

transfer mechanisms are characterized along with pertinent receiver design 

variables such as aperture size, wall area, and insulation thickness. The values 

of constant terms in these formulas were derived for the preferred gas cooled 

solar receiver configuration referenced above. Computed values are sufficiently 

accurate for use in system integration and preliminary design studies . 

The receiver thermal efficiency at part load solar input is shown in Figure 2-9. 

These data are derived for demonstration purposes using the performance algorithm 

described above . 

2.5 TURBINE PERFORMANCE MODEL 

The turbine cycle performance and operating condition analysis is based on the 

data shown in Figure 2-10. The thermal cycle conversion efficiency and recuperator 

outlet temperature are modeled as tabular functions of turbine inlet temperature . 

These data are used over the operating range of turbine inlet temperature to compute 

helium mass flow requirements as a function of an electrical output demand. The 

data shown here are the result of an extensive turbomachinery and cycle analysis 

effort reported in RP377-1. The analysis methods developed during that effort are 

compatible with the program structure of the plant operation model. The inclusion 

of these algorithms in the plant operation program is a major task which would 

enhance the plant operation program particularly in an area of plant control . 

The solar thermal power plant faces a constantly changing solar input. Normal 

solar variations, a varying electrical demand, and transients caused by the en

vironment, start-up, storage switch-over, or shutdown make plant control a very 

important item . 

Plant output power would normally decrease with decreasing turbine inlet tempera

ture which could be caused by reduced solar input or operation from the storage 
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system. However, by increasing the pressure level (i.e., mass flow) of the system 

to compensate for the reduced thermal efficiency, the electrical output can be 

maintained at the desired level. The pressure level variation with turbine inlet 

temperature is shown in Figure 2-11 for a constant power output . 

The turbine will also be operated to produce power to meet the instantaneous 

demand which includes storage parasitic power requirement~. This is accomplished 

by maintaining a fixed turbine inlet temperature while changing pressure level and 

mass flow to follow the demand load. The algorithm used assumes that the thermal 

cycle efficiency is a function only of the turbine inlet temperature, which 

remains constant with varying electrical output during plant operation in this 

mode . 
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2.6 THERMAL ENERGY STORAGE (TES) MODEL 

760 816 

The purpose of the energy storage model is to compute the parasitic power 

requirements and the thermal performance of the storage device, and to maintain 

an accounting of the energy transferred to and from storage. Each of the three 

basic TES devices has a different thermal behavior and is represented by a separate 

math model. These models range in complexity from finite difference solutions 

of the energy balance equations to simple scaling models of parasitic power 

requirements. A technical description of the math models for each of the 

three thermal storage devices is presented in the following paragraphs. The 

approach used to establish the fluid circulation system power requirements is 

also presented. 

Sensible Heat and Phase Change TES Math Model 

The transient thermal math model for these two TES devices is based on a finite 

difference (nodal) solution to the one-dimensional transient partial differential 

equations shown in Figure 2-12. These equations assume that the heat transfer is 

dominated by the gas-in-tube convective heat transfer, and that the heat flow 

into the storage media can be approximated through the overall heat transfer 
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coefficient or the unit thermal conductance on the basis of a single node. The 

derivation of the energy equations is presented in Appendix I in conjunction with 

the derivation of the difference equations employed in this program module . 

Heater 
Shell 

HeTubes 

He 

He 

• Energy Balance 

• Technical Approach 

• No Axial Conduction 

• Single Node Lateral Heat Flow 

• Reverse Flow Direction for 
Charge and Discharge 

• Lumped Heat Loss Through 
Heater Shell 

Figure 2-12 TES Performance Model 

For both storage devices, the storage media is stationary and the helium flow 

direction is reversed in order to maintain the natural thermocline developed 

within the media. For the phase change system, a simple tube-in-bath approach 

has been taken with the tubes arranged vertically. The hot end of the heater is 
at the top in order to prevent the formation of voids during the heating and 

cooling cycle . 

The accuracy of the second simplification has been investigated by comparison with 

the appropriate exact solution. T5 is taken as the bulk temperature of the media 
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aRd tM ooi t toorma-l conducta.i+Ga model iS- ttie s.wn g_f th--e- w~ t-t:i-e.ma-l raS-ts-ta-n-ce-s 

in the heat conduction path; i.e. t (1) convective film coefficienta (2) metal tube 

wall resistance, and (3) storage media thermal resist.ance. The path length 

associated with the storage media thermal conduction is taken as the distance to 

the centroid o-f the t-her--mal mass enclosed b;'I- t-h-e- adi-abati-c s.urface of the symmatry 

between the- tubes. W-i th these assumpti-ons t t.he comparison- of heat rates with the 

exact solution is very good. Biot and Fourier numbers were varied over two orders 

of magnitude with representative storage media thermal properties and the maximum 

heat rate error encountered for the all sol id or all liqutd media was about 15% • 

(See Appendix II.) 

During periods of phase change of a given node, the storage media thermal con

duction path length must be modified to account for the location of the melt face 

relative to the tube wall. However .. the average heat flow rate over the zone of 

the heater undergoing phase chang.e i.s adequately represented by the simple nodal 

approach as discussed in Section 3.4 Volume I of this report. 

In the phase change device, energy is transferred to or from a media that can 

be entirely solid, entirely molten, or a combination. At any one time the rate 

at which energy can be transferred to or from the media is dependent upon the 

thermodynamic state of the media. During a phase change, each portion of the 

media (node} must receive or release a quantity of energy equal to its latent 

heat of fusion. An energy exchange accounting system is used to simulate the melt 

face propagation axially through the molten salt heater. Each node is surveyed 

to see if it is at or undergoing a phase change. If the node is u_ndergoing a 

phase change, the accounting system corrects the enthalpy of the node and k_eeps 

the nodal temperature constant at the melt temperature until the energy exchange 

matches the nodal latent heat of fusion. 

CES Storage System Performance Model 

The only thermal interface between the helium flow and the CES System is in the 

integral reactor heat exchanger. The reactor is designed and controlled to main

tain a specific helium temperature distribution from reactor input to reactor 

output as shown schematically in Figure 2-13. This approach precludes the 
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0,arge Cycle 

Discharge Cycle 

Reactant 
Manifolds 

.za 

P•l0atm 

• Reactor Designed for Complete 
Helium Temperature Swing 

• Reactant Requirements 

• mso • 
3 

HR • 296 cal/9so 
3 

• Parasitic Power Requirements - Charge 
(Proportional to '"so ) 

3 

• Reactant Compressor 

• Oxygen Compressor 

• Parasitic Power Requirements 
During Discharge Very Small 

Figure 2-13. Thermochemical Energy Storage Performance 

complex thermal performance problem described in the previous paragraph for the 

other two TES devices. Consequently, the CES performance model reduces to a 

simple computation of the parasitic power losses as a function of charge and 

discharge heat rates. Table 2-1 summarizes the parasitic power requirements 

within the CES system equipment complex for the charge and discharge cycle in the 
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Table2;..f 

CES PARASITIC POWER REQ.tJIREMENTS 

MWT MWE 

Endothermic mode 

so3 storage hea,ter TBO 

so3 pump • 069 

Diuociation product 5.69 
compressor 

Oxygen compressor 7.42 
Net cooling load ~ 15 

Exothermic mode 

so2 pump .068 

Oxygen comJ)l'essor • 275 

Net cooling load :::. 38 

baseline CES system. It is apparent from the data that the dissociation product 

compressor and the oxygen compressor are the major power consumers. 

Each of the parasitic power requirements listed in Table 2-1 apply to the design 

charge and discharge rate conditions. In each category the parasitic power 

requirement is proportional to the mass flow rate of the associated reaction 

constituent. The simplified math model developed for the CES performance analysis 

determines constituent mass flow rate on the basis of charge and discharge heat 

rates (mHECpHE (T3 - T1) ), heat of reaction, and reaction conversion fraction . 

The design parasitic power requirements are then scaled by these flow rates to 

determine the instantaneous parasitic power requirements. 
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Storage System Fluid Circulation System Power Requirements 

A separate fluid circuit provides charging energy for the thermal energy storage 

system as discussed in Section 2.2. This circulation system includes a pump or 

compressor that must recoup the pressure losses throughout the storage charging 

fluid circuit. The power required to make up this pressure is determined by the 

overall pressure losses in the circuit, the instantaneous helium mass flow rate 

in the charging flow circuit, the discharge temperature from the storage device, 

and efficiency of the circulating pump . 

where: 

.i:l 
r ·r 

.:.T = T ( p -l) 
pump D r1c 

r = p 

p 

'C 
T = 

D 

l+ .:.PLOSSES 
p 

Ratio of specific heats for helium 

Helium pressure 

Circulation pump (enthalpy) efficiency 

Storage device discharge temperature 

The temperature and pressure changes in the helium stream across the pump are 

determined as a part of each of the storage system performance models. The 

corresponding pumping power which is provided directly by the primary gas turbine 

is then simply determined by the temperature rise across the pump and the cor

responding gas flow rate . 

where: 

Helium mass flow rate 

Helium specific heat 
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2.7 ENERGY ANALYSIS 

Oa-i ly cycle data of the type s,!-mwn earli-er in F'igur-e 2--4 a-r-e genera-teed fO-r each 

of four representative days covering the four seasonal extremes. These data are 

analyzed to determine the energy losses on a daily basis. These results are then 

used to establish the yearly energy output of the power pl ant. The use of this 

resultant capacity data to establis•h the en~rgy cost for the plan,t is described 

in the following section. 

The weekly cycle option for chemical systems is handled assuming each day of the 

specified seasonal week has the same insolation profile. The computation of the 

plant capacity factor is based on an averag.e weekday. 

Representative plant operation data are shown in Figure 2-14. These data, as 

indicated in the figures, are based on a 0.5 km2 module field, a module capacity 

of 50 MWe with a storage time of 6 hours. The bar chart at the top of each figure 

is an analysis of the daily cycle energy losses for the summer insolation condition. 

The tables at the bottom of the figure summarize the key performance parameters 

for each of the four insolation conditions. All of the data presented in these 

figures are provided directly in the program output described in Section 5.0 of 

this volume. 

2.8 ENERGY ECONOMICS ANALYSIS 

The purpose of the energy economics analysis is to relate the power plant energy 

cost to the basic plant design variables. The approach used is based on a level

ized fixed charge rate. This approach provides a simple method to relate plant 

capital investment and energy output to a common variable - busbar energy cost 

expressed in mills per kilowatt hour. 

Busbar energy cost is computed as follows: 
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Figure 2-14. Four-Day Performance Summary (Phase Change TES System) 
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where 

CC x FCR 
SB££ = -CF x 8760 

x 1000 mills + O&M 
do! tar- -

CC = capital cost - $ per kWh 

fCR = fixed charge rat-e - l/yr 

CF = capacity factor - % 

O&M = leve-lized Ol}eration and maintenance cost - mills/kWh 

The busbar energy cost computed by this approach is the cost of energy at the 

busbar levelized over the operating life of the plant. This cost is composed of 

two parts: 

1) cost of the capital investment, and 2) the cost of operating and maintaining 

the power plant. 

The cost of the capital investment is determined on the basis of a levelized 

annual discount rate which includes depreciation, cost of money, insurance, 

and taxes. This is a fixed annual charge~ it is based on total capital invest

ment at the time of initial commercial operation, and it is proportioned 

to the total yearly energy output of the plant. Levelized operation and 

miantenance costs is expressed as an increment in mills per kilowatt hour of 

output. 

Plant capital cost in dollars per kilowatt is computed in the following 

manner. Total direct plant cost is computed by summing the costs associated 

with each of the plant subsystems. Contingency allowance and spare parts 

allowance, indirect costs, and interest during c0.nstruction are added to this 

cost. The final summing of costs yields the total capital cost in dollars 

per kilowatt. Figure 2-15 summarizes the costing procedure and gives the 

actual subsystem costs which are used as default values in the plant operation 

program. These particular cost account numbers are based on the phase change 

storage device design cos ts presented in Vo 1 ume I. 

The yearly energy output of the plant (i.e., capacity factor) is determined by 

the plant operation analysis discussed i.n the preceeding secti.on. The capacity 

factor is the average of the four seasona 1 capacity factors and is expressed 

as a percent of continuous operation at the plant rated ca.padty. It typically 

includes a 101/, reduction for planned maintenance. 
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Figure 2-15. Baseline Cost Accounts 
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Section 3 
INPUT DESCRIPTION 

The following is a list of the inputs required to operate the Plant Operation 

Model. For the convenience of the user, all inputs are defined and listed at 
the beginning of each case. The variables given are FORTRAN names identical 

to those in the program code . 

3. 1 NAMELIST 

The inputs to the Power Plant Operation Math model are completely on cards. All 
variables have default values built in which may be overridden by standard IBM/ 
NAMELIST statements. The inputs are free field separated by commas (,). Card 

column one (1) may not be used, however . 

Input for a given case is initiated by the symbol &IN and computation is started 
when the symbol &END is encountered. For example, inputs changes are started 

with a card as follows: 

✓&IN ✓ CA=O. 5, I0HR=l, 

Input is terminated and case execution begins with the following: 

, TSTART=6.0,RAP=8.4 ✓ &END 

where ✓ represents a blank space. Any variable defined in Sections 3.2, 3.3, 
and 3.4 may be changed for a given case. Once an input has been modified it will 
remain the same for all following cases or until changed again. The NAMELIST 
example shown in Figure 3-1 are the inputs for the example cases described in 

Section 5.0 and are typical . 
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3.2 GENERAL INPUTS 

VARIABLE 

AHXAP 

AHXI 

AWAP 

AWI 

CA 

DTAUI 

DMRPMW 

DTPP 

ED 

EFCOM 

EPCOM 

FACT~R 

FCR 

HFUS* 

DEFAULT VALUE 

16.44 

0,0 

17.65 

0.0 

o.s 

1.0 

2.79 

200.0 

so.a 
0.8 

0.64 

1.0 

15.0 

20.0 

DEFINITION 

Ratio of the receiver heat exchanger2area to 
the receiver aperture area ( ff x RAP) 

Receiver heat exchanger area - m2 

Ratio of the receiver wall area to tRe receiver 
aperture area ( ff x RAP2) 

Receiver wall area - m2 

Cavity col1ector area - sq. kilometers 

Computer interval - hrs. 

The reactant product flow rate per MW of energy 
stored (chemical systems)- lb/sec/mw 

Pinch point temperature limit for thermal 
energy storage systems - deg. R. DTPP is 
the limiting value of temperature difference 
between the helium temperature at the-storage 
device inelt and the helium temperature at the 
storage circulation pump outlet . 

Electrical grid demand - MW 

Enthalpy efficiency of the storage circulation 
system compressor 

Endothermic conversion fraction for the thermo
chemical storage system. For the SO /SO sys
tem EPCON is the total SO~ dissociatfon ~raction 
in the endothermic reactor. The 36% SO not 
dissociated must be recirculated, addin~ to the 
effective parasitic energy consumption of the 
CES system . 

Pl ant opera ti on yearly fraction 

Fixed charge rate for economic analysis - % 

Nodal heat of fusion of thermal energy 
storage media - MW-hr. The approximate 
sizing relationship for HFUS is as follows: 

MWe 
(HFUS)*(NODES) = --- 1 £S0 - MM Cp LTM 

r,TG 

3-3 



\lARIAB-lE OEfAULT 

HFUSN(I)* 0.0 

!CHEM 0 

10HR 0 

IPS 0 

!WEEK 0 

NDAY 0 

DfflNlTION 

where 

MW = ED - MW 
e 

fiTG = 

= 

= 

= 

Expected conversion effi
ciency of turbine during 
storage discharge 

Desired storage time - hrs. 

Nodal sensible heat capacity 
of storage media 

(XMCPS)*(NODES and 
(XMCPL)*(NODES) -

MW-hr/DEG-R 

Expected temperature swing 
of storage media - DEG R 

Same as HFUS and used when a multiple number 
of storage media (up to 5) are used. See 
NODS ( I) 

Indicator for storage concept desired 
= O thermal energy storage device 
= 1 thermochemical storage device 

Set equal to 1 to get thermodynamic state 
point output at each computer interval 
(see Section 5.0 Output Description) 

For thermal energy storage (ICHEM=O) set 
equal to 1 to obtain nodal temperature 
data at each computer interval (valid only 
if IOHR=l) 

Indicator for weekly cycle analysis (chemical 
system ICHEM=l) 
= 0 Daily cycle 
= 1 Weekly cycle 

NDAY defines which of the four insolations and 
reflector field efficiency tables are to be used 
= O All four seasonal days are analyzed in 

sequence and yearly plant capacity and 
energy costs are estimated 

= 1 Winter day Pll(I) 
= 2 Spring day P12(I) 
= 3 Summer day P13(1) 
= 4 Fall day P14(1) 
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VARIABLE 

NODES 

NODS ( I) 
(I=lto5) 

OM 

PP0C 

PPPC 

RAP 

RSL 

RT 

SL 

STORL 

[)EFAULT VALUE 

40 

0 

6.0 

0.165 

0.069 

9.6 

0.02 

1.07 

6.0 

900.0 

DEFINITION 

Number of equal axial nodal divisions of the 
thermal energy storage device (ICHEM=O) for 
analysis in the finite difference equations 
(MAX= 99) 

Same as NODES except for use when a multi
phase thermal energy system is defined. The 
5 separate NODS correspond to up to 5 separate 
storage salts. (NODS(l) = 0 indicates a multi
phase system. See UAINN(I), TFUSN(I). HFUSN(I), 
XMCPSN(I), XMCPLN(I) . The sum of NODS(l) 
through NODS(N) must not exceed 99.) 

Plant operation and maintenance cost - mills/kW 

Oxygen compressor parasitic power per unit mass 
flow rate (chemical systems) - MW/lb/sec 

Product compressor parasitic power per unit 
mass flow rate (chemical system) - MW/lb/sec 

Aperture radius used in receiver performance 
model - meter 

Energy reserve in storage device expressed as 
a fraction of STORL. This reserve accounts 
for thermal losses in storage system lines and 
due to conduction through container walls. 

Storage Circulation fluid circuit loop total 
pressure ratio 

RT == ZL.PLOSSES 
l + P 

where: ~PLOSSES = component pressure losses 
P z system pressure level 

(storage circulation pump or compressor oper
ates at this pressure ratio) 

Storage limit hours. SL is used as a parameter 
in the cost model as described in the cost 
account input. 

Energy storage limit for thermochemical (CES) 
system - MW hr. STORL is also used in the 
thermal (TES) system to compute the stored 
energy reserve (see RSL). The thermal storage 
system is limited by the pinch point temperature 
limit (DTPP) rather than the energy stored. 
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VARIABLE 

TDS 

DEFAULT VALUE 

8.0 

TED 1960.0 

TFUS 1630.0 

TFUSN(I) 0.0 
(I=lto5) 

TSTART 4.0 

TWZER0 1410.0 

UAIN 0.075 

DEFINITION 

Start time for level grid demand load (ED) -
hours. 

Turbine inlet design point operating tempera
ture - DEG R 

Melt temperature of thermal energy storage 
media - DEG R {set greater than TED for sensi
ble heat device.) 

Same as TFUS and used when a multiple number 
of storage salts are used (see NODS(l) ) 

Hour of day to start power plant cycle analysis. 
Plant will not begin operation until some in
solation is available. The model will not 
generate power until time equals TDS. 

Initial nodal temperature in thermal storage 
device - DEG R. Starting temperature profile 
in device is flat (neutral). 

Nodal value of the product of overall conduc
tance and heat transfer surface area for 
thermal storage system - MW/DEG-R. The 
approximate sizing relationship for UAIN 
is as follows 

(UAIN)*(NODES) 

for the discharge condition. and 

C MW 
(UAIN)*(NODES) = r e NTU 

nTG t.Tpp 

for the critical charge condition. 

where MWe = ED - MW 

ATTG = 

3-6 

Turbine conversion efficiency 
at minimum expected operating 
temperature 

Turbine to recuperator outlet 
temperature and minimum expect
ed operating temperature -
DEG-R. 
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VARIABLE 

UAINN( I) 

XMCPL* 

XMCPLN(I) 
(I= 1 to 5) 

XMCPS* 

XMCPSN(I) 
( I = 1 to 5) 

DEFAULT VALUE 

0.0 

0.2 

0.0 

0.2 

0.0 

DEFINITION 

Cr = Charge to discharge power ratio 

liTpp = Pinch point temperature limit -
DEG-R (see DTPP) 

NTU = Number of thermal transfer uni ts 

Same as UAIN and used when a multiple number 
of storage salts (up to 5) are used (see NODS(!) ) 

Nodal value of sensible heat capacity of stor-
age media above fusion temperature - MW-hr/ 
DEG-R. Approximate sizing relationship used 
for HFUS can be used to estimate XMCPL. 

Same as XMCPL and used when a multiple number 
of storage salts (up to 5) are used (see NODS(!) 

Nodal value of sensible heat capacity of stor
age media at temperature below the melt point . 
- MW-hr/DEG-R. Approximate sizing relation
ship for HFUS can be used to estimate XMCPS. 

Same as XMCPS and used when a multiple of 
storage salts (up to 5) are used (see NODES(!) 

*The actual mass of the storage media, the heat of fusion, and the solid and 
liquid specific heats can be used to set these values. The approximate sizing 
relationships shown here are roughly how these parameters relate to the overall 
performance of the storage system . 
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3.3 INSOLATION AND REFLECTOR F!ELo-rABtB 

The solar insolation tables and the refelctor field efficiency ta-bles are given in 

two arrays, PIA (24,4) and FEA (24,4). The first dimension (24) corresponds to the 

24 hour day. The second dimension (4) represents 

for 1 - winter day 

for 2 - spring day 

for 3 - summer day 

for 4 - fall day. 

The two arrays correspond point for point. 

PIA (N,M) = direct insolation 

FEA (N,M) = field efficiency - product of tracking efficiency, 

mirror reflectivity and receiver 

intercept efficiency. 

The default values are given here in Figure 3-2. 

In order to change the tables the standard NAMELIST statements are used. For 

example, to modify the 12th hour of insolation in the spring day to 890,0 from 

930.0 

PI1(12) = 890.0 

Reducing the entire fall day by 10.0 one could do the following: 

PI4 = 5*0.0, 640.0, 720.0, 790.0, 830.0, 860.0 

8/0.0, 860.0, 840.0, 810.0, 740.0, 620.0 

8*0.0 

The values of reflector field efficiency are analogous 

FE2(12) = 0.119 

or 
FE4 = 6*.0, 0.119, 0.347, 0.513, 0.60, 0.643, 

0.663, 0.667, 0.663, 0.643, 0.60, 0.513, 

0.347, 0.119, 6*0.0 
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3.4 POWER PLANT COST ACCOUNTS 

The power plant cost model is based on the standard EPRI and ERDA account structure . 

Th-e accounts are contained in an array ACC (20,-3) to allow for future expansion of 

the model. This expansion is based on the total cost of each item being based on 

a direct charge and a proportional cha,rge or slop:e term. 

ACC(N,1) = ACC (N,2) *A+ ACC (N,3) 

Proportional Term Direct Charge 

If no proportional term is required the item cost is stored directly ih the first 

array element ACC(N,1). 

The array elements currently being used are defined below, with their default values. 

Also see Figure 3-2. 

The defaults may be overridden with NAMELIST inputs as described in Section 3.3 for 

PIA. 

ACl(N) = ACC(N,1) 
AC2(N) = ACC(N,2) 
AC3(N) = ACC(N,3) 

DEFAULT 
VARIABLE VALUE 

ACC(l,1) 2.0 

ACC(2,1) 44.0 

ACC(3,2) 60.0 

ACC(4,2) 16.9 

ACC(5,2) 40.0 

ACC(6,2) 48.7 

ACC(6,3) 44.0 

DEFINITION 

Land Cost - $/ kW 

Structures and facilities cost - $/kW 

Heliostat cost per unit of heliostat area (CA) -
$/kW/meters **2 

Central receiver - heat exchanger cost - $/kW/meters2 

(proportioned to heliostat collector area - CA) 

Central receiver tower cost - $/kW/meter (proportioned 
to heliostat field width) 

Storage system cost - $/kWh (proportioned to storage 
limit - SL) 

Storage system cost - $/kW 
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DEFAULT 
VARIABLE VALUE DEFINITION 

ACC(7,1) 0.0 Boiler plant cost - $/kW 

ACC(8, 1) , 119. 0 Turbine plant cost - $/kW 

ACC(9,l) 20.0 Electric plant cost - $/kW 

ACC (10, 1) 4.0 Misc. plant and equipment - $/kW 

ACC( 11, 1) 15.0 Cooling Tower Cost - $/kW 

ACC(13,2) 0.05 Contingency and spare parts allowance - fraction 
of total direct cost . 

ACC(14,2) 0.1 Indirect cost - fraction of total direct cost 

ACC(16,2) 0.15 Interest during construction 
capital investment 

Capital Cost Accounts ($/kW) 

Land 
Structures and Facilities 
Heliostats 
Central Receiver/Heat Exchanger 
Tower 

Storage Tanks (chemical) 
Bo i1 er Pl ant 
Turbine Plant and Equipment 
Electric Plant and Equipment 
Misc. Plant and Equipment 
Allowance for cooling towers 

Total Direct Cost 
Contingency and Spare Parts Allowance 
Indirect Costs 

Total Capital Investment 
Interest During Construction 

Total Cost at Commercial Operation 
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- fraction of total 

ACC(l,l) 
ACC(2,1) 
ACC(3,2) x 1000 x CA/ED 
ACC(4,1) x 1000 x CA/ED 
ACC(5,2) x 50/ v:S° x 

VCA/ED 
ACC(6,2)xSL+ACC(6,3) 
ACC ( ~ , 1) 
ACC(8,1) 
ACC(9,1) 
ACC~ 10, 1) 
ACC( ,1) 
(TDC, 
ACC(12,2) x TDC 
ACC(l4,2) x TDC 
(TC!) 
ACC(l6,2) x TCI 
(TC) 
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Section 4 

OPERATING INSTRUCTIONS 

The computer program exists in the form of card decks and is executed in 
the batch mode. The source cards are coded in FORTRAN IV language and are 
compatible with IBM 360/370 computer systems . 

Conversion to other computer systems should not be difficult, if required. 
The program uses only standard FORTRAN instructions and there is no machine
dependent software used and no known numerical significance concerns. The 
program should readily adapt to Remote Job Entry (RJE) or time-sharing terminals . 

4.1 CONTROL CARDS 

The program is executed by standard FORTRAN compile, LINKEDIT, and G0 steps run 
in sequence with IBM Job Control Language (JCL). In order to resolve installation 
dependent system differences, JCL procedures (PROCS) exist at all IBM facilities 
for accomplishing the execution sequence. The example shown below illustrates one 
of the PROCS used at Boeing System 370 computers and will be similar, if not 
identical, elsewhere. 

Card l 

Card 2 

Card n 

Card n+l 

Card Last 

r-column l 

//✓EXEC✓F0RTHCLG 

//FORT.SYSIN✓DD/* 

{ 
FORTRAN } 

SOURCE 
/* 

//G0. SYS I N.'DD✓* 

I NAMELIST } 
STATEMENTS 

/* 
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4. 2 TIMI:. ANLJ OUTPUT ESTIMATES 

Run time for FO-RTAAN compi l atioo and LINKED IT steps a-r-e censta-flt for -any case and 

will aver-age about 4.5 seconds and 1 second, respectively. The values given here 

are based on Boeing IBM 370 computer CPU time (CPU= central processing unit). 

The run time and printed output for a given case is dependent ,on several things 

including plant configuration (CES versus TES), output options, and the number of 

days considered. The following graph will best illustrate the variations. 

Case Type 

TES-single day 
(NDAY 0) 

TES-single day 
with hourly output 
(I0HR = 1, DTAUI = 1.0) 

TES-4 day with 
cost estimates 
(NDAY = 0) 

CPU time 
Seconds 

2.5 

23.5 

7.0 

Page of 
Output 

4 

42 
60 (IPS = 1) 

8 

CES cases will be fractionally lower in CPU time with page counts the same. 

(IPS = 1 does not apply) 
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Section 5 

OUTPUT DESCRIPTION 

Program output is determined by the type of case being run and the output options 
as described in Section 3.0. At the beginning of each case a list of all the 
inputs and their definitions is given as well as insolation and cost accounts. 
The examples shown here are the outputs generated from inputs shown in Figure 3-1. 

In the first 3 cases a full yearly analysis with cost data is requested (NDAY = 0) 

with no output options. The first case represents a thermochemical system (!CHEM= 
1). In the second case a phase change thermal energy storage device is modeled 
(ICHEM = 0), and in the third case a sensible heat thermal energy case is executed 
(TFUS TED). 

In the last example, a multiple salt phase change thermal energy case is shown 
[N0DS (l)>O]for a single summer day (NDAY = 3). In this case the thermodynamic 
state point is given for each computer step (I0HR = 1) and nodal temperature data 
from the storage device are printed :rps= 1) . 
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en 
I 

N 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

BLOCK DATA 

COMMON/SOLAR/C(2000l 

EQUIVALENCE (AT (l) ,C(l325)) 

DIMENSION AT (24) 

/2000*0.0/ DATA C 

DATA AT 
X 
X 

,1.0,2.0,3.0,4.0,5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0 
,13.0,14.0,15.0,16.0,17.0,18.0,19.0,20.0,21-0,22.0 
,23~0,24.0/ 

EQUIVALENCE (PIA (l,1),C(l350)),{FEA Cl,11,C( 1446)) 

EQUIVALENCE (Pll (1) ,PIAtl,1)),(FEl (1) ,FEA( 1, U > 
EQUIVALENCE (PI2 (1) , PI A { 1 , 2 ) ) , ( F E2 (l) ,FEA(l,2)) 
EQUIVALENCE (PI3 (1) ,PIA(l,3J),(FE3 ( l) ,FEA(l,3)J 
EQUIVALENCE (Pl4 ( 1) , PI A ( 1, 4) l, ( FE4 (1) ,FEAtl,4)) 

DIMENSION PIA (24,4),Pil (24),Pl2 (24),Pl3 (241,PI4 (24) 
DIMENSION FEA {24,4),FEl (24J,FE2 (24l,FE3 (24l,FE4 (24) 

DATA Pll /0.0 ,o.o ,o.o ,o.o ,o.o ,o.o ,sso.o,aoo.o 
X ,890.0,910.0,920.0,910.0,890.0,810.0,670.0,550.0 
X ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o I 

DATA Pl2 /0.0 ,o.o ,o.o ,o.o ,o.o ,480.0,690.0,800.0 
X ,870.0,910.0,930.0,930.0,940.0,940.0,920.0,870.0 
X ,a10.o,o.o ,o.o ,o.o ,o.o ,o.o ,o.o 'o.o I 

DATA Pl3 /0.0 ,o.o ,o.o ,o.o ,650.0,780.0,870.0,920.0 
X ,930.0,920.0,910.0,910.0,930.0,950.0,940.0,870.0 
X ,1ao.o,660.o,o.o ,o.o ,o.o ,o.o 'o.o ,o.o I 

DATA PI4 /0.0 ,o.o ,o.o ,o.o ,o.o ,650.0,730.0,800.0 
X ,840.0,870.0,880.0,870.0,850.0,820.0,750.0,630.0 
X ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o I 

DATA FEl ,o.o ,o.o ,o.o ,o.o ,o.o ,o. 0 ,0.167,0.381 
X ,o.soa,o.s1a,o.sa1,o.s69,o.ss1,o.s1a,o.soe,o.3a1 
X ,0.167,0.0 ,o.o ,o.o ,o.o ,o.o ,o.o ,o.o I 

•-•••••••I•••••• • 



•••• , •••••• • 
DATA Ff:2 /0.0 'o .. o t o .. o ,o.o , o. 0 ,0.129,0.357,0.523 

X ,0.6l0,0.653,0.673,0.677,0.673,0.b~3,0.6l0,0.523 
X ,0 .. 357,0.129,0.0 ,o.o ,o.o ,o.o ,o.o ,o.o I 

DATA FE3 /0.0 ,o.c , o. 0 ,o .. o ,0.157,0.389,0.517,0.593 
X ,0.645,0.674,0.689,0.692,0.689,0.674,0.645,0.593 
X ,o.s11,o.3s9,o.1s1,o.o ,o.o ,o.o ,o.o ,o.o I 

DATA FE4 /0.0 ,o.o ,o.o ,o.o ,o.o ,0.129,0.357,0.523 
X ,0.61 ,0.653,0.673,0.617,0.673,0.653,0.61 ,0.523 
X ,0.357,0.129,0.0 ,o.o ,o .. o ,o.o ,o.o ,o.o I 

C 
EQUIVALENCE (ACC (l,ll,C(l542)) 

C 
EQUIVALENCE CACl ( l) ,ACCC1,U),(AC2 (l) ,ACCU,2)) 
EQUIVALENCE (AC3 fl) , ACC ( l, 3) ) 

C 
DIMENSION ACC (20,3),ACl ( 20), AC2 (20) 9 AC3 (20) 

C 
DATA ACl /2. ,44. ,o. ,o. ,o" ,o. ,o. ,119.,20. , 4. 

X ,15. ,o. ,o. ,o .. 'o. ,o. ,o. ,o. ,o. ,o. I 
C 

CATA AC2 /0., ,o. ,60 .. ,16.9,40. ,5. ,o. 'o. , o. ,o. 
en X ,o. ,o. ,.05 ., .1 ,o. ,.15 ,o. ,o. ,o. ,o. I I 
w 

C 
DATA AC3 /0. t O ,. ,o. ,o. ,o. ,442.,0. 'o. 'o .. ,o. 

.)( ,o .. ,o • ,o. ,o. ,o. ,o. ,o. ,o. ,o. ,o. I 
C 
C 

EI\D 



CJ\ 
l 

.,:,-

C 
C**** SCLAR POWER PLANT OPERATING MODEL 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

CO~MON/SOLAR/C(2000» 

EQUIVALENCE (XMELT (1) 
EQUIVALENCE (Tf CU 
EQUIVALENCE (TWT (l) 
EQUIVALENCE (NODES 
EQUIVALENCE (TWZERO 
EQUIVALENCE (ND 
EQUIVALENCE (ED 
EQUIVALENCE (IPWEEK 
EQUIVALENCE (ISTL 
EQUIVALENCE (PSO 

DIMENSION XMELTP(lOO) 
DlfllENSION TFP (100) 
DIMENSION TWP (100) 
DIMENSION XMELT (100) 
Dl~EI\SION TF ( 100 J 
DIMENSION TWT (100) 

CALL GDATA 

25 CALL INPUT(&500) 

CALL CSEINT 

50 IFtNDAV.EQ.O)NU=ND+l 

DC 100 l=l,NODES 

XfllELTP(l)=O.O 
TFP (l)=TWZERO 

100 TWP (I}=TFP(I) 

EDl=ED 

IPWEEK=O 

,CC 452)),(XMELTP(l) 
,Cl 854)),(TFP (1) 
,C( 145)),(TWP (1) 

,C ( 446)), (NOA't' 
,C( g56)) 
,C(l20ll) 
,C( 16)),(EDI 
,C(l6ll)» 
, C ( 996) ) 
,CU620)) 

,Cl 752)) 
,ClllOl)) 
,CC 45)) 
,CC1202)) 

, C ( 992 ) > 

·-· ••••• ·- •••••• • 
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ISTL=-l 

C 
PSC=O.O 

C 
200 CALL DAYINT 

C 
3CO CALL INI TAL 

C 
CALL CYCLE 

C 
CALL INTEG 

C 
CALL UDATE(f.3001 

C 
CALL WEEKAN(£2001 

C 
CALL DAYANL(£400) 

C 
GC TC 25 

C 

en 400 CALL CSEANL(&SO) 
I C 0, 

GC TO 25 
C 

500 STCP 
C 

EiW 



SUB~OUTINE CAVITY 
C 

COM~ON/SOLAR/C(2000) 
C 

EOUIVALENCE ( TI ,C C q)),(Pl 'C ( l)) 

EQUIVALENCE (TED , CI 6)) ,- ( DMCM ,C( 4)) 
EQUIVALENCE (PH ,C( 15) ) , ( DMC ,Cl 1411 
EQUIVALENCE (TE ,Cl 7)) 

ECUIVALENCE lCPF , CI 44)),IRAP , C ( 4451 ) 

C 
EQUIVALENCE (DMWT (1) , C (l 001 ) ) , l P (l) ,Cll041)) 
EQUIVALENCE CT ( 1) ,Cl106U ), lDP ( l) ,CC108Ul 

C 
DIMENSION OMWT {20) 
DIMENSION P (20) 
DIMENSION T (20) 

OtME~SlON OP (20) 
C 

EQUIVALENCE (TlO ,T (lOl>,<Tll ,T ( 11) ) 

EQUIVALENCE lOMWTll,CMWT (11 ) ) 

C en COMMON/FPHC/POE I 
en 

C 
C**** COMPUTE CAVITY PERFORMANCE 
C 

EXTERNAL FPH 
C 

DIMENSION XIUI 
C 

TOL=0.0001 
IS=O 

C 
C**** CHECK OPERATION AT ~INl~UM TEMPERATURE 
C 

Xlll)=TlO 
XI l2)=RAP 
Xl(3)=PI 

C 
POU~Y=FPH(O.O,XI) 

C 

••••••• • 



O'I 
I 

"' 

C 

C 

PCEP=PUE 

IF(POE.GT.PI)GO TO 10 

C**** CHECK OPERATION AT CESlGN TEMPERATURE 
C 

Tll=TED 
C 

XI(l)=(TlO+Tll)/2.0 
C 

PDU~Y=FPH(O.O,Xll 
C 

IF(POE.LE.PI)GO TO 20 
C 

D~~Tll=0.5*(PI-POEPI 
C 

GC TO 50 
C 

-······ 

C**** RECIEVER OPERATIONAL AT DESIGN TEMPERATURE 
C 

20 TBAR=AMAXl((TlO+Tll)/2~0,1200.0) 
C 

EfREC=.883+t37.5-0.0325*TBAR)/PI 
C 

OMWTll=AMAXl(EFREC*PI,0.05) 
C 

GC TO 40 
C 

C 

30 DMWTl l=O .. 0 
D~C =O .. 0 
T 11 =TlC 

RETURN 
C 

~ .. 
C 

40 IX=O 

THE=(TlO+Tlll/2.0 

Xlll>=THE 
XIl2l=RAP 

• 



m 
I 

co 

C 

C 

C 

C 

Xl(3)=PI 

CALL ITER8(0MWTll,Xl,FPH.TCL,IX) 

D~C=DMWT11*3.415E+06/CPF /3600.0/(Tll-TlO) 

IF(CMC.GT.DMCM)RETURN 

50 D~C=DMCM 
C 
C**** SOLUTION IS ITERATIVE (MASS FLOW LESS THAN REGUIRED VALUE) 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

CC=3.415E+06/CPF/3600.0/DMC 
DC=TlO 

DMwTlP=DMWTll 

100 TEP=Tll 

Tll=TlO+DMWTll*CC 

TBAR=AMAXl((TlO+Tll)/2.0.1200.0) 

EFREC=0.883+(37.5-0.0325*TBAR)/PI 

OMWTll=AHAXl(EFREC*PI,0.05) 

IX=C 

THE=(TlO+Tll)/2.0 

Xl(l)=THE 
Xl(2)=RAP 
XI(3)=PI 

CALL ITER8(0HWT11,Xl,FPH,TOL,IX) 

CALL ITER CTll,TEP ,TOL,1S,&200) 

AC=lDMWTlP-OMWTll)/(TEP-Tll) 

·-· • •••••••••••• • 



O"I 
I 

ID 

C 

C 

C 

C 

C 

C 

•••••• , ......... . 
BC=CM~Tll-Tll/(TEP-Tlll*(OMWTlP-DMWTlll 

D~Wl l P=DMWTl l 

IF!IS.EQ.l)GO TO 100 

OMwTll=(AC•DC+BC)/11.0-AC*CC) 

GO ro 100 

200 RETURN 

END 



SU BR OUT I NE Ctlf\RGE ( *, *) 

C 
CO~MON/SOLAR/C(2000) 

C 
EQUIVALENCE (O~CP 'C C 5)),(EDT 'C ( 1 7) ) 
EQUIVALENCE (EO ,Cl l 6) ) , ( OMC 'C ( 14)) 
EQUIVALENCE !OMS ,Cl 20)),(DMTG ,C( 18)) 
EQUIVALENCE (ISTL , C ( q<H,) ) , (PI 'C ( l)) 

EQUIVALENCE (Pll , C ( 994)) , (PIS 'C C 11)) 

EQUIVALENCE (POS ,C( 12)),(TEP , C ( 8) , 

E,UIVALENCE (DTAU .c, 2)),(EFTG 'C ( 35) ) 
EQUIVALENCE (NODES ,Cl 446)),(STORL , C ( q6o 9 ) 

C 
EQUIVALENCE (XMELT ( 1) ,Cl 452)),(XMELTP(l) ,Cl 752)) 
EQUIVALENCE lTF ( l) ,Cl 854)),(TFP l 1) , Cl 110 l) ) 
EQUIVALENC.E (TWT l l) ,CC 145)),(TWP (1) ' C l 45)) 

C 
Dlf'EI\SI •N XMELT (100) 

DIMENSION XMELTP(lOO} 
DIMENSION TF (100) 
Dl,..Ef'I.SION TFP (100 J 

°' DIMENSION TWT (100) I ..... 
0 DIMENSION TWP (100) 

C 
EQUIVALENCE (OMWT ( l) ,C(l00lll,(P ( l) ,C(l041)) 
EQUIVALENCE (T ( 1) , C ( l 06 ll ) , ( DP (1) ,CU08ll) 

C 
DIMENSION DMWT (20) 
01,--ENSION P l20) 
DIMENSION T (20) 
OI~ENSION DP (20) 

C 
EQUIVALENCE (T9 ,T ( g)) 

EQUIVALENCE CT7 ,T ( 7 ) ) 
EQUIVALENCE (T4 • T I 4)) 

EQUIVALENCE (Tll ,T ( ll)) 

ECUIVALENCE ID~WTB ,DMwT ' 8)) 
EQLIVALENCE 1or,,wrg ,D,..WT ' 9)) 
E<JUIVALENCE IOMWTll,DMWT ( l U) 

C 

•-•••••••I••••••_..• 



C 

C 

C 

C 

C 

C 

C 

••••••••• 
ECUlVALENCE (X~ 
EQUIV~LEN~E [XU~ 

ll) ,Cll225l),IXO 
Ill ,Cfl275)),(XOO 

Dl~ENSION XN {?51 
CIMENSION XO (25) 
Ol~E~SION XDN (25) 
DlMENSlQN XDO (251 

EPl =0.,0 

TOL=0 .. 002 
TOLl=0.0001 

lS=O 
ISl=O 

OMCP=O.O 
O~SP=O.O 

ISTOP=O 

lll ,Cll250Jl 
IU ,C(l300)) 

'r C**** CO~PUTE RECIE~ER PERFORMANCE .... 
_, C 

200 CALL CAV ITV 
C 
C**** IS SOLAR INPUT SUFFICIENT TO START RECIEVER? 
C 

IF(CMWTlleEQGQ$Q)RETUR~ l 
C 

ISTO.,=ISTOP+-1 
C 

IF(ISJOP.GT.lOO}WRlTE(b,1100) 
IF(ISTOP.GT.lOOlCALL UABEND(lOO) 

C 

C 

EuT=ELHO~\.ITY 
[t'P=D~WT9 

C**** CC~PUT( fLRRlNE PERFORMANCE 
C 

T4 =T ll 

-. 



C'l 
I _, 

N 

C 

C 
CALL JRBINE 

C**** IS INSOLAT[ON SUFFICIENT TO DRlVf TURBINE GENERATOR ? 
C 

lf(CMC .LE.OMTG)RETURN 2 
C 

DMS=DMC-OMTG 
C 

C 

C 

C 

C 

IF(D~S.GT.O.O}GO TO 222 

DD 224 l=l,NODES 
XMELT(l)=XMELTPll) 
TF(l)=TFP(() 

224 TWT(l)=TWP(l) 

PGS=O.O 
PIS=O.O 
DMWT8 =O.O 
D~WT9 =O.O 
DMS=O.O 
19 =Tll 

GO TO 226 

C**** COMPUTE PERFORMANCE OF ENERGY STORAGE DURING CHARGING 
C 

C 

C 

222 T7=Tll 

IF(ISTL.EQ.-l)ISTL=O 

C**** CO~PUTE STORAGE PERFORMA~CE 
C 

CALL STORGE 
C 
C**** CC~PUTE CAVITY INLET TE~P 
C 
C**** ~IXING OF TURBINE CYCLE GAS WITH STORAGE EXIT GAS 
C 

226 CALL INLET 

·-· • •••••••••••• • 



en 
I ..... 

(,J 

C 
C**** RECIEVfR ~ASS FLOW CC~VfRGE~CE TEST 
C 

CALL ITER (DMC,DMCP,TnL,ISl,&230) 
C 

GD TO 2'JO 
C 
C**** STCRAGE MASS FLOW CONVERGENCE TEST 
C 

230 CALL lfcK IOMS ,DMSP,TOL,lS,&1000) 
C 

250 TEP=T4 
C 
C**** PROJECT TO PARAStTIC POWER SOLUTION 
C 

EP l=OM',,nq 
XKl=DMWTq/OMS 

C 
IF(ISl.EQal)XK2=DMTG 

C 
XK3=(0MTG-XK21/EPP 
DMWT9=XKl*(D~C-XK2)/(l.O+XK3*XKl) 

C 
Qp,ICP=DMC 
D~SP=DMS 

C 
GC TC 200 

C 
1000 RETUKN 

C 

, •••••• 

llGO FORMAT('OMAXIMUM ITERATIONS IN Pl CONSTRAINT LOGIC') 
C 

ENO 

.'.~_:; 

• 



SUBROUTINE CHSS(*) 
C 

cc~~CN/SOLAR/C(2000) 
C 

EQUIVALENCE (DMCP 'Cl 5) ) , ( DM S ,Cl 20)) 
EQUIVALE"'1CE lDMC 'C ( 14) ) , ( DMTG 'C ( 18)) 

EQUIVALENCE (OTAU ,Ct 2)),(ISTL , CC 996 l ) 
EQUIVALENCE (Pl ,C( l)J,(ED ,er 16)) 
EQUIVALENCE (EDT 'Cl 17)), (EFTG ,C( 35H 
EQUIVALENCE (STORL ,C( 960)) 
EQUIVALENCE (Pit ,cc 994)) 

C 
EQUIVALENCE lOMWT ( l) ,C(lOOll),(P (l) ,Ctl041)) 
EQUIVALENCE (T (l) ,Ctl06lll,tDP (lJ ,C(l081JJ 

C 
Olfl'ENSION DMWT (20) 
DIMENSION P (20) 
DIMENSION T ( 20) 
Dlll'EI\SION DP (20) 

C 
EQUIVALENCE CT4 ,T ( 4)) 

O'I EQUIVALENCE tT7 ,T ( 7 )) I ...... EQUIVALENCE (Tll ,T (l l l) ~ 

EQUIVALENCE (OMWT8 ,DMWT ( 8,, 
EQUIVALENCE (OMWTq ,OMWT ( 9 J) 

EQUIVALENCE (DMWTll,DMWT (11)) 

EQUIVALENCE CP7 ,P ( 7)) 

EQUIVALENCE (Pll ,P ( 11 l ) 
C 

EQUIVALENCE (XN 'l) ,C(l225l),IXO (1) ,CU250)) 
EQUIVALENCE (XON ( 1) ,C(l275)),(XOO (U ,CC1300)) 

C 
OIMENSION XN (25) 
DIMENSION XO (25) 

Dll"E~Sl •N XDN (25) 
DIMENSION XOO f25) 

C 
TCL =0.002 
D~TG=o.o 
Ot-lCP=O.O 

, •••••• • 



O'I 
I ..... 
u, 

C 

D~SP=U.O 
IS =O 
ISl =O 

••• , •••••• 
C**** CO~PuTE REC!EVER PERFOR~ANC£ 
C 

200 CALL CAVITY 
C 
C**** IS SOLAR INPUT SUFFICIENT TO RUN RECIEVER? 
C 

C 

C 

IF(OMWTll.EQ.O.O)RETURN l 

D~S=CMC-OMTG 
P7 =Pll 
T7 =Tll 

C**** COMPLTE STORAGE PERFOR~ANCE 
C 

CALL STORGE 
C 

T4=Tll 
EDT=OMWT9 

C. 
C**** COMPUTE TURBINE PERFORMANCE (PARASITIC POWER ONLY) 
C 

CALL TRBINE 
C 
C**** MIX STORAGE EXIT GAS WITH TURBINE EXHAUST GAS 
C 

CALL INLET 
C 
C**** RECIEVER MASS FLOW CO~VERGENCE TEST 
C 

CALL ITER (DMC,DMCP,TOL7IS1,&300) 
C 

GC TC 400 
C 

300 C~LL ITER (OMS,DMSP,TOL,1S,&1000) 
C 
C**** COR~ECT TLRBINE ~ASS FLCW AND ITERATE 

• 



en 
I _. 
en 

C 

C 

C 

C 

C 

400 D~TG=OMC*OMTG/(OMS+O~TG) 

DMCP=DMC 
o.-sP=D~S 

GO TO 200 

1000 RETLiRN 

ENO 

• -· ••••• ·- •••••• • 
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C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

SUB~OUTINE CSEA~l(*) 

CO~M0N/SOLAR/C(2000) 

EQUIVALENCE (NO 
EQUIVALENCE I CA 
EQUIVALENCE (STORL 
EQUIVALENCE IFCR 
EQUIVALENCE (XC U> 
EQUIVALENCE CICHEM 
EQUIVALENCE (FACTOR 

DIMENSION XO 
DIMENSION ACC 

DIMENSION CC 

(25) 
(20,3) 

l 20, l) 

DIMENSION 1ST (4) 

•• 
,Ct 1201)), tRAP 
,C«l203)),(E0I 
,C( 960)),(ACC 
,C(l206)J,(OM 
,CO2501),(Sl 
,C( 955Jl 
,C(l609)) 

DATA IST / 1 THER','MAL ','CHEM1 ,'ICAL 9 / 

IF(ND.GT.l)GO TO 100 

PCFS=0 .. 0 

100 PEFF=(XO(l91-X0(9))/X0(23) 
RTF =XO(l7)/XO(l6) 
STP =X0(l7)/EDI 
PCF =(XO( 19)-X0(9) )/E0I/24.0 

PCFS=PCFS+PCF 

IF(NO.LT.4JRETURN l 

DO 200 I =l ,20 
200 CC(l,l>=ACC(I,l) 

CF=PCFS/4.0*l00.0*F~CT0R 

CCf3,l)=ACC(3,2>*1000.0*CA/[DI+ACC(3,3) 

.......... 
,Cl 445>> 
,Cl 992)) 

( l, l ) , C ( 1542) ) 
,CC1207)) 
, C ( 1208) t 

.--~/"; 



C 

C 

C 

C 

C 

C 

C 

°' I ..... 
CX> 

C 

C 

C 

C 

C 

CCl4,l)=ACC(4,21*1000.U*CA/EDl+ACC(4,31 
CC(5 9 l)=ACC(5,2l*50.0/SWKf(.5l*SQRT(CA)/EDl+ACC15,3) 
CC(6,l)=ACC(6,2)*SL+ACC(b,1l 

DO 300 l=l,11 
300 CC(12,ll=CC(12,ll+CC(I,ll 

CC(13,l)=CC(l2,l)*ACC(l3,2l 
CC(l4,l)=CC(l2,l)*ACC(14,2l 

DO 400 1=12,14 
400 CC(lS,l)=CC(lS,l)+CC(I,1) 

CC(l6,l)=CC(15,l)*ACC(16,2) 
CC(17,ll=CC(15,1)+ CC(l6,ll 

B8EC=(FCR*CC(17,1))/(CF*8.76)+0M 

WRITE(6,1010) 

WRITE(6,1020)EDI 
WRITE(6,10301CA 
WRITE(6,1040)SL 

WRITE(6,13001 

WRITE(6,10501 

IF(ICHEM.E~.0)1S=l 
IF(ICHEM.Eu.ll1S=3 

IPC13=ACC(l3,2l*l00.0+0.001 
IPC14=ACC(14,2)*100.0+0.001 
IPC16=ACC(l6,2l*l00.0+0.001 

WRITE(6,l060)CC(l,ll 
WKITE(6,lC70lCCl2,ll 
WRITE(6,10BOICC(3,1) 
"RITE(6,l090lCC(4,ll 
W~ITE(6,lC95lCC(5,11 

·-· • ••••• .......... 



0\ 
I __. 

1.0 

C 

C 

C 

C 

C 

C 

C 

., ......... . 
w~lfEl6,ll00llST(ISl 9 lSfllS+ll,CCl6,l) 
WRITE(6,lllO)CC(7,l) 
WRITE(6,ll20)CC18,l) 
WR [TE 16, 1130 l cc (9 v l l 
kRITE(6,ll40)CC(lO,l) 
WRITEl6,ll50)CC(ll,ll 
WRITE(6,ll60)CC(l2,l) 
WRlTE(6,1170)IPC13,CC(l3,l) 
WRITE(6,1190)lPC14,CC(l4,ll 
WRITE(6,1200)CC(l5,l) 
~RITEl6,12lO)IPCl6,CC(l6,ll 
WRITE(6,1220)CCl17,li 

WRITE(6,1300) 

WR1TE(6,l230) 

WRITE16,1240)CC(l7,l) 
WRITE(6,1250)FCR 
WRITE(6,l260)CF 
WRITE(6,1270}0M 
WRITE(6,1280)BBEC 

RETLRN 

1010 FGRMAT( 1 1S0LAR POWER PLA~T ECONOMlCS'• 
X I' ***** ***** ***** *********') 

1020 FORMAT('OPOWER RATING (MWE) 
1030 FOR~AT( 1 COLLECTOR AREA (KM**2l 
1040 FOR,..AT(! STORAGE TIME (HR) 

1050 FOR~ATl'OCAPITAL COST ACCOU~TS ($/KW)', 

X I' ******* **** ******** ******') 
1060 FOR~Af('OLAND 
1070 FCR~AT( 9 STRUCTUR[S AND FACILITIES 
1G80 FCK~AT(' HELIOSTATS 
1090 FORMAT( 1 CENTRAL ~ECIEVE~/HEAT EXCHANGER 
1095 FuRrJ.AT(' TOWER 
llOG FOR~AT(' STORAGE TRAI\KS 1',2A4 ,'> 

',Fl0 .. 21 
•,Fl0.2) 
1 ,Fl0.2) 

',Fl0.2J 
',F10.2J 
•,Fl0.2J 
1 ,Fl0.2) 
1 ,Fl0.2) 
',Fl0.2) 



1110 fOiH~AT(' BOILER PLANT ',Fl0.2) 
1120 FOR~AT(' TURBINE PLA~T AN~ EQUIPME~T ',Fl0.2) 
l 13C FQl{f'A T(' ELECTRIC PLANT ANO E~UIPMENT ',Fl0.2) 
1140 FOt{MAT ( ' MISC PLANT AND EQUIPMENT ',Fl0.2) 
1150 FOR~A f(' ALLOWANCE FOR COOLING TOWERS ',Fl0.2) 
1160 FOxMA T( • 0 TOTAL Dl~ECf COST 1 ,Fl0.2) 
1170 FO~MAT('OCONTINGENCY ANO SPARE PARTS ('12,'iJ 1 ,Fl0-2) 
1190 FORMAT(' INDIRECT COSTS 1•12,•u • ,Fl0.2) 
1200 FORMI\T( 1 0 TOTAL CAPITAL INVESTMENT ',Fl0.2) 
1210 FORMAT('OINTEREST DU~ING CONSTRUCTION ('I2,'I) •,no.2, 
1220 FORMAT( 1 0 TOTAL COST AT COMMERCIAL OPERATION 1 ,Fl0.2) 

C 
1230 FORMAT('OENERGY COSTS', 

X I'****** *****'1 
1240 FORf'AT('OCAPITAL COST ($/KWJ ',Fl0.2) 
1250 FORMAT(' FIXED CHARGE RATE (%) •,Fl0.2) 
1260 FORMAT(' CAPACITY FACTOR (CORRECTED} (!I:) ',Fl0.2) 
1270 FORf'AT(' LEVALIZEO O & M COST (MILLS/KWH) •,Fl0.2) 
1280 FORMAT('OBUSBAR ENERGY COST (MILLS/KWH) ',Fl0.2) 

C 
1300 FORf'AT( 1 0 1 ) 

O'I C I 
N ENO 0 

, •••••• • 



°' I 
N ..... 

C 

C 

C 

C 

C 

SLB1CUTINE CSEINT 

co~~CN/SOLA~/C(2000) 

FCUlVALENC( (1\40 
ECUIVALENCE ISTORL 
ECUIVALENCE (STLRSL 

IF(NOAY.EQ.OlND=O 
IF(~OAY.NE.O)NO=NOAY 

STLKSL=STORL*RSL 

RETLRN 
ENO 

•• , •••••• 

,C(l20ll),(NOAY 
,Cl 96011,IRSL 
,C(l613II 

,Cll2021l 
,Cl 381) 

• 



SUBRCUTINE CYCLE 
C 

COM~ON/SOLAR/C(20001 
C 

EQUIVALENCE (ED , C ( 16)),(PI , C ( 1)) 
EQUIVALENCE (ISTL 'C ( gq6,) 

C 
EQUIVALENCE (DMWT < ll ,CClOOl)), (P ( 11 ,C(l04ll) 
EQUIVALENCE (T (l) ,Cll06l)),(DP ( l) ,C(l08U) 

C 
DIMENSION DMWT (20) 
DIMENSION P (20) 
Dll"ENSION T ( 20) 
DIMENSION DP (20) 

C 
C**** IS CURRENT TIME I~ THE DEMAND WINDOW? 
C 

IF(ED.GT.O.O)GO TO 500 
C 
C**** IS SUN SHINING? 

Q'I 
C 

I IF(PI.LE.O.OIGO TO 200 
N 
N C 

C**** IS STORAGE FULL? 
C 

lf(ISTL.EC.l)GO TO 200 
C 
C**** CHARGE STORAGE WITH SUN 
C 

CALL CHSSC&200) 
C 

RETURN 
C 
C**** NO POWER AVAILABLE 
C 

200 CALL ZRATE 
C 

RETURN 
C 
C**** IS SUN SHINING? 

• -· •••••• , •••••• • 
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- •••••• , •••••• 
C 

C 
5CO IF(Pl.GTsO.OIGO TO 1000 

C**** IS STU~AG[ FULLY DISCHAKG[D? 
C 

300 IF(ISTL.EQ.-l)GO ro 200 
C 
C**** ~UN TU~Bl~E FROM STORAGE 
C 

CALL DCHG 
C 

RETLRN 
C 
C**** IS STCRAGE FULL? 
C 

1000 IF(ISTL.NE.l)GO TO 1500 
C 
C**** RL~ TCKBINE AT DE~AND 
C 

CALL FRATE(i300,&l600l 
C 

RETURN 
C 
C**** RLN NCRMAL CHARGE CYCLE 
C 

1500 CALL CHARGE(&300,&l600) 
C 

RETLkN 
C 
C**** PI I~SUFFICYE~T TO MEET OEMAND 
C 
C**** IS STORAGE FULLY DISCHARGED? 
C 

l6CO IFtISTL.E~.-llGO TO 2000 
C 
C**** OISCHA~GE STJRAGE WITH SOLAR SUPPLEMENTS 
C 

CALL DCHGS 
C 

RETLR~ 

• 



0\ 
I 
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C 
C**** RUN TURBINE AT MAXIMUM RATE 
C 

2000 CALL ORATE 
C 

C 
RETLRN 

ENO 

• -· •••••• , •••••• • 
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SlJBROUTINE OAYANL(*) 

C 
co~~GN/SCLAR/C(2000) 

C 
EQUIVALENCE (EOS 'C ( 3311,tEIS 'C ( 3 21 ) 
EQUIVALENCE IEO ' C l 161 >, (EOEF 'C C 26)) 
EQUIVALENCE l EI ,C( 27)),(EDI ,C( _9<J2)) 
EQUIVALENCE (NO ,Cll20l)l,(NOAY ,C(l202ll 
EQUIVALENCE ( XO (l) ,C(l250l >, (EFTGD ,C( g97)) 
EQUIVALENCE (CA ,C<l2031),(ED 'C ( 16)) 
EQUIVALENCE (NODES ,C< 446) l 
EQU[VALENCE (DMTGMX ,C(l210)) 
EQUIVALENCE (DMSMXO ,Cll211)),{0MSMXG ,C(l212)) 
EQUIVALENCE (DMSMXL ,Cll213)l,(OMCMX ,Cll214» 
EQUIVALENCE (EDTMXO ,C(l215)l,(EDTMX ,C(l216)) 
EQlJI VALENCE (PSMXO ,Cll217)>,(PSMX ,ct121a,, 
EQUIVALENCE (PSMN ,C(1219)l,l011MX ,C11220)) 
EQU[VALENCE (T4MN ,Cll221)),(T9MX ,C( 1222)) 
EQUIVALENCE (Tl OMX ,C(l223J),(DS8MX .,c, 1224)) 
EQUIVALENCE I TMED 9 C tl602)) 
EQU[VALE~CE (POS 'C ( 12)),(EFDC ,C(l603H 

Cl'I EQUIVALENCE ICTS ( 1) , C (l 604) ) v t NODS ( l) ,Ct 986)) I 
N EQUIVALENCE (NODES , C ( 4 46) ) , tu A IN ,C( 449)) u, 

EQUIVALENCE (CPF , CI 44 I ) , ( UA INN C l P ,CC 97U) 
EQUIVALENCE (ICHEM ,Cl 955)) 
EQUIVALENCE ( I PWEEK ,C(l6ll)) 
EQUIVALENCE (ESS ,C( 993)) 
EQU[VALENCE ( I WEEK ,C(l610}) 

C 
DIMENSION XO ( 2 5) 
DIMEI\JSION CTS ( 5) 

DltJEI\SION NODS ( 5 l 
DIMENSION UAINN (5) 

C 
DI~EI\SIC~ ISEA(4 9 4,3) 

C 
DIME~SION ISEA1(4), ISEA2(4) 9 ISEA3(4)1ISEA4(4) 
Ol~E~SION ISEA5(4),ISEA6141,ISEA7141,ISEA8(4) 
DIMENSION ISEA9(4) ,lSEAA(4) ,ISEAB(4),ISEAC!4) 

C 



EQUIVALENCE (ISEAl(l) ,ISEA(l,l,l)),(ISEA2(1) ,ISEA(l,2,l)) 
EQUIVALENCE l I SE A 3 ( l ) ,TSEA11,3,1))9(ISEA4(l) vlSEAll,4,1)) 
EQUIVALENCE l1SEA5(1) ,ISEA(l,l,2>),(ISEA6(l) ,ISEA( 1,2,2)) 
EQUIVALENCE llSLH(l) , I SE A ( l , 3, 2 ) ) , ( IS E AA ( 1 ) , ISEA( 1, 4, 2)) 
EQUIVALENCE (ISEA9(l) .ISEA(l,1,3) ),( ISEAA(l) ,ISEAll,2,3)) 
EQUIVALENCE (ISEAB(l) jlSEA(l,3,31),(ISEAC(l) ,ISEAfl,4,'3ll 

C 
DAT.A ISEAl /'(WINTER WEEKEND)'/ 
DATA ISEA2 /'(SPRI~G WEEKEND)'/ 
CATA ISEA3 /'(SUMMER WEEKEND)'/ 
DATA ISEA4 / 1 (FALL WEEKEND)'/ 
DATA ISEA5 /'(WINTER WEEKDAY)'/ 
DATA ISEA6 /•(SPRING WEEKDAY)'/ 
DATA ISEA7 /'(SUMMER WEEKDAY)'/ 
DATA ISEA8 /'(FALL WEEKDAY)'/ 
DATA ISEA9 /' (WINTER) ,, 
DATA ISEAA /' (SPRING) ., 
DATA ISEAB /'(SUMMER) • I 
CATA ISEAC /'(FALLJ 'I 

C 
RTF =XO(l7)/XO(l6)*100.0 

0'I STP =XO(l7)/EDI I 
N PEFF=(XO(l9)-X0(9))/X0(23)*100.0 O'I 

PEFC=(XO(l9)-X0(9))/EOI/24.0*100.0 
C 

OUTl=X0(22)/X0(23J*lOO.O 
OLT2=100.0 
OUT3=XO(l8,/X0(23)*100.0 
OUT4=XO{ll)/X0(23)*100.0 
OLT5=(XO(ll)-X0(8))/X0(23)*lOO.O 
OUT6=XO(lg)/EFTGD/X0(23)*100.0 
OUT7=XOl19)/X0(23)*100.0 
OUT8=X0(20)/X0(23)*100.0 

C 
OuT9 =XD(ll)-X0(8) 
CLT10=XO(l9)/EFTGD 
OuTll=X0(4)/XOC23)*100.U 
0UT12=XO(l7)/XOl23)*100.0 

C 
(F{IPWEEK.EQ.l)IP=l 

••••••••••••• • 
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!F(IPwEEK.NE.lllP=2 
[F(I~Ef:K cE~.O)IP=) 

C 
~RfTE(6,lOOO)(ISEAII,~D,1Pl,I=l,41 
WRITEl6vl005) 

C 
W~ITE(6,1010)0UT1,X0(22l 
WRlTE(6,1020)CUT2,X0(23) 
WRITE(6,1C30)0UT3,XO(l8l 
WRITE(6,l040)0UT4,XO{ll) 
wRITE(6,1050)CUT5,0UT9 
~RiTE(6,1055)0UT11,X0(4) 
WRITE(6,l060)0UT6,0UT10 
WRITE(6,1070lOUT7,XOl19) 
WRITE(6,l080)0UT8,X0(20) 
WRITE(6,1090)DUT12,XO(l7) 

C 
IF{IPWEEK.EQ~l>GO TO 50 

C 
WRITE(6,2010JCA 
WRITEC6,2030)EDI 

O'I WRITE(6,2040)PEFC 0 
N C -.a 

50 WRITEl6,3010) 
wKITE(6,3020)DMTGMX 
WRITEt6,3030)DMSMXO 
~RITE!6,3040)0~SMXG 
wRITE(6,3050)0~SMXL 
WRITE(6,3060lOMCMX 

C 
PSMl\i =-PSMN 

C 
WRITE(6,3070l 
~~ITE{6,3C80)EDTMXO 
WKlTE(6,3C90lEOTMX 
wRITE[6,3lOO}PSMXO 
w~ITE(6,3llO)PSMX 
WRITE(6,3120lPSMN 
wRifE(6,3130)011MX 

C 



O"I 
I 

N 
ex, 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

WRITEl6,3140) 
WRITEl6,3150)T4MN 
WRITE(6,3160)T9MX 
WRITE(6,3170)Tl0MX 

IF(IPWEEK.EQ.l)GO TO 100 

WRITE(6,3180 > 
WRITE(6,3l90)RTF 
wRITE(6,3200)0S8MX 

o~s~x =AMAXl(DMSMXG,CMSMXL) 

CTS(l}=UAIN*FLOAT(NODES)*3-415E+6/DMSMX /CPF/3600.0 

NODS2=NOOES 

JF(NODS(l).EQ.O)NOOSl=l 
IF(NODS(l).EQ.O)GO TO 200 

NODS2=0 

00 100 1=1,5 

NCDS2=NOOS2+NODS(I) 

IF(NOOSfI).EQ.O)GO TO 200 

CTS(l)=UAINN(l)*FLOAT(NOOS(l))*3•415E+6/DMSMX /CPF/3600.0 

100 NCDSl=I 

200 TMEO=TMED/FLOAT(NODS2) 

IF(ICHEM .EQ.O)WRITE(6,3210)TMED 

EFCC=XOtl7)*lOO.O/ESS 

WRITE(6,3220)EFDC 

·-· ••••• ·- •••••• • 
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O'I 
I 

N 
~ 

IF(ICHEM .EQ.O)WRIT[(6,3230IO~SMX,(CTSIII, i=l,NODSl) 
WK!TE(6,32~i)STP 

C 

C 

C 

C 

3CO WRITE(6,3240) 

IF(NDAY.ECaOIRETURN l 

RETURN 

1000 FCR~AT{ 1 1 8 ,l0X,'0AILV PLANT PEKFORMANCE 1 12X,4A4, 
X I' ',lOX, 0 ***** ***** ***********' » 

1005 FORMAT( 1 0 1 ,4OX,' % ENERGY 0 ,SX,' MWH . , 
1010 FCR~AT('ODIRECT INSOLATION 
1020 FORMAT('O LESS: INSOLATION REJECTEC DUE TO 

',Fl0.1,5X,Fl0e2) 
',Fl0.1,5X,Fl0.2, 
I ) X / 8 STORAGE lIMITATIO~S 

1030 FCR~AT(' LESS: REFLECTOR FIELD LOSSES 
1040 FOR~AT{'O LESS: RECIEVER LOSSES 
1050 FOKMATl'O LESS: STORAGE HEAT LOSSES 
1055 FQRMAT( 1 0 PLUS: STORAGE CIRCULATION PUMP 

X / 1 & INITIAL STORED ENERGY 
1060 FOR~Af! 6 LESS: NET STORAGE POWER 

X I' CONDITIONING LOSSES 
1070 FCR~AT(' LESS: TURBINE GENERATOR LOSSES 
1080 FORMAT('O LESS: STORAGE PARASITIC ENERGY 

X I' LOSSES 
1090 FOR~AT( 8 LESS: DIRECT GENERATION 

C 
2010 
2030 
2040 
3010 
3020 
3030 
3040 
3050 
3C60 
3070 
3080 
3oqo 
3100 

FOR~AT( 8 0COLECTOR AREA (~M**2) 
FCRf¥AT( 9 PLANT CAPACITY (MW) 
FORMAT! 1 DAILY PLANT CAPACITY FACTOR (t) 
FOR~Afl 1 0MAXIMUM MASS FLOWS (LBS/SEC) 
FCR~ATI' TURBINE 
FORMAT(' STORAGE (CHARGE) * 
FORMAT(' STOKAGE (CHAKGE) 
FCR~AT!' STORAGE (DISCHARGE) 
F0t{f11.AT( 1 RECIEVER 
FC~~AT('OMAXIMUM POWER CONDITIONS (MW) 
FCR t" AT ( 1 GUJERA TOR * 
FOR~AT(' GENERATOR 
FORl'AA T( 1 S TOR.\GE (CHARGE) * 

1 ,Fl0.l,5X,Fl0.2) 
',Fl0.1,5X,Fl0.2J 
',Fl0.1,5X,Fl0.2) 

HEAT 1 ,Fl0.1,5X,Fl0.2, 
I ) 

8
9 Fl0.1,5X,Fl0.2, . ) 

•,Fl0.1,5X,Fl0.2) 
',flO.l,5X,Fl0.2, 
II) 

' 1 Fl0.1,5X,Fl0.2) 

',Fl0.2) 
1

1 Fl0.2) 
•,Fl0.2) 

' l 

' ) 

',Fl0.2) 
1 ,Fl0.2) 
',Fl0.2) 
1 ,Fl0 .. 2) 
0 ,Fl0.2) 

',Fl0.2) 
1 ,Fl0.2) 
',Fl0.2) 

• 



0\ 
I 

(;,) 
0 

C 

lllO 
3120 
3130 
3140 
3150 
3160 
3170 
3180 
3190 
3200 
3210 
3220 
3230 
3235 
3240 

FOR~AT(' STORAGE (CHARGE) 
FORMAT(' STORAGE (DISCHARGE) 
FORMAT(' KECIEVER 
FORMAf('OTEMPERATURE EXTREMES (OEG-R) ' ) 

FCRMAT(' MINIMUM TURBINE INLET 
FORMAT(' MAXIMUM STORAGE SYSTEM OISCHARGE 
FORMAT(' MAXIMUM RECIEVER INLET 
FOR~AT('OSTORAGE SYSTE~ DESIGN CONDITIONS 1 ) 

1 ,Fl0.2) 
',Fl0.2) 
1 ,Fl0.2) 

1 ,Fl0.2) 
1 ,Fl0.2) 
1 ,Fl0.2) 

FORMAT(' ROUND TRIP EFFICIENCY Cl) ',fl0.2) 
FORMAT(' MAXIMUM ENERGY IN STORAGE (MW) ',Fl0.2) 
FOR~AT(' EFFECTIVE TEMPERATURE SWING (THERMAL) (DEG-R)',Fl0.2) 
FORMAT(' EFFECTIVE DISCHARGE CONVERSION EFFICIENCY cil•,Fl0.2) 
FORMAT(' CRITICAL THERMAL SIZE (M-DOT=',F9.2,') ',5Fl0.2) 
FOR~AT(' STORAGE TIME (HRS) ',Fl0.2) 
FORMAT('O* CONDITION WITH GENERATOR OFF-LINE') 

END 

·-·······-······ • 
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SUHf{QtJT lNE DAY INT 

C 
cc~~ON/SOLAR/((2000) 

C 
EQUIVALENCE llJTAU , C { 2)) ,( ES 'C ( 31)) 

EQUIVALENCE (ESO o Cl 1411,(EOEF • C ( 26)) 

EQUIVALENCE (EI ,C( 271),(EH ' C ( 28)) 

EQUIVALENCE (ETG ,C( 29) l, (EETG 'C ( 30 l) 
EQUIVALENCE (EIS DC ( 32) I, ( EDS , C ( 33)) 

EQUIVALENCE (ED 'C ( 16) ) 

E(.)UlVALENCE (OT AU I j CI g58)),(TAU ,c ( 991)) 

ECUIVALENCE IEO[ ,Cf 992 l l, !ESS 'CI g93)) 

EQUIVALENCE (!CHK .,c< 9951> 
EQUIVALENCE ITSTART ,CC 957)) 
EQUIVALENCE (NO ,Cll201l >, {NOAY ,C( 1202)) 
EQUIVALENCE ( XME LT ( l) ,Cl 452) ), (XMELTP(l l , Cl 752 ) ) 
EQUIVALENCE (TF (l) ,C( 854)),(TFP ( 1) ,C(llOl)) 

EQUIVALE~CE tTWT (1) , CI 145 l ) , ( TWP ( 11 'C ( 4 5 l l 
EQUIVALENCE (NOOES "C( 446)) 
EQUIVALENCE (TWZERO ,Cl 956)) 
EQUIVALENCE IOMTGMX ,Cfl210)) 

0-. EQUIVALENCE (D~SMXO , CU 211 l ) , ( DMSMX G ,Ct 1212) > I 
w 

EQUIVALENCE (DMSMXL ,C ( 1213 l), (DMCMX ,Cll214)) -' 

EQUIVALENCE (EDTMXO ,C(l215) ), (EDTMX ,Cl 1216)) 
EWUIVALENCE IPSMXO ,C(l2171),(PSMX .,C(l2l8)) 

EQUIVALENCE I PSMN ,C(l219) l ,(OllMX ,CC1220l) 
EQUIVALENCE IT4MN , C { 12 2 l I l , ( T 9M X ,Cl 1222)) 
EQUIVALENCE ( TlOMX ,Cll223)l,(0S8MX ,Ctl224)) 
EQlJ[VALENCE l TMED ,Cll602)1 
EQUIVALENCE (T9C ,C(l349)1 
EQUIVALENCE (OS8MN ,C(l612)) 
EOCI VALENCE IPSO ,Cll620l) 

C 
uiMENSION XMELTP(lOO) 
011-'lENSION TFP (100) 
CI MENS [ON TWP ( l 00) 
CIMENSION XMELT (100) 
D[HI\SlON TF (1001 
DIMENSION f't4T (100) 

C 



C 

C 

C 

C 

C 

en 
I 
w 
N 

C 

C 

C 

C 

EQUIVALENCE (OMWT (l) 
EQUIVALENCE (T ( 1) 

DIMENSION DMWT (20) 
Dlt-1ENSION P (20) 
DIMENSION T (20) 
DI~EI\SION OP ( 20) 

EQUIVALENCE (XN (l) 
EQUIVALENCE ( XDN ( 1) 

DIMENSION XN (25) 
DI~EI\SION XO (25) 
DIMENSION XDN (25) 
DIMENSION XDO (25) 

TAU=TSTART-OTAUI 
OTAU=DTAUI 

ES =ESO 
ESS=O.O 
EDEF=O.O 
EI =O.O 
EH =O.O 
ETG =O.O 
EETG=O.O 
EIS =O.O 
EOS =O.O 

DO 10 0 I= 1, 2 5 
XO (I)=O.O 
XN (l)=O.O 

100 XDN (l)=O.O 

XC(l6,=PSO 

ICHK=O 
X0(8J=ESO 
XC'( 2U =ESC 

,C(LOOL)),(P 
,C(lObl)),COP 

, C Cl 2 2 5 ) ) , ( XO 
, C ( 12 7 5 ) ) , C X DO 

CU ,C(l041)) 
CU ,Cll0BU) 

(1) ,C(l250)) 
( l) , C ( 1300} , 

·-·······-······ • 
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sueR•UTINE 0Ct-4EM 
C 

COM~ON/SOLAK/Ct2000) 
C 

EQUIVALENCE lTEO 'C ( o>l,lT2 ,CC 19)) 
EQUIVALENCE (TM ,C ( 22 l), (OMS 'C ( 20 >I 
EQUIVALENCE (PS ,C( 13)),(DTFS ,Ct 25)) 
EQUIVALENCE (EFTG , Ct 3SJ), tTE ,C< 7)) 
EQUIVALENCE (CPF ,c ( 44)), (PIS ,C{ 11 l ) 
EQUIVALENCE (POS ,Ct 12)),CTSE ,Ct 21)) 

C 
EQUIVALENCE (DMWT (1) ,c (1001)), ( P ( l) ,Cll041)) 
EQUIVALENCE CT (1) ,C(l061)),(DP (11 ,CU08l>) 

C 
DIMENSION DMWT t 20) 
DIMENSION P (20) 
DIMENSION T (20) 
Dlf#Ef\SION OP (20) 

C 
EQUIVALENCE (T4 ,T ( 4)) 

ECUIVALENCE (T7 ,T < 7H 
O'I EQUIVALENCE (TB ,T ( 8)) I 
w EQUIVALENCE (DMWT8 ,DMWT ( 8)) ~ 

DTF S=TED-T8 
C 

OMWT8=-DMS*CPF *DTFS*3600.0/3.415E+06 
C 

PIS=O.O 
POS=-OMWT8*EFTG 

C 
T7= T8+0TFS 
T4 =T7 

C 
TSE=T7 

C 
R ETUR~J 
E f\D 

• ••••••••••• • 
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SUBROUTINE OCHG 

C 
co~~ON/SOLA~/C(2000) 

C 
EQUIVALENCE (TED t C ( 6) ) , (TEP ,Ct 8) , 
EQUIVALENCE (EDT .,c ( l7l),(E0 v C ( 16 ) ) 
EQUIVALENCE (OMS ,C( 20) J, (DMTG ,C ( 18) ) 
EQUIVALENCE COMC ,Cl 14)) 
EQLil VALE~CE ( I STL ,C( 996) > 
EQUIVALENCE (TJTMlN ,C( 959)) 

C 
EWUIVALENCE {DMWT ( 11 ,C(l00l)),(P ( l) ,C{l04l)) 
EQUIVALENCE I T (U vC(l06l)l,(OP n, ,C(lOBl)) 

C 
Dil"Ef\SICN DMWT 120) 
DIMENSION P (20) 
DIMENSION T ( 20) 
DifwEI\SICI\ DP ( 20) 

C 
EQUIVALENCE (T3 ,T ( 3)) 
EC.:UIVALENCE (T4 ,T { 4 )) 

O'I EQLIVALENCE ( T7 ,T ( n I I 
w EQUIVALENCE (T8 "T ( 8, ) t11 

EQUIVALENCE (T9 ,T I q) l 
EQUIVALENCE !HO ,T (l O)) 
EQUIVALENCE ( Tll ' T ( 111 l 
EGUIVALENCE (DMWTll,UMWT ( l U) 

C 
EXTE~NAL FDCHG 

C 
01,..EI\SICN XI (U 

C 
C**** THIS SUBROUTINE DETERMINES PLANT PERFORMANCE DURING 
C**** DISCHARGE WITH WITH NO SOLAR FLUX 
C 

lF(ISTl@EQ.l)ISTl=O 
C 

TCLl=0.0005 
C 

IS =O 



°' I 

~ 

C 

C 

T4 =TED 
TEP=T4 
EDT=EO 
DMC=O.O 

TlO=O.O 
Tll=O.O 

C**** NO CAVITY POWER 
C 

CALL lTERS(TEP,XI,FOCHG,TOLl,IS) 
C 

RETURN 
C 

END 

-·-· •••••• , •••••• • 
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°' I 
w .....s 

C 

C 

C 

C 

C 

C 

SUBROUTINE DCHGS 

cc~~CN/SOLAR/C(2000) 

EQUIVALENCE (TED 
EQUIVALENCE (EDT 
EQUIVALENCE (DMTG 
EQUIVALENCE (OMC 
EQUIVALENCE tISTL 

,C( 6l>,<TEP 
,Ct 171 >, (ED 
, C ( 18 I ) , ( DMCM 
,CC 14H ,<OMS 
,C( 9()6)) 

EQUIVALENCE (OMWT (11 ,C(lOOl)),(P 
EQUIVALENCE (T (l) ,C(l0611),(DP 

DIMENSION DMWT (20) 
DIMENSION P (20) 
Dl~ENSION T (20) 

DIMENSION OP (20) 

EQUIVALENCE {T3 ,T ( 3)) 

EQUIVALENCE (T4 ,T I 4ll 
EQUIVALENCE (T7 ,T { 7)) 

EQUIVALENCE (TB ,T ( 8 l ) 
EQI.JIVALENCE (T<J ,T ( 9)) 

EQUIVALENCE lTlO ,T ( l O) I 
EQUIVALENCE (Tll ,T ( 1l) ) 

EQUIVALENCE (OMWT9 ,DMWT < g n 

,Cl 8)) 
,C( 16)) 
,Cl 4)) 
,C( 20)) 

(11 ,C(l041)) 
(U ,CllOBU) 

C**** THIS PROGRAM COMPUTES PLANT PERFORMANCE DURING STORAGE 
C**** DISCHARGE WITH PARTIAL SOLA~ FLUX 
C 

IF(ISTL.EQ.l)ISTL=O 
C 
C**** INITIALIZE TO ~INIMUM TUKBINE OPERATING CONDITIONS 
C 

T9 =O.O 
T4 =TED 
TEP =T4 
EDT =ED 
OM\<tiTCi =O.,O 
DMC =O .. O 

• 



°' I 

~ 

C 

C 

IS=O 
TOL =0.002 
TOll=0.0001 
DMSP=O.O 

700 DMC=O.O 

C**** COMPUTE TlRBINE PERFORMANCE 
C 

CALL TRBINE 
C 

TlO =T3 
Df'.S =DMTG 
DMCl'=OMTG 

C 
C**** COMPUTE CAVITY PERFORMANCE 
C 

CALL CAVITY 
C 

T8 =Tll 
C 
C**** COMPUTE STORAGE DISCHARGE PERFORMANCE 
C 

CALL DCHRGE 
C 

T4 =T7 
C 

CALL ITER (T7 ,TEP ,TOLI,1S,&900) 
C 

GC TC 910 
C 

900 CALL ITER (DMS,OMSP,TOL,IS,&1000) 
C 

910 TEP=T7 
D~SP=OMS 
GC TC 700 

C 
C**** INTEGRATE EACH BASIC POWER VARIABLE 
C 

1000 RETLRN 

•-•••••••I•••••• • 



°' I 
~ 
0 

C 

C 

C 

SUBROUTINE OCHRGE 

co~~ON/SOLAR/C(2000) 
EQUIVALENCE (ICHEM ,C( 9551) 

IF(ICHEM.EQ.O)CALL OTHERM 
IF(ICHEM.EQ.IJCALL OCHtM 

RETLRN 
END 

.......... •••••• • 



.......... , •••••• • 
SL8KOUTI NE ORA TE 

C 
co~~GN/SOLAk/Cl2000) 

C 
EQUIVALENCE ( TED , C ( 6)),(DMC , C ( 14)) 
EQUIVALENCE (OMCP 'G ( 51),IEOT 'C ( l 7) l 
EQUIVALENCE ITEP 'C ( 8 l ) , « OMCM , CI 41) 
EQUIVALENCE (ED ,C ( 16)) 
EQUIVALENCE IDMTG , Cl 16)) 
EQUIVAlEl'IICE (EFTG , CI 35)),tCPf w Ct 44)) 

C 
E<.JUIVALENCE (DMWT (U , C ( 100 l ) ) , I P (U ,C(l04lll 
EQUIVALENCE (T ( l) ,C(l06l)).(DP ( ll ,C{l08lJl 

C 
DIMENSION DMWT (20) 
DIMENSION P (201 
DIMENSION T {20) 
DHIENSION DP (20) 

C 
fQUl\lALENCE (T3 ,T ( 3)) 

EQUIVALENCE (T4 9 T ( 4 l ) 
en EQUIVALENCE !T7 ,T ( 7 , > I 
,i=» EQUIVALENCE IT8 ,T I 8 t > .... 

EQU[VALE!\ICE ( f<l 'T ( q) l 
EQUIVALENCE (TlO ,r ( l O l > 
EQUIVALENCE (Tll ,T (11 ) ) 

EQUIVALENCE ( p 3 'p ( 3) ) 

EQUIVALENCE (P4 ,P f 4 I J 
EQUIVALENCE (PlO ,P (10)) 
EQUIVALENCE (Pll ,P ( 11) ) 

C 
C**** RUN TURBINE AT MAXIMUM RATE CONSISTENT WITH AVAILABLE HEAT RATE 
C**** ( EDT REDUCEO - NOT MEETING DEMAND 
C 

TCLl=0.0001 
TCL =u. 002 
lS =O 

C 
T7 =U .. 0 
TB =0 .. 0 



CJ'I 
I 

.p. 
N 

C 

Tg =O.O 
T4 =TED 
OMC =O.O 
CtJ.CP=0.0 
EOT =ED 
TEP =T4 

C**** CCMPUTE TURBINE PERFORMANCE 
C 

C 

C 

100 CALL TRBINE 

TlO=T3 
Pl0=P3 
o~c,=OMTG 

C**** COMPUTE CAVITY PERFORMANCE 
C 

CALL CAVITY 
C 

T4=Tll 
P4=Pll 

C 
CALL ITER (T4,TEP,TOL1,1S,i200) 

C 
GO TO 300 

C 
200 CALL ITER (OMC,OMCP,TOL,IS,&500) 

C 
300 OMCP=DMC 

TEP =T4 
C 

EDT=DMC*EFTG*CPF *(T4 -T3)*3600.0/3.415E+06 
C 

GO TO 100 
C 

500 RETURN 
C 

END 

.......... , •••••• • 



.......... , •••••• • 
SURRCUTINE OTHERM 

C 
COMMON/SOLAR/C(20001 

C 
EOUlVAL[NCE (RSL , C l 38 l I, ( EFCCM 'C ( 39)) 
EQUIVALENCE (RT 'C ( 4011,CTE , Ct 7)) 
EQUIVALENCE (OMS ,C< 20) ), (OTAU ,Ct 2)) 
EQUIVALENCE (CPF ,.c ( 44)), (EFTG 'C ( 35)) 
EQUIVALENCE (PS ,Ct 13)},(TSE ,C{ 2 lJ) 
EQUIVALENCE (POS ,C( 12)1,(PIS 'C ( l U) 
EQUIVALENCE (PH ,C( 15) ) , { OT FS ,C( 25)) 
EQUIVALENCE (ED ,C( 16)),!EP , Cl 10n 
EQUIVALENCE (TWP ( 1) ,C( 45)1,(HH ( l) ,C( 145)) 
E(...iUIVALENCE (UA (1) ,C( 2451),(XMCP (l) ,C( 345)) 
EQUIVALENCE (NODES ,C( 446)) 
EQUIVALENCE n2 v C < l q l I 
EQUIVALENCE tuAlN ,CC 449)),(XMCPl , C ( 44 7) ) 
EQUIVALENCE (XMCPS ,C( 448)) 
EQUIVALENCE (XMELT (1) ,C{ 452)),(HFM cu .cc 552)) 
EQUIVALENCE (XTM (1) ,C( 6521),(XMELTP(l) 'C ( 752)) 
EQUIVALENCE ( TF ( 1) ., C ( 854) ) 

O'\ EQUIVALENCE (OTAUI ,C( 958)) I 
~ 

C w 
DIMENSlON TWP ( l 00) 
DIMENSION UA 1100) 
Dll'iEI\SlON XMCP (100) 
DIMENSION TWT (100) 
DIMENSION XMELT (100) 
O[r,l[NSION HFM ( 100) 
OIMENS[ON XTM (100) 

DIMENSION XMELTP (100) 
DIME NS l ON T F (1001 

C 
EQUIVALENCE (OMWT (l) ,C(l00lJ),IP (l) ,C(l041J) 
EQU[VALENCE {T ( l) ,C(l06lll,(DP ( 1) ,C(l081)) 

C 
0 I ~ E ~~ S I ON OM WT (20) 
DIMtNSIO~ P (201 
Dlt-'[f\SICN T ( 20) 
OI.~ENSION OP (20) 



O"I 
I 

:t 

C 
C 

EQUIVALENCE: (TB ,T 
EQUIVALENCE (T4 ,T 
Et;;UIVALENCE lT7 ,T 
EQUIVALENCE (DMWT8 ,DMWT 

C 
EQUIVALENCE (XN (l) 
ECUIVALENCE (XDN ( l) 

C 
DIMEt\SION XN ( 25) 
DIMENSION XO (25) 
DIMENSION XDN (25) 
DIMENSION XDO ( 25) 

( 01),IT7 
( 4 > l 
( 7)) ( 8,, 

, CI 12 2 5) ) , ( XO 
,C(l275)),IXDO 

,T 

(U 
( l) 

( 7)) 

,Ctl250)} 
,CC1300l) 

C 
C 
C 
C 
C 
C 

UA (I} 

XMCP(I) 
TW T{ I ) 
TF (I) 

CONVECTIVE CONDUCTANCE {NODAL) - MW/DEG 
THERMAL MASS (NODAL) - MW-HRS-DEG 
hALL TEMPERATURE (NODAL) - DEG 
FLUID TEMPERATURE (NODAL> - DEG 

C**** ENERGY DISCHARGE (SENSIBLE HEAT OPTION WITH MELTING) 
C 

ES=O.O 
C 

C 

DO 100 l=l,NODES 
XMELT(I):XMELTP(II 

100 TWT(l)=TWP(ll 

TF(NODES)=T8 
C 

OTALP=AMINl(OTAU,DTAUl/4.0,0.4*XMCPL/UAIN,0.4*XMCPS/UAIN) 
C 

NDTAU=OTAU/OTAUP+0.9 
DTAUP=OTAL/FLOAT(NOTAU) 

C 
DC 500 J=l,NOTAU 
DC 300 I=l,NODES 

C 
K=NODES+l-1 

C 

.......... , •••••• • 
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°' I 
.i:,,, 
01 

C 

C 

C 

C 

C 

C 

C 

CALL NODP~P(K) 

FACT:::lJAIKl/OMS/CPF/1600.0*3.413E+06 

O[LT:::(fWT(KI-TF(K) I 

TwTP=TWHK) 

UAEFF=UA(K)*(l.0-[XP(-FACTl)/FACT 

IF(XMELTIK).NE.O.O.A~Dm 
X X~ELT!KleNE.l.OlGO TO 250 

TWT(K)=TF{K)+OELT*EXP(-UAEFF/XMCP(Kl*DTAUP) 

C**** ALL FKOZEN OR ALL MELTED 
C 

C 

C 
220 

C 

C 
C**** 
C 

250 
C 

C 

C 

C 

X 

X 

IF{TWT{K).GE.XTM(K).ANOe 
TwTP .LE.XTM(K)JGO TO 220 

IF(TWT(K)GGT.XTM(K)oORe 
TWTP eLT.XTM(KJ)GC TO 280 

XMELT(K)=XMELT(K)+(TwT(KI-XTM(K)l*X~CP(K)/HFM{K) 
TwT (K)=XTM(K) 

GO TO 280 

PARTIALLY ~ELTEO 

XMELT(KJ=XMELT(Kl-UAEFF*DELT*CTAUP/HFM(Kl 

IF(X~ELT(Kl.LT.l.O.ANO. 
X (MELT(Kl.GT.O.O)GO TO 280 

IrlX~ELTIK).GT.lo~lGO TO 270 

f~Tl~J:::Xf~(Kl+XWELT{Kl*HFM(K)/XMCµ(K) 
X~ELTIKl=C.,O 

• 



0\ 
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O'I 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

GO TO 280 

270 TWT(K)=XTM(K)+(XMELf(K)-1.0)*HFM(K)/XMCP(K) 
X~ELT(K}=l.O 

280 IF(K.NE.l)GO TO 300 

TE =(TWT(K)+TWTP)/2.0-((TWT(K)+TWTPl/2.0-TF(K))*EXP(-FACT) 
GG TO 310 

300 TF(K-l)=(TWT(K)+TWTP)/2.0-((TWT(K)+TWTP)/2.0-TF{K))*EXP(-FACT) 

310 EPSP=OMS*CPF*3600.0/3.415E+06*(TE-T8) 

500 ES=ES+EPSP*DTAUP 

DMWT8=-ES/OTAU 

OTFS=3.415E+06*(-DMWT8) /DMS/CPF/3600.0 

PIS=O.O 
POS=-OMWTB*EFTG 

T7=T8+0TFS 
T4 =T7 

TSE=T7 

RETURN 
ENO 

•-•••••••I•••••• • 
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SU~R0UTINE EXTRM 

C 
COM~0~/S0LAR/C(2000) 

C 
EQLIVALENCE (ED 'C ( 16 l ) , ( DMT G • C ( 18)) 
EQUIVALENCE (OMS ,C ( 20)), IDMC , C ( 14)) 
EQUIVALENCE (PIS 'C ( 11>),tEDT ,ct 17)1 
EQUIVALENCE (T<JC ,CO349) ), (DMTGMX ,Ctl210i) 
EQUIVALENCE (DMSMXO ,C112ll)) ,(DMSMXG ,cn212n 
EQUIVALENCE (DMSMXL 9 C Cl 2 U I J, ( DMCM X ,C(l214)) 
EQUIVALENCE I E0TMXO tiC(l215)J,(EDTMX ,Cll216J) 
EQlJIVALENCE (PSMXO PC ( 121 7)) , {PS MX ,C(l218)) 
EQU[VALENCE (PSMN ,C ( 1219) J, (DllMX ,C'12201) 
EQUIVALENCE (T4MN ,cn221, >, <T9MX ,C(l222)) 
EQLIVALENCE (TlOMX ,C(l2231),(0S8MX ,CC 1224) l 
EQUIVALENCE lTME0 ,C(l602)) 
EQUIVALENCE (TWZER0 ,C( 956)hlNO0ES , C ( 446}) 
EQUIVALENCE {TWP ( 11 'C ( 45)) 
EQUIVALENCE (NODS ( 1) ,c ( 986)) 
EQUIVALENCE (0SBMN ,C(l612)) 

C 
O'I DIMENSION TWP (100) I 
~ DIMENSION NODS C 5) --.A 

C 
EQUIVALENCE (DMWT ( l) ,C(l00l)) 
EQUIVALENCE (T (U ,Cll06ll) 

C 
Dl/>1ENSI0N DMWT (20) 
DIME"ISION T (20) 

C 
EQUIVALENCE (0MWTB ,DMWT l 8 l l 
EQUIVALENCE (DMWTll,DMwf ( 11) ) 
EWUIVIILENCE (T4 ,T ( 4)) 

EQLIVALENCE ( TlO 'T (l O)) 

C 
ECUIVALENCE (XN ( lJ wC(l225JI 

C 
CI~ENSION XN (25) 

C 
Tl"[ =O., 0 



C 
O~TGMX=AMAXl(DMTGMX,OMTG) 

C 
IF(ED .EQ.;O.O.AND. 

X CMWT8 .GT.O.O)OMSMXO=AMAXl(DMSMXO,DMS) 
C 

IF(EO .Gr.o.o.AND. 
X OMWT8 .GT.O.O)DMSMXG=AMAXl(OMSMXG,DMS) 

C 
IF(OMWT8 .LT.O.OJDMSMXL=AMAXl(OMSMXL,DMS) 

C 
D~C~X =AMAXl(OMCMX ,OMC) 

C 
IF(ED .EQ.O.O)EOTMXO=AMAXl(EDTMXO,EDT) 

C 
EOTMX =AMAXl(EDTMX ,EDT) 

C 
lf(EO .EQ.0.0)PSMXO =AMAXl(PSMXO 9 0MWT8) 
IF(ED .GT.O.O)PSMX =AMAXl(PSMX • OMWT8) 

C 

CJ\ 
PSMN =AMINUPSMN ,DMWT8) 

I Dll~X =AMAXl(OllMX,D~WTll) 
~ 
(X) T4MN =AMINI ( T4MN ,T4) 

T9MX =AMAXUT9MX ,T9C) 
TlO~X =AMAXl{TlOMX ,TlO) 
OS8MX =AMAXl(DS8MX ,XN(B)) 
DS8MN =AMINl(DS8MN ,XN(8)) 

C 
NODS2=0 

C 
lf(~CDS(l).EQ.O)NOCS2=NODES 
IF(NODS(l).EQ.O)GO TC 75 

C 
DC 50 1=1,5 

C 
50 NODS2=NODS2+NODS(I) 

C 
75 DC lCO l=l,NODS2 

100 TME =TME +TWP(I)-rWZERO 
C 

·-· •••• •• •••••• • 



FUNCTION FDCHG(TEP,XIJ 
C 

COMMON/SOLAR/Ct2000l 
C 

EQUIVALENCE (OMS ,Cl 20)), ( DMTG ,C( l8J) 
EQUIVALENCE (EDT ,C ( 17l),(E0 ,C( 16)) 

EQUIVALENCE (DMC 'C ( 14)) 
C 

EQUIVALENCE (DMWT CU ,C(l001)),(P (1) ,CU04l)) 
EQUIVALENCE ff ( 1) ,C (1061) >, ( OP IU ,C(lOBU) 

C 
DIMENSION OMWT (20) 
DIMENSION P (20) 
Olf'ENSION T {20) 
DIMENSION OP (20) 

C 
EQUIVALENCE (T3 ,T ( 3H 
EQUIVALENCE (T4 ,T ( 4)) 

EQUIVALENCE (T7 ,T { 7)) 

EQUIVALENCE (TS ,T ( 8)) 

EQulVALENCE (TCJ ,T ( q, > 
en C I 
g: DIMENSION Xt(l) 

C 
T4=TEP 

C 
C**** CCMPUTE TURBINE PERFORMANCE 
C 

CALL TRBINE 
C 

O~S=OMTG 
T8- =T3 
f9 =T3 

C 
C**** COMPUTE STORAGE DISCHARGE PERFORMANCE 
C 

CALL UCHRGE 
C 

FOCt-iG=T7 
C 

................. • 
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C 

C 

FUNCTION FIELD(TT,ND) 

COM~ON/SOLAR/Ct2000) 

EQUIVALENCE (CA 
EQUIVALENCE (AT 
EQUIVALENCE (SIE 

,C(l203)),(PIA 
(11 ,C(l325)),(FEA 

C 
DIP'ENSION PIA 
DIMENSION FEA 
DIMENSION AT 

,C (1204)), ( FE 

{24,4) 
(24,4) 
(24) 

C 

C 

C 

PINS=TABLEl(AT,PIACl,N0),24,TT) 

SlE=PINS*CA 

C**** LOOK UP FIELD EFFICIENCY 
C 

FE=lABLEl(AT,FEA{l,N0),24,TT) 
C 

FIELO=FE*SIE 
C 

RETURN 
ENO 

, 1, u ,er 13so,, 
( l, l ) , C ( 1446 ) ) 

, C '1205)) 

·-· •••• ··- •••••• • 
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C 

C 

C 

C 

C 

FU~CT[ON FPH(PHE,Xll 

co~~CN/SOLAR/C(2000) 

EQUIVALENCE (AHXI 
EQUIVALENCE ( AHXAP 

COMMON/FPHC/POE 

DIMENSION XI(3) 

,C(l6l4)),(AWI 
,C<l6l6) l, (AWAP 

•••••• 
,Ctl615)) 
, Ct 16 l 7l > 

C**** FUNCTION FOR SOLVING POWER AT CAVITY EXIT GIVEN POWER INPUT, 
C**** CAVITY RADIUS ANO HELIUM TEMPERATURE 
C 

C 

C 

C 

C 

C 

C. 

C 

C 

C 

C 

DATA PIE /3.14159/ 

THE=XH U 
RAP=Xl(2l 
p =Xl(3) 

A=PIE*RAP**2 
AHX =AHXAP*A 

IF(AHXGEQ.O.O)AHX=AHXI 

A~ =AWAP*A 

IF(AW eEQ.OQO}AW =AWi 

THX=PHE/4e53E-04/AHX+THE 

TCAV4=PHE/2a08E-15/AHX+THX**4 
TCAV=TCAV4**0.25 

PRAD=~.4E-15*~*(0.4*TCAV4+0.6*THX**4) 
Pl=9.0gE-C8*AW/O.l525*(TCAV-500.0} 
PCCNV=0.00127*{TCAV-500.0) 

POE=(PHE+PRAD+PI+PCONV)/Q.q623 

• 



.......... , •••••• • 
SUBROUTINE FRATEl*,*I 

C 
CO~MON/SOLAR/C(20001 

C 
EQUIVALENCE (Oll'CP ~ C ( s» ), (ED 'C { 16) ) 
EQUIVALENCE (EDT wC( 1711.(DMC 'CI 14)) 
EQUIVALENCE (OMTG ,C( 181),{PI ,c ( lJ, 
EQUIVALENCE (EFTG ,C( 35) l, !OMS , C ( 20H 

C 
EOUIVALENCE (DMWT (U ,C(lOOll),(P (1) 9 C(l041)) 
EQUIVALENCE er (l) ,C( 1061 l), (OP tU ,C(lOBUl 

C 
DIMENSION DMWT (20) 
DIMENSION P (20) 
01"11:~SION T t 2 0) 
DIMENSION DP (20) 

C 
EQUIVALENCE (13 ,T t 3 l l 
EQUIVALENCE lT4 ,T ( 4)) 

EQUIVALENCE (TlO ,T ( 10 l) 
EQUIVALENCE ( Tl 1 ,T (llH 

O'I EQUIVALENCE (DMWTll,DMWT (11)) I 
U1 EQUIVALENCE (P3 ,P ( 3) , u, 

EQUIVALENCE (PIO ,P { 10 I l 
C 

DMCP=O .. O 
ISl =O 
TCL =0.002 

C 
C**** COMPUTE RECIEVER PERFORMANCE 
C 

100 CALL CAVITY 
C 
C**** IS SCLAR INPUT SUFFICIENT TO RUN RECIEVER? 
C 

IF(OMWTll.EQ.O.O)RETURN 1 
C 

T4=Tll 
EDT=ED 

C 



en 
I 

C1'I en 

C**** CO~PUTE TURBINE PERFORMANCE 
C 

C 

C 

CALL TRBINE 

IF(l51.GT.O}GO TO 400 

C**** IS SOLAR INPUT SUFFICIENT TO MEET ELECTRICAL DEMAND 1 
C 

IF(CMC.LE.DMTG)RETURN 2 
C 

DO 300 1=7,9 
P ( I )=0.0 
T (I)=0.0 
OP ( I )=0.0 

300 DMWTtI)=O.O 
C 

400 T10=T3 
P10=P3 

C 
CALL ITER (OMC,DMCP,l•L,ISl,&1000) 

C 
DMCP=OMC 
XK4::0MWT11/PI 

C 
TBAR=AMAXl((TlO+Tll)/2.0,1200.0) 

C 

C 

C 

C 

A=0.883 
B=37.5-0.0325*TBAR 

Pl=ED*(A+B/PI)/A/EFTG/XK4-8/A 

GC TO 100 

1000 RETURN 
C 

END 

·-· • •••••••••••• • 
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SUBROUTlNE GDATA 

C 
COMMON/SOLAR/C!2000) 

C 
EQUIVALENCE ![SO 'C < 34 l I, ( ES , C ( 3UJ 
EQUIVALENCE (RAP ,C« 445)),(NODES , C ( 446)) 
EQUIVALENCE CICHEM ,CC 9'i5Jt,IIPS 'C ( 954)) 
EQUIVALENCE (CPF , C ( 44) ) , ( OMCO , C ( 3 , } 
EQUIVALENCE ( RSL t C ( 38) ) , ( EFCOM , C ( 39)) 
EQUIVALENCE (RT 'C ( 40)),(EPLC , C I 41), 
EQUIVALENCE (EPLO 'C ( 43)1,!E0 , C ( 16)) 
EQUIVALENCE !TM 'C ( 22)),(TED 'C ( 61) 

EQUIVALENCE (TFUS ,Ct 451J),(HFUS ,CC 450)) 
EQUIVALENCE (UAIN v C ( 449)), ( XMCPL ,Cl 447l) 
EQUIVALENCE (XMCPS ,Ct 448)),lEPCON , Cl 85 3) ) 
EQUIVALENCE (DMRPMW t Ct 852)) 
EQUIVALENCE (TWZERO ,C( 956)),{TSTART ,Cf 957)1 
EQUIVALENCE (OTAUI ,C( 958)),(TITMIN ,Ct 959)) 
EQUIVALENCE (STORL ,C( 960)) 
EQUIVALENCE IT0S , C ( 998, ) , ( T DE ,C( 999) l 

m EQUIVALENCE (CA ,C'1203)) 
I EQUIVALENCE (FCR , C ( 12 0 6) ) • ( OM ,cu201n 

U1 
EQUIVALENCE (Sl ,C(l208)>,tFACTOR ,C(l609)t " EQUIVALENCE lOTPP ,CH00O)) 
EQUIVALENCE (AHXI ,C(l614)) 9 (AWI ,C(l615} t 
EQUIVALENCE (AHXAP ,C(l616)},(AWAP ,C( 1617'1 
EQUIVALENCE (PPPC w CU 618) ) , ( P POC ,C(l619)) 

C 
EQUIVALENCE (OMWT ! 1) ,C(lOOlJ),(P ( l) ,C C 10411) 
EQUIVALENCE n ( l) , C ( l 061 l ) , l DP (1) , Cl 108 U l 

C 
DIMENSION DMWT 120) 
DI~Ei\SICN P ( 2 0) 
DIMENSION T (20t 
DIMENSION DP (20) 

C 
CALL ERRSET(208,1000,-l,l) 
CALL tRRSET(2Qg,1000,-1,l» 
CALL ERRSET(217,l ,-1, l) 

C 



en 
I 

g; 

C 

C 

C 

C 

C 

WRITEC6,1150) 

DIMENSION AC (203 

55 REACC5,1170,EN0=60)AC 
WRITEC6,ll75)AC 

GO TO 55 

60 REWIND 5 

C**** DATA PER DAY 
C 

C 

C 

OTAUI=l.O 
RAP =9.6 
TWZERO=l410.0 
T ITM IN=l560.0 
TSTART=4.0 
TOS =8.0 
TOE =24.0 

NODES=40 
ICHEM =O 
IPS =O 

C**** DATA PER HOUR 
C INITIALIZE FOR EACH POWER INCREMENT 
C 

CPF=l.25 
DMCO=lO.O 
RSL=0.02 
EFCOM=0.8 
RT=l.07 
ED=50.0 
TEO=lg6o.o 
TFUS =1630.0 
HFUS =20.0 
UAIN =0.075 
XMCPL =0.02 
XMCPS =0.02 

·- ••• •••••••• • 
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C 

C 

C 

Of-1RPMW=2., 79 
EPCC'\J=0 .. 64 
STORL=900.,0 
CA =0.,5 
FCR =15.,0 
OM =6 .. 0 
SL =6., 0 
FACTOR=l .. O 
DTPP =200.0 
AHXAP =lb.44 
AWAP =17.65 
PPPC =0 .. 069 
PPOC =0.165 

R ETUR:\i 

1150 FORMAT('l@} 
1170 FORMAT(20A4} 
1175 FOR~AT(lX,20A4) 

END 

• 



SUBROUTINE INlTAL 
C 

COMMON/SOLAR/C{2000) 
C 

EQUIVALENCE (DMCM ,CC 4)), ( OMCO "C ( 3)) 

EQUIVALENCE (DMCP ,C( 5)},CTEP 'C ( 8)) 

EQUIVALENCE (TE ,Cl 7)),(PIS ,C( 11)) 
EQUIVALENCE t Tl ,CC 9)) 11 ( EDT ,Cl 17H 
EQUIVALENCE (PUS ,C( 12)),(0TAU ,C( 2tl 
EQUIVALENCE tT2 ,cc 19)),(PI ,C( l) > 
EQUIVALENCE (PS ,C ( 13) ) , (DMC 'Cl 14 >t 
EQUIVALENCE (TED 'C ( 6)),(EP ,Ct 10)) 
EOOIVALENCE (TAU , C ( 99 U > 
EQUIVALENCE (PII ,C( 994) J, UCHK , CI 995)) 
EQUIVALENCE ITSTART ,CC 957)),(EDI ,c ( 992)) 
EQUIVALENCE (ISTL , C ( 996) ) , l OMS ,cc 20)) 
EQUIVALENCE (ED ,Ct 16)) 
EQUIVALENCE (TDS ,CC 998)),(TDE , Ct 999)) 
EQUIVALENCE (EFTG ,Ct 35)),tEFTGO , C( 997) l 
~QUIVALENCE (AT ( l) ,Ctl325)) 
EQUIVALENCE (DMTG ,CC 18)) 

en EQUIVALENCE (ND ,C(l201)) I 
en EQUIVALENCE (IWEEK ,C(l610)),(IPWEEK ,Ctl6ll)) 0 

C 
DIMENSION AT (24J 

C 
EQUIVALENCE (OMWT (1) ,CClOOlH,tP (U ,Ctl04ll) 
EQUIVALENCE CT ( 1) ,C(l06ll),(OP n, ,C(l08Ut 

C 
DJ~ENSION OMWT (20) 
DIMENSION P (20) 
OIME~SION T (20) 
DIMENSION DP (20) 

C 
ECUIVALENCE (T3 ,T ( 3,, 
EQUIVALENCE (T4 ,T ( 4)) 

EQUIVALENCE (TlO ,r ( l O) ) 
EQUIVALENCE lTll ,T ( 11)) 

EQUIVALENCE (DMWT8 ,O~WT ( 8,, 
EQUIVALENCE (DMWT9 ,DMWT ( 9)) 

.......... , •••••• • 
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C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

•••••••••• 
IFIICHKoGT.O)GO TO 150 

100 TAU =TAU +OTAU 

TT=AMOD(T~U,24.0) 

PI:::FIELO<TTvND) 

IF(TAU .. GE .. TDS )GO TO 150 

IF(PI.LEaCeO}GO TO 100 

150 01'-'Cl\l:::OMCD 
P II =PI 
T4 -=TED 
TEP =T4 
PIS =O .. O 
POS =O.O 
O~WT8 =0 .. 0 

EC =EDI 

Of/IC =O. 0 
EDT =ED 

CALL TR.BINE 

IF(TAU.LEQTDS.OR.TAUeGT~(TOS+TDE)JED=O.O 
IF(IWEEK.GT.D.ANO.IPWEEK.EQ.O)EO=O=O 

TlO =T3 
EFTGO=EFTG 

Tll =T4 
Of'TG=O.O 
OMS =O.O 

DO 200 I=l,20 
Df',.T(l)=OoO 

• 
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SUBROUTINE INLET 

C 
co~~ON/SOLAR/C{2000) 

C 
EQUIVALENCE iDMS ,C ( 20)) f (DMC 9 C { 14)) 
EQUIVALENCE fDMTG ~ C ( 18)1,lT2 "'C ( 1q}) 
EQUIVALENCE {H w C ( g) ) 

C 
EQUIVALENCE (OMWT CU wC«lOOU),(P ( l) , CC 104 l J) 
EQUIVALENCE: IT ( 11 ~cn061 l 1, iOP (l) ~c« lOBU) 

C 
0 IM ENS ION OMWT 120, 
011-lENSION P 120) 
DIMENSION T (20) 
DIMENSION DP ( 20) 

C 
EQUIVALENCE «no wT non,n9 ,r ( 9 » ) 
EQUIVALENCE « r1 ,T ( 3 n 

C 
C**** COMPUTE CAVITY INLET TEMPERATURE 
C 

'r' Tl0=(UMS*T9+DMTG*T3)/!DMS+OMTG) 
0, 

C w 
RETURN 
El¾O 



SUBROUTINE INPUT 
C 

COM~ON/SOLAR/C(ZOOO) 
C 

EQUIVALENCE (PI ,C ( U ), (OTAU ,C( 2)) 

EQUIVALENCE (OMCD ,C« 3 J ) , ( DMCM , Ct 4)) 
EQUIVALENCE (OMCP .c ( 5)),tTEO 'C( 6)) 

EQUIVALENCE ne ,c ( 7)1,(TEP ,Ct 8)) 
EQUIVALENCE (Tl ,CC 9) l, ( EP ,CC 10)) 
EQUIVALENCE (PIS ,C( lllt,(POS 'C C 12)) 
EQUIVALENCE (PS ,c ( 13)),{DMC ,Ct 14)) 
EQUIVALENCE (PH .,c, 15)1,(EO ,CC 16)) 
EQUIVALENCE (EDT ,C( 17) J, ( OMTG II C ( 18H 
EQUIVALENCE (T2 ,CC 19)),(0MS ,Ct 20)) 
EQUIVALENCE (TSE ,Cl 21),, ( TM ,C( 22n 
EQUIVALENCE (IBP ,Ci 23}),{CBPAS ,Cl 24)) 
EQUIVALENCE (OTFS ,C C 25)),CEDEF ,cc 26)) 
EQUIVALENCE (EI ,Ct 27)1,(EH ,Ct 28)) 
EQUIVALENCE (ETG ,CC 29)), l EETG ,Ct 30)) 
EQUIVALENCE (ES ,C( 3Ul,(EIS ,CC 32)) 
EQUIVALENCE (EOS ,Ct 33)),tESO ,C( 34)) 

Ch EQUIVALENCE (EFTG ,Ct 35)),CPTG ,C( 36)) I : EQUIVALENCE (TIT ,C ( 37)), ( RSL ,ct 38)) 
EQUIVALENCE CEFCOM ,C( 39)1,tRT ,C( 40H 
EQUIVALENCE (EPLC ,CI 41)), (WC ,CC 42U 
EQUIVALENCE (EPLO ,c ( 43)1 
EQUIVALENCE (CPF ,C ( 44)) 
EQUIVALENCE (TWP ( 1) ,ct 45)),(TWT ( 1) ,C( 145)) 
EQUIVALENCE (UA (U ,CC 245)),(XMCP (1) , C( 345) I 
EQUIVALENCE (RAP ,CC 445)),(NOOES ,C ( 446)) 
EQUIVALENCE tXHCPL ,CC 447)),(XMCPS ,Ct 448)) 
EQUIVALENCE (UAIN ,C( 449) l, (HFUS ,C( 450) I 
EQUIVALENCE CTFUS ,c, 451)) 
EQUIVALENCE (XMELT (ll ,CC 452n,CXFM Cl t ,C< 552)) 
EQUIVALENCE (XTM (1) ,CC 652)),(XMELTP(l) , C( 752)) 
EQUIVALENCE (DMRPMW ,C ( 852)) ,( EPCON , C ( 853 t) 
EQUIVALENCE (TF ( 1) ,C(854)) 
EQUIVALENCE CIPS ,C C 954 J) 
EQUIVALENCE (ICHEM ,C( 955)) 
EQUIVALENCE IXMCPLN(l) ,CC 961)), ( XMCPSN(l) ,C ( 966 >) 

•• •••••• • 



C 

°' I 
O'I 
u, 

C 

C 

C 

C 

, •••••• 
EQUIVALENCE (UAINN (U ,C( 97U)dHFUSN 
EQUIVALENCE (TFUSN (1) iC( 9811),(NOOS 
EQUIVALENCE (TFP (l} vC(llOl)) 
EQUIVALENCE (TWZERO ,Ct 956)) 
EQUIVALENCE !TSTART 9 C( 957}),(0TAUI 
EQUIVALENCE (TITMIN ,C( 959)),(STORL 
EQUIVALENCE (TDS ,C( 998)),(TOE 
EQUIVALENCE (OTPP ,CtlOOOll 
EQUIVALENCE {NDAY ,Ctl202)J.{CA 
EQUIV~lENCE (PIA {l,l),C(l350))wfFEA 
EQUIVALENCE (fCR ,C(l206))9{0M 
EQUIVALENCE (SL ,C(l2081) 
EQUIVALENCE (IOHR ,C(l209)) 
EQUIVALENCE (ACC (l,lt,C(l542l) 
EQUIVALENCE (FACTOR ,C!l609}) 
EQUIVALENCE (!WEEK ~C(1610)) 
EQUIVALENCE !AHXI ,C(l614)) 9 (AWI 
EQUIVALENCE {AHXAP ,C(l616)),(AWAP 
EQUIVALENCE {PPPC ,C(l6l8l),(PPOC 

EQUIVALENCE (Pll 
EQUIVALENCE IP12 
EQUIVALENCE (PI3 
EQUIVALENCE (PI4 

DIMENSION PIA 
DIMENSION FEA 

EQUIVALENCE {ACl 
EQUIVALENCE {AC3 

DIMENSION ACC 

DIMENSION TWP 
D I MENS I ON HIT 
Dlf'IEI\SION UA 
DIMENSION XMCP 
DIMENSION XMELT 
Oir-'Ef\SION XFM 
QIJl,!ENSION XTM 

(1) ,PIA(l,1)1,(FEl 
(U ~PIA(l'fl2)i,(FE2 
(U ,PIAtl,3)),{fE3 
(ll ,PIA(l,4}),tFE4 

(24,4),PH 
(24,4},FEl 

(24hPI2 
(24l,FE2 

( 1 D , ACC ( 1, U l -v ( AC 2 
(1) ,ACC(l,3)J 

! 20, 3), AC l 

(100) 
(lOO» 
{100) 
(1001 
(100) 
(100) 
{100) 

(20),AC2 

(ll ,Cf 976)) 
( 1 > , C ( 986 ) ) 

,C( 958)) 
,C( 960)) 
, CI qqcn J 

,CU203J) 
{l,1},Ctl44b)) 

, C ( 1207) ) 

,Ctl6l5)} 
, C ( 1617 ) I 
,C(l619)) 

(U 
<U 
(1) 

Ul 

{ 24 J 9 PI 3 
{24),FE3 

,FEACl,lU 
,FEAU,2)) 
.,FEAtl,J)t 
,FEAU,4l> 

(24),Pl4 
< 24 ),fE4 

( U 9 ACC t l, 2)) 

(20),AC3 ( 20) 

(24) 
(24t 

• 



'f' 
m 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

DIMENSION XMELTP(lOO) 
DI~ENSION TF (100) 
DIMENSION XMCPLNC5) 
DIMENSION XMCPSN(5) 
DI~E~SION UAINN (5) 
DIMENSION HFUSN (5) 
DIMENSION TFUSN (5) 
Ol~ENSION NODS (5) 
DIMENSION TFP (100) 

EQUIVALENCE (OMWT (1) ,CClOOlll,(P 
EQUIVALENCE (T (1) ,CC1061),,(0P 

DIMENSION OMWT (20) 
DIMENSION P (20) 
DIMENSION T (20) 
DIMENSION DP (20) 

VARIABLE DEFINITIONS 

COLLECTOR AREA - KM**2 
COMPUTE INTERVAL - HRS 

(U ,C(l04U) 
(1 l , CC 1081) ) 

CA 
DTAlJI 
DTPP 
EO 
EFCOM 
EPCON 
HFUS 
HR 
ICHEM 

PINCH POINT TEMPERATURE LIMIT (THERMAL SYSTEM) - R 
ELECTRICAL GRID DEMAND - MW 

IOHR 

I PS 

ND4Y 

NCCES 

ENTHALPY EFFICENCY OF STORAGE SYSTEM COMPRESSOR 
ENDOTHERMIC CONVERSION FRACTION CCHEMICAL SYSTEM) 
HEAT OF FUSION OF THERMAL STORAGE MEDIA - MWH 
HEAT OF REACTION (THERMOCHEMICAL SYSTEM) - BTU/LBM 
= 0 THERMAL ENERGY STORAGE DEVICE 
= 1 THERMOCHEMICAL (CES) STORAGE DEVICE 
= 0 NO THERMODYNAMIC STATE POINT OUTPUT GEWERATEO 
= 1 THERMODYNAMIC STATE POINT OUTPUT GENERATED 
= 1 NODAL TEMPERATURES PRINTED FOR EACH STEP 
= 0 NO NODAL TEMPERATURES PRINTED 
= 0 ANALYSE All FOUR DAYS FOR YEARLY RESULTS 
= 1 WINTER DAY 
= 2 SPRING DAY 
= 3 SUMMER OAY 
= 4 FALL DAY 
NUMBER OF EOUAL AXIAL THERMAL ENERGY DIVISIONS 

• -· •••• •--•-' •••••• • 



C 
C 
C. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0\ 
I 
0\ ...... 

C 

•••••• , •••••• 
RAP APETURE RADIUS - METERS 
RSL FRACTION OF STORAGE ENERGY HELD IN RESERVE 
RT PRESSURE RATIO OF TOTAL fLUlD CIRCUIT LOOP 
SL STORACE LIMIT FOR COST MODEL - HRS 
STORL ENERGY LIMIT FORCES SYSTEM - MWH 
TCS START TIME FOR LEVEL GRID DEMAND LOAD - HRS 
TED DESIGN POINT OPERATING TEMPERATURE - R 
TFUS MELT TEMPERATURE OF THERMAL STORAGE MEDIA - R 
TSTART STARTING TIME FOR POWER PLANT CYCLE ANALYSIS - HRS 
ThlERO INITIAL NODAL TEMPERATURE OF STORAGE DEVICE - R 
UAIN PRODUCT Of CONDUCTANCE ANO SURFACE AREA - MW-R 
XMCPL SENSIBLE HEAT CAPACITY OF STORAGE MEDIA - MWH/R 
Xf.CPS SENSIBLE HEAT CAPAC[TY BELOW ~ELT POINT - MWH/R 

GI MENS ION IDl (131,102 (13),103 (131,IIJ4 (13),105 (13) 

DIMENSION I06 I l 3) , I 07 tl 3), I D8 { 13), ID9 (13} ,1010 ( 13) 
DIMENSION 1D11 (13),1012 ll3),ID13 t13J,ID14 (13),1015 U3t 
DIMENSION 1D16 (13),1D17 (13),1D18 (13),!019 (13),1020 (13) 
Dlfl.Efl!SION 1D21 (13),1022 (13),1023 (13),1024 (13),1025 {13) 
DI~ENSION 1026 (l3l,1D27 (13),1028 (13),ID2g (13), 1030 (13) 
DIMENSION ID3l (13),1032 (131,1033 (13)91D34 (l3t,ID35 (13) 
Dl~EI\SION 1036 113) 
DIMENSION ID201ll3J,i030l(l3l,l023l(l3),10232{13l,I0233(13l 
DIMENSION ID234(13>,I0281(13} 

DATA 
DATA 
DATA 
DATA 
DATA 
OATA 
DATA 
DATA 
OAT A 
DATA 
DATA 
CATA 
DATA 
DATA 
DATA 

I Dl I' 
102 / 1 

10201/fl 
1D3 /' 
10301/' 
I D4 /' 
I 05 I' 
ID6 / 1 

107 / 1 

[08 /' 
109 ,. 
1010 / 0 

1011 /' 
1D12 I' 
1013 ,, 

NUMBER OF EQUAL AXIAL THERMAL ENERGY DIVISIONS 
= 0 THERMAL ENERGY STORAGE DEVICE 
= l THERMOCHEMICAL (CES) STORAGE DEVICE 
= 1 NODAL TEMPERATURES PRI~TED FOR EACH STEP 
= 0 NO NODAL TEMPERATURES PRINTED 
STARTING TIME FOR POWER PLANT CYCLE ANALYSIS -
COMPUTE INTERVAL - HRS 
APETURE RADIUS - METERS 
INITIAL NODAL TEMPERATURE OF STORAGE DEVICE - R 
FRACT[CN OF STORAGE ENERGY HELO IN RESERVE 
ENTHALPY EfflCENCY OF STORAGE SYSTEM COMPRESSOR 
PRESSURE RATIO OF TOTAL FLUID CIRCUIT LOOP 
ELECTRICAL GRID DEMAND - MW 
DESIGN POINT OPERATING TEMPERATURE - R 
MELT TEMPERATURE OF THERMAL STORAGE MEDIA - R 

,, 
' I 
'I 
'I 
'I 

HRS'/ ., ., 
• I 
!/ 

'I 
'I ., ., ., 

• 



O'I 
I m 

C 

C 

X 
X 
X 
X 
X 
X 
X 
X 

DATA 1D14 / 1 

DATA 1015 I' 
DATA 1016 / 1 

DATA 1017 / 1 

DATA 1018 /' 
DATA ID19 / 1 

DATA 1020 / 1 

DATA 1021 t• 
DATA 1022 / 1 

DATA ID23 / 1 

DATA 10231/ 1 

DATA 1D232/' 
CATA 1D233/' 
DATA 1D234/1 

DATA 1024 /' 
DAT A 1D25 I' 
DATA ID26-/ 1 

DATA 1027 I' 
DATA ID28 / 1 

DATA 10281/ 1 

DATA 1D29 / 1 

DATA 1030 / 1 

DATA ID31 / 1 

DATA 1032 / 1 

DATA 1D33 / 1 

DATA 1034 / 1 

DATA 1035 / 1 

DATA 1036 t• 

WRITE(6,3000) 

NAMELIST/IN 

HEAT Of FUSION OF THERMAL STORAGE MEDIA - MWH 
PRODUCT OF CONDUCTANCE ANO SURFACE AREA - MW/R 
SENSIBLE HEAT CAPACITY OF STORAGE MEDIA - MWH/R 
SENSIBLE HEAT CAPACITY BELOW MELT POINT - MWH/R 
REACTANT PRODUCT FLOW PER MW STORED - LB/SEC/MW 
ENDOTHERMIC CONVERSION FRACTION (CHEMICAL SYSTEM) 
ENERGY LIMIT FORCES SYSTEM - MWH 

'I 
'I ., 
• I ., 
'I 
• I ., 

START TIME FOR LEVEL GRID DEMAND LOAD - HRS 
PINCH POINT TEMPERATURE LIMIT (THERMAL SYSTEM) 
= 0 ANALYSE ALL FOUR DAYS FOR YEARLY RESULTS 
= l WINTER DAY 
= 2 SPRING DAY 
= 3 SUMMER DAY 
= 4 FALL DAY 
COLLECTOR AREA - KM**2 
= l FOR ANALYSIS OF WEEKLY CYCLE 
RECIEVER HEAT EXCHANGER AREA - M**2 
STORACE LIMIT FOR COST MODEL - HRS 

- R'/ 
'I 
'I 
'I 
• I 
'I 
'I ., 

= 0 NO THERMODYNAMIC STATE POINT OUTPUT GEWERATEO 
= l THERMODYNAMIC STATE POINT OUTPUT GENERATED 
RECIEVER WALL AREA - M**2 
RECIEVER HEAT EXCHANGER/APERTURE AREA RATIO 
RECIEVER WALL/APERTURE AREA RATIO 
FIXED CHARGE RATE 
PLANT OPERATING YEARLY FRACTION 
OPERATING AND MAINTENANCE COST - MILLS/KW 
PROO COMP PARA POWER/ UNIT MASS FLOW - MW/LB/SEC 
02 COMP.PARA POWER/ UNIT MASS FLOW - MW/LB/SEC 

/TSTART ,DTAUl,RAP,TWZERO,NODES 
,RSL,EFCOM,RT ,ED 

,TED ,TFUS,HFUS,UAIN,XMCPL,XMCPS 
,DMRPMW,EPCON,IPS,ICHEM,STORL 
,NODS,UAINN,TFUSN,HFUSN,XMCPLN,XMCPSN 
,TOS ,OTPP 
,PI1,P12,PI3,Pl4,FEl,FE2,FE3,FE4,NDAY,CA 
,FCR,OM,SL,AC1,AC2,AC3,IOHR,FACTOR 
,IWEEK,AHXI,AWl,AHXAP,AWAP,PPPC,PPOC 

., ., 
• I 
'I ., 
'I 
'I 
'I 
'I 
'I ., ., 

·-·······-······ • 



Ol 
I 

O'I 

'° 

C 

C 

C 

RfAD(5,IN ~EN0=500l 

WRITEl6,1000) 

WRITEl6,1300lAHXAP ,1030 
WRITE(6,l260)AHXI ,1D26 
kRITE{6,13lO)AWAP ,IC3l 
WRITE(6,1290)AWI ,1029 
WRITE(6,1240)CA ,1024 
WRITE(6,ll80)DMRPMW,JC18 
WRITE{6,l050)DTAUI ,IDS 
WRITE(6,1220)DTPP ,ID22 
WRITE(6,lll0)ED ,IDll 
WRITE{6,l090)EfCOM ,109 
WRITE(6,llqO)EPCON ,I019 
WRITE(69l330lFACTOR,ID33 
WRITE(6,1320JFCR ,1032 
WRITE(6,1140)HFUS ,1D14 
WRITE(6,1020)ICHEM ,1D2 ,YD201 
wRITE(6,l280lIOHR ,IC28 ,10281 
WRITE(6,1030)IPS ,1D3 ,1D301 
WRITE(6,1250lIWEEK ,1025 

•••••• 

WRITE(6,1230)NDAY ,1023 ,ID23l,ID232,10233,ID234 
WRITE(6,1010)NOOES ,101 
WRITEt6,1340)0M ,1034 
WRITE(6,1360)PPOC ,IC36 
WRITE(6,1350)PPPC ,1035 
WRITE(6 9 lC60JRAP 9106 
WRITEt6,l080)RSl ,108 
WRITE(6,llOO)RT ,1010 
WRITE(6.12701SL ,1D27 
WRITE(6,1200)STORl ,1D20 
WRITE(6,1210)TOS ,1021 
WRlfE(6,1120)TED ,ID12 
WRITE(6,ll30)TFUS ,1D13 
WRITE(6,1040lTSTART,[D4 
WRlTE(6,1070)TWZERO,l07 
WRITE{6,ll50)UAIN ,1D15 
WRITE(6,ll60)XMCPL ,1Cl6 

• 



WRITE(6,1170)XMCPS ,1017 
C 

lf(NODS(lt.EC.OJGO TO 200 
C 

WRITE(6,3010) 
C 

00 100 1=1,5 
C 

IF(~CDS(l).EQ.O)GO TO 200 
C 

WRITE(6,3020)NODS(I),UAINN{I),HFUSN(l),TFUSN(I),XMCPLN(I) 
X ,XMCPSN(I) 

C 
100 CONTINUE 

C 
200 WRITE(6,3000) 

C 
WRITE(6,3040)PIA 
WRITE(6,3050)FEA 
WRITE(6,3030)ACC 

C 
°' RETURN I ..... 

C 0 

500 RETURN l 
C 

1000 FOkMA Tl 1 ****INPUTS****',/) 
1010 FORMAT(' NODES = ',19,4X,3X,13A4) 
1020 FCR~AT( 1 ICHEM = 1 ,l9,4X,3X,13A4,/26X,13A4) 
1030 FORMAT( 1 IPS = ',19,4X,3X,13A4,/26X,13A4) 
1040 FORMAT(• TSTART = ',F13.3,3X,13A4) 
1050 FORMAT{' DTAUI = ',Fl3.3,3X,13A4) 
1060 FORMAT(' RAP = ',F13.3,3X,13A4) 
1070 FORM A rt 1 TWZERO = ',F13.3,3X,13A4) 
1080 FORMAT(' RSL = ',F13.5,3X,13A4) 
1oqo FORMAT(' EFCOM = ',F13.3,3X,13A4) 
1100 FORMAT(' RT = ',f13.3,3X,13A4t 
1110 FOR,.AT l' ED = 1 ,Fl3.3,3X,13A4) 
1120 FQRr,,AT(' TED = ',fl3.3,3X,13A4) 
1130 FORMAT(' TFUS = ',Fl3.3,3X,13A4) 
it40 FORMAT(' HFUS = 1 ,Fl3.3,3X,13A4) 

·-· •• •••• •••••• • 



•••• -•• , •••••• • 
1150 FORl-1AT( 1 UAIN = ; , F 13 .. 5 , 3 X, 13 A4 ) 
1160 FORMAT(• XMCPL = '9Fl3 .. 5dX,13A4) 
1170 FORMAT(' XMCPS = 0 ,Fl3.,5,3X, l3A4) 
1180 FCRl<'AH' 0 tA RPM W = 1 

, f 13 ., 3 , 3 X , 13 A4 ) 
1190 FGRMA r(' [PCON = ',f13 .. 3,3X,l3A4) 
1200 FORMAT(' STORL :: 0 ,Fl3.3,3X, l3A4) 
1210 FORt-iA T( • TOS :::: 6 ,Fl3 .. 3,,3X,l3A4) 
1220 FOR1"AT( 11 OTPP = ',F13 .. 3,3X,13A4) 
1230 FORMAT(' NOAY = ',19,4X,3X,13A4,4(/26X,13A4l) 
1240 FORY..AT( 0 CA = •,Fl3.3,3X,13A4} 
1250 FORMAT( 1 IWEEK = 1 , I 9, 4 X, 3 X ,13 A4) 
1260 FORMAT(' AHXI = 1 ,Fl3 .. 3,3X,13A4) 
12 7 0 FOR f' AH 9 Sl = •,Fl3.3,3X,13A4) 
1280 FORMAT( w IOHR = ',I9,4X,3X,13A4~/26X,13A4) 
12qo FORMAT(' AWI = ',Fl3 .. 3,3X 11 13A4) 
1300 FORM AH' AHXAP = 9 ,Fl3e3i3X,13A4) 
1310 FORMAT( 1 AWAP = 8 ,Fl3 .. 3,3X,13A4) 
1320 FORMAT( 8 FCR = 1 ,Fl3 .. 3,3X1113A4) 
1330 FORMAT( 1 FACTOR= ',F13 .. 3,3X,l3A4} 
1340 f0Rt'A1 ( 1 CM = ',Fl3.3,3X,13A4) 
1350 FORMAT( 0 PPPC = ',F13 .. 3.,3X,13A4) m 

I 1360 FORMAT«' ..., PPOC = 0 ,Fl3.3,3X,13A4) .... C 
3000 FORMAT( 1 l 1 > 
3010 FORMAT('OMULTIPLE PHASE STORAGEe, 

X /'0 NODS UAiNN HFUSN TFUSN XMCPLN • 
X 11 I XMCPSN I 9 /, 

3020 FORMAT(lX,16,4X,Fl0.5,2FlOe3,2Fl0.5) 
3030 FOR~AT('OPOWER PLANT COST ACCOUNTS',/ 

X (lX,2(/lX,lOFl0.3))) 
3040 FORMAT('OPI - 4 DAYS - 24 HRS',/ 

X (lX,4(/lX,bF!0.3))) 
3050 FOR~AT('OFIELO Eff. - 4 DAYS - 24 HRS 8 ,/ 

X ( l X, 4 (I 1 X, 6F 10 • 31 ) ) 
C 

END 



SUBROUTINE INTEG 
C 

C0MM0:US0LAR/C( 2000) 
C 

EQUIVALENCE (E0EF ,C( 26)), ( IEDT ' C ( 17)) 
EQUIVALENCE (EP ,C C 10)),(DTAU 'C ( 2 , ) 
EQUIVALENCE (El ,CC 27)),(PI ,Cl ltl 
EQUIVALENCE (EH ., Cl 28)),(PH ,cc 15)) 
EQUIVALENCE (ETG ,c ( 29)),(EFTG ,C( 35)) 
EQUIVALENCE (EETG ,Cl 30)),(ES ,C( 31)) 

EQUIVALENCE (EIS ,Cl 32)),(E0S 'C ( 33)) 
EQUIVALENCE (PIS ,c ( 11)),(P0S ,C( 12)) 
EQUIVALENCE (PS ,Ct 13H 
EQUIVALENCE (ESS , C ( 9931 > 
EQUIVALENCE CED ,c ( 16)) 
EQUIVALENCE (SIE , C (12 04 ) ) , ( f E ,CU205)t 

C 
EQUIVALENCE (DMWT (1) ,cnoo1, >, <P ( 1) , Cl 1041)) 
EQUIVALENCE (T (U ,Cl106U),(DP (U ,Ctl081)) 

C 
DIMENSION 0MWT (20) 

0' DifillENSI0N P (20) I ..... DIMENSION T. (20) N 

DI "1Et-.SI ON OP (20) 

C 
EQUIVALENCE (DMWT4 ,DMWT ( 4)) 

EQUIVALENCE (DMWT8 ,DMWT ( 8)) 
EQUIVALENCE lOMWT9 ,D~WT ( 9)) 

EQUIVALENCE (DMWTll,DMWT 111n 
C 

EQUIVALENCE (XN Cl) ,CU225l),(X0 (1) , C 0250)) 
EQUIVALENCE (XDN (l) ,C(l275)),(XO0 (1) , C Cl 300)) 

C 
DIMENSION XN (25) 
DIMENSION XO (25) 
DIMENSION XON (25) 
DIMENSION XD0 (25) 

C 
X0N ( 4)=0MWT4 
XDN ( 8)=DMWT8 

·-·······-······ • 



en 
I ....., 
w 

C 

C 

C 

XDN ( 'Jl=OMWT9 
XCN (lU-=CMWTll 
XON ll6)=PIS 
XDN 117>=POS 
XDN il81=PI 
XO!\J (19!=EDT 
XON (20)=ED 
XDN 12l)=AMAXll0eO,DMWT81 
XDN 122)-=SIE 
XDN !23l=Pl/fE 

DC 100 I=l,25 
100 XN(Il=XO(I)+XON(Il*DTAU 

EOEF=XN (19)-XN (9) 
EI =XN ( 18} 
EH =XN (11) 
ETG =XN ( 4) 
EETG=XN (19) 
ESS =XN (21) 
ES =XN ( 8) 
EIS =XN ( l6l 
EDS =Xl\l ( 11) 

RETLRN 
END 

-······ • 



0\ 
I ..... 
~ 

C 

C 

C 

C 

C 

C 

C 

SUBROUTINE ITER(X,XP,TOL, IS,*) 

IF(IS.GE.20)GO TO 100 

IS= IS+ 1 

IF(ABS{(X-XP)/X).LE.TOL)RETURN 1 

RETURN 

100 WRITE(6,150)IS,X,XP,TOL 

RETURN 1 

150 FORMAT<• ',14,' 
X ,Fl2.3,' 

END 

ITERATIONS EXCEEDED IN ITER 
TOL=' ,F12.6) 

X=',Fl2.3,' XP=' 

-······ • 



10 
l 
11 

2 

3 

4 

1000 
O'I 
I ..., 

2000 u, 

5 

···-······ 
SUOROUTINE ITER8 (T,XI,FCT,TOL,I) 
Dl~ENSION XI!U 
Tl=T 
DO 4 N=l,100 
I=l+2 
T2=FCT <TlwXl> 
T3=FCT (T2,XI) 
IF<T3>10,l,l0 
IF(ABS{(T3-T2)/T3)-TOL)5,5,l 
I F ( T 2- T 1 ) 11 , 2 ,, 1 l 
A=(T3-T2)/(T2-Tlt 
IFCA-1.)3,2,3 
Tl=T3 
GO TO 4 
Q=A/tA-1.) 
Tl=Q*T2+(1.-Q>*T3 
If(Tl)4,2,4 
CONTINUE 
I=l 
WRITE (6,1000) 
FORMAT(lH040X33HCONVERGENCE NOT ACHIEVED IN ITER8) 
wRI TE{6w2000J Tl 
FORMAT(lH030X4HT = Gl0&4) 
T=T3 
RETURN 
END 

• 



SUBROUTINE NODPRP(lt 
C 

COMMCN/SOLAR/C(2000) 
C 

EQUIVALENCE (XMCPL ,C( 447)),(XMCPS , C ( 448 > ) 
EQUIVALENCE (UAIN ,Cl 449)),(HFUS ,cc 450}) 
EQUIVALENCE (TFUS ,Ct 451)),(UA ( l) ,C( 245)) 
EQUIVALENCE (XMCP ( l) ,CC 345)),(XMELT (1) ,C( 452)) 
EQUIVALENCE (HFM ( 1) ,cc 552)),CXTM (U ,C( 652H 
EQUIVALENCE (XMCPLN(l) ,Ct 961)),(XMCPSN(ll ,Ct 966)) 
EQUIVALENCE (UAINN (1) ,Ct 971) >, (HFUSN ( l} ,Cl 976)) 
EQUIVALENCE {TFUSN (1) ,CC 981)),lNODS lU oC( 986)) 

C 
Dl~ENSION UA (100) 
DIMENSION XMCP (100) 
DIMENSION XMELT (100) 
DIMENSION HFM {100) 
DIMENSION XTM (100) 
DIMENSION XMCPLN{S) 
DI~ENSION XMCPSNl5) 
DIMENSION UAINN (5} 

en DIMENSION HFUSN (5) I ....... DIMENSION TFUSN (5) en 
DIMENSION NODS ( 5 l 

C 
XMCP(l)=XMELT (l)*XMCPL+(l.0-XMELT fl)l*XMCPS 
UA (I)=UAIN 
HFM fl)=HFUS 
XTM ( I )=TFUS 

C 
NODT=O 
K =O 

C 
100 K=K+l 

C 
IF(I< .GT. 5.0R. 

X NOOS(K).EQ.O)RETURN 
C 

NODT=NOOT+NODS(K) 
C 

• -· •••• •-•- •••••• • 



a, 
I 

'-I 

"' 

C 

C 

C 

••••• , •••••• 
IF{IGGTaNOOT)GO TO 100 

XMCPtl)=X~ELT (i)*X~CPLN(K)+{l.0-XMELT ll)l*XMCPSNlK} 
UA (I)=UAINN (K) 
HF~ lll=HFUSN (K) 
XTM (I)=TFUSN !Kl 

RETURN 

ENO 

• 



SUBROUTINE OUTPUT 
C 

COM~ON/SOLAR/C(2000} 
C 

EQUIVALENCE (DTAU ,c ( 2) ) , ( Pl , CC 1), 
EQUIVALENCE (DMC ,Cl 14)),(DMTG ,C( 18H 
EQUIVALENCE (TSE ,C( 21)),CEOT ,C( 17)) 
EQUIVALENCE (OMS ,C ( 20)) \-

EQUIVALENCE {PIS ,C( 11) ), (POS ,C ( 12)) 
EQUIVALENCE {NODES , C ( 446 l >, CT F (U ,C( 8541) 
EQUIVALENCE (XMELT Cl) ,CC 452)),(XMELTP(l) ,Cl 752)) 
EQUIVALENCE (TFP ( 1) ,C(llOl)),(TWP ( 1} ,C( 45)) 
EQUIVALENCE (TWT (1, ,Cl 145)) 
EQUIVALENCE (IBP ,C( 23)),(IPS ,C( g54}) 
EQUIVALENCE (EFTG ,CC 35)) 
EQUIVALENCE (TAU ,CC 991)) 
EQUIVALENCE (SIE ,C '1204) l 
EQUIVALENCE (IOHR ,c ( 1209) I 
EQUIVALENCE (WC ,C( 42)),(ICHEM ,Ct 955)t 

C 
DIMENSION XMELTP(lOO) 

°' DIMENSION XMELT (100) I ..... 
DIMENSION TF (lQO) GO 

DIMENSION TFP (100) 
DIMENSION TWT (100) 
DIMENSION TWP (lOOt 

C 
EQUIVALENCE (OMWT (1) ,Cll00ll),fp ( lJ ,Ctl041)) 
EQUIVALENCE (T (1) , C ( 10 6 1 ) t , ( OP ( 1) , C ( 108 U) 

C 
DIMENSION OMWT (20t 
DIMENSION P (20) 
DIMENSION T (20) 
DIMENSION DP (20) 

C 
EQUIVALENCE {XN (1 J ,Cfl2251J,(XON ( I) ,Cf 1275)) 

C 
DIMENSION XN (25) 
OI.-ENSION XON (25) 

C 

., •••••• • 
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CALL EXTR~ 

C 
IF(IOHReEGeO)RETURN 

C 
WRITE(6,l010)TAU 

C 
WRITE (6, 1020) 
WR[TE(6,1030} (T(ll,l=l~lll 
WRITE(6,1060)(XON(IlvI=l,llJ 
WRITE(6,1070)(XN(!J,I=l,lll 

C 
OMW9WC=OMWT(9)-WC 

C 
IF(ICHEM.EQ.1.AND • 

X PIS • GT.O.O)WRITE{6,1330)DMW9WC 
C 

WRITE(6,1300> 
C 

WRITE(6,1040) 
C 

WR!TE(6,1090)DMTG 
OI WRITE(6,llOO)DMS • -..a WRITE{6,1080)0MC U) 

WRITE(6,lllO)SIE 
WRITE(6,1120)PI 
WRITE(6,ll30)EOT 
WRITE(6,ll40)EFTG 
WRITE(6,1150)PIS 
WRITE{6,ll60)POS 

C 
WRITEC6,1300) 

C 
WRITE(6,ll70)XN(22) 
WRITE(6,ll80)XN(l8» 
WR1TE(6,ll90)XN(20) 
WRITE(6,l200)XN(l6) 
WRITE(6,1210)XNl17) 

C 
IF(IPS.EQ.O)GO TO 200 

C 



O'I 
I 

~ 

C 

C 

C 

C 

C 

C 

WRITE(6, 1310) 

DO 100 1=1,NODES 

IFIMOD(I,50).EQ.O)WRITE(6,1310) 

100 WRITE(6,1320)1,TWT(I),TF(l),XMELT(IJ 

200 RETURN 

1010 FORMAT('lTHERMOOYNAMIC STATE 
X I'****************** 

POINT DATA (TIME= 
***** ••••• , 1020 FORMAT( 1 0 1 ,19X,'( T U R B I N E 

X ,'ATOR )( STOR 
X ,'( REC I E V E R )' 
X /' ',19X, 1 * 1 * 2 • 
X ,'* 6 * 7 * 
X ,'* 11 *.) 

1030 FORMAT('OTEMPERATURE 
1040 FORMATC 1 0SYSTEM PERFORMANCE 

• ,llfl0.3) 
DATA', 

X I'***************** 
1060 FORMAT( 1 0POWER TRANSFER 
1070 FORMAT( 1 0ENERGY CONSUMPTION 
1080 FORMAT(' RECIEVER MASS FLOW 
1090 FOR~AT( 1 0TURBINE MASS FLOW 
1100 FORMAT(' STORAGE MASS FLOW 
1110 FORMAT( 1 0SPECULAR INSOLATION 

···••> 
' ,llfl0.3) 
' ,llfl0.3) 

1120 FOR~AT(• SOLAR HEAT INTO RECIEVER 
1130 FORMAT(' TOTAL GENERATOR OUTPUT 
1140 FORMAT('OCONVERSION EFFICIENCY 

3 
8 

1150 FOR~AT( 1 0POWER INPUT TO STORAGE -ELEC EQUIV 
1160 FORMAT(' POWER OUTPUT FROM STORAGE -EtEC EQUIV 
1170 FORMAT('OSPECULAR INSOLATION ENERGY 
1180 FORMAT(• RECIEVER INPUT ENERGY 
1190 FOR~AT(• NET GENERATOR OUTPUT ENERGY 

* 
* 

1200 FORMAT(' ENERGY INPUT TO STORAGE -ELEC EQUIV 
1210 FOK~AT(' ENERGY OUTPUT FROM STORAGE -ELEC EQUIV 

1300 FORMAT( •o•) 
C 

',F6 .. 2, 1 

G E N E R 
A G E 

4 • 
9 • 

(LBS/SECt 
(LBS/SEC) 
(LBS/SEC> 
(HW1 
(MW) 
(MW) 

tMWE) 
tHWE) 
(HWH) 
(MWH) 
(MWH, 
(MWH) 
(MWHl 

, ' 
I 

) . 
5 • 

10 • 

..-,Fl2.2J 
',f12.2) 
•,Fl2.2J 
',Fl2.21 
1 ,F12.2) 
1 ,Fl2.2) 
',Fl2.2) 
',Fl2.2) 
',fl2.2) 
1 ,Fl2.2l 
',F12.2) 
',F12.2) 
',F12.2) 
1 ,Fl2.2) 

·-··· •••• •••••• • 



°' I 
00 .... 

C 

C 

••••••• • 
1310 FOR~AT('l NODE WALL FLUID FRACTION •, 

X I' TEMPERATURE TEMPERATURE MELTED '/) 

1320 FOKMAT(ib,3X,2Fl2~2,Fl2o4) 
1330 FORMAT( 9 0'~20X,a* POWER TRANSFER (9) INCLUOES 1 ,fl0.2, 1 MWT FOR', 

X 'CES PUMPING') 

END 



SUBROUTINE SCHEM 
C 

co~~CN/SOLAR/C(2000) 
C 

EQUIVALENCE {RT ,CC 40)),(EFCOM ,CC 39)) 
EQUIVALENCE (T9C , Cl 1349, ) , ( OMS ,cc 20n 
EQUIVALENCE (TE ,CC 7)), ( CPF ,c, 44)) 
EQUIVALENCE (PS ,c ( 13)),(POS ,cc 12)) 
EQUIVALENCE (PIS ,cc 11) I, ( PH ,CC 15)) 
EQUIVALENCE (EFTG ,CC 35)),(ED ,Cl 16)) 
EQUIVALENCE (EP ,cc 10)),CWC ,C( 42H 
EQUIVALENCE (DMRPMW ,C ( 852)), ( EPCON ,Ct 853)) 
EQUIVALENCE (T2 ,cc 19)) 
EQUIVALENCE (PPPC ,C(l618) ), (PPOC ,CU619)) 

C 
EQUIVALENCE (OMWT (1) ,C( 1001 l), (P ( 1) ,C C 1041)) 
EQUIVALENCE (T (1) ,CU061)), (OP (1) ,Ctl081)) 

C 
DIMENSION DMWT (20) 
DIMENSION P (20) 
DIMENSION T (20) 

°' DIMENSION OP (20) I 
01) C N 

EQUIVALENCE CT3 ,T ( 3)) 
EQUIVALENCE (T7 ,T ( 7)) 

EQUIVALENCE (TS ,T ( 8)) 
EQUIVALENCE (T9 ,T ( q)) 
EQUIVALENCE COMWTS ,DMWT ( 8)) 

EQUIVALENCE fDMWT9 ,DMWT C 9)) 
EQUIVALENCE (DMWTll,OMWT (11)) 

C 
C HR HEAT OF REACTION - BTU/LB 
C EPCCN REACTION DISSOCIATION FRACTION. 
C 

DATA GAMMA /1.66/ 
C 

T9 =T3 
C 

T9C=T9 
C 

• -· •-• ••••••••••• • 
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CD w 

C 

C 

C 

C 

C 

C 

C 

C 

., •••••• 
TSOO=T9 /(l~O+l(RT**l!GAMMA-l.O)/GAMMAJ-1.01/EFCOM)} 

T8=TSOO 

WC=CPF*{T9 -TSDO)*DMS*3600.0/3w415E+06 

OTS=T7-TSOO 

DMwT8=0MS*CPF*DTS*3600o0/3.415E+06 

PCS=O.O 
PlS=DMWTll*[FfG-EO 

DMPROD=OMRPMW*DMWT8 
DM02 =DMPROD*EPCON*0.2 

DMWT9=PPPC*DMPROO+PPOC*DM02+WC 

RETURN 
END 

• 



SUBROUTINE STHERM 
C 

co~~CN/SOLAR/C(2000, 
C 

EQUIVALENCE (RSL ,C ( 38)),(EFCOM ,CC 39)) 
EQUIVALENCE (RT ,Cl 40 t ) , l TE , C( 7l l 
EQUIVALENCE (OMS .,c ( 20)), ( OT AU ,Cl 2)) 
EQUIVALENCE (CPF ,c ( 44)),CEFTG ,C( 35)) 
EQUIVALENCE (PS ,Cl 131),(TSE ,Cl 21 n 
EQUIVALENCE (POS ,Cf 12)),(PIS ., C ( 11)) 
EQUIVALENCE (PH ,CC 15)) 
EQUIVALENCE (ED ,C( 16)),(EP ,CC 10)) 
EQUIVALENCE {TWP (l) ,C< 45)), <TWT (l) ,C( 145) t 
EQUIVALENCE (UA ( 1) , C ( 2 4 5 l l , ( X MC P (1) , C ( 345) ) 
EQUIVALENCE (NODES ,c ( 446)) 
EQUIVALENCE (UAIN ,CC 449)),(XMCPL , C ( 4471} 
EQUIVALENCE (XMCPS ,C C 448)) 
EQUIVALENCE (XMELT (1) , CI 452 J ) , ( HFM ( 1) ,c, 552)) 
EQUIVALENCE (XTM ( l) ,C( 652)),(XMELTPll) , Ct 752 t t 
EQUIVALENCE ( TF ( l) ,CC 854)) 
EQUIVALENCE (OTAUI ,CC 958JJ 

O'I C I 

~ EQUIVALENCE (T9C ,CC1349)) 
DIMENSION TWP (100) 
DIMENSION UA (100) 
DIMENSION XMCP t 100) 
DIMENSION TWT (100) 
DIMENSION XMELT (100) 
DIMENSION HFM (100) 
DIMENSION XTM (100) 
OIMENSION XMELTPllOO) 
Dl MENSI ON TF (lOOt 

C 
EQUIVALENCE (OMWT (1) ,C (1001)), C P (1) ,Cl 1041)) 
EQUIVALENCE (T (l) ,C(l061)),tDP (1) ,C(lOBll) 

C 
DIMENSION OMWT (20) 
Dit,,Ef\SION P (20) 

DIMENSION T (20) 
DIM ENS ION DP (20) 

, •••••• • 
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00 
tn 

•••••• , •••••• 
C 

EQUIVALENCE (T8 ; T ( 8)J,CT9 , T ( 9)) 
EQUIVALENCE (OMWT9 wDMWT ( 9)),COMWTll,DMWT ( l ll) 
ECUIVALENCE (DMWT8 90MWT ( 8 l I 
EQUIVALENCE (T7 ,T ( 7)) 
EQUIVALENCE (P8 ,P ( 8)),fp9 ,P ( 9, , 
EQUIVALENCE {DPS ,OP ( 8 ) ) , ( OP9 -,OP ( 9) ) 
EQUIVALENCE (P7 ,P ( 7)) 

C 
EQUIVALENCE {XN (l) ,C'1225) J, (XO { l) ,C{l250)) 
EQUIVALENCE (XDN ( l) 11 C ( 12 7 5) ) , ( X DO (l) , C ( l 300 ) ) 

C 
DIMENSION XN 125) 
Dlp!ENSION XO ( 25 J 
DIMENSION XDN (25) 
DIMENSION XDO (25) 

C 
C UA(I) CONVECTIVE CONDUCTANCE (NODAL) - MW/DEG 
C XMCP(I) THERMAL MASS (NODAL) - MW-HRS/DEG 
C HHl I> WALL TEMPERATURE (NODAL) - DEG 
C TF (I) FLUID TEMPERATURE (NODAL} - DEG 
C 

DATA GAMMA /1.66/ 
C 
C**** ENERGY STORAGE (SENSIBLE HEAT OPTION WITH MELTING) 
C 

ES=C.O 
C 
C**** INITIALIZE NODAL TEMPERATURES TO PREVIOUS VALUES 
C 

DC 100 I=l,NODES 
XMELT (I)=XMELTP(I) 

100 T~T{I)=TWP(l) 
C 
C**** SET UP INLET FLUID TEMPERATURE 
C 

TF(l)=T7 
C 
C**** SET CC~PUTE STEP FOR CIFFERENCE SOLUTION 
C 

• 



~ 
I co 
~ 

CT~UP=AMIN1CDTAU,DTAUI/4.0,0.4*XMCPL/UAIN,0.4*XMCPS/UAINJ' 
C 

NOTAU=DTAU/OTAUP+0.9 
DTAUP=OTAU/FLOAT(NDTAU) 

C 
C**** FINITE DIFFERENCE SOLUTION 
C 

DO 500 J=l,NDTAU 
00 300 1=1,NOOES 

C 
C**** SET UP PROPERTIES OF EACH NODE 
C 

CALL NODPRP ( Il 
C 

FACT=UA(l)/OMS/CPF/3600.0•3.415E+06 
C 

DELT=(TWT(IJ-TF(I)) 
C 

TWTP=TWTII) 
C 

UAEFF=UAtl)*{l.O-EXP(-FACT))/FACT 
C 

IFCXMELT(I).NE.O.O.AND. 
X XMELT(l).NE.l.O)GO TO 250 

C 
TWT(I)=TFCl)+OELT*EXP(-UAEFF/XMCP(l)*DTAUP) 

C 
C**** ALL FROZEN OR ALL MELTED 
C 

C 

C 

C 

C 

IF(TWT{l).GE.XTM(l).ANO. 
X TWTP .LE.XTM(l))GO TO 220 

IF(TWTIIJ.GT.XTM(l).OR. 
X TWTP eLT.XTM(l))GO TO 300 

220 XMELT(I)=XMELT(I)+(TWT(I)-XTM(I)l*XMCP(l)/HFM(I) 
HiT (It=XTM(I) 

GO TO 300 

• -·••-• ••• , •••••• • 
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00 
-....I 

C**** 
C 

250 
C 

C 

C 

C 

C 
270 

C 
300 

C 

••••••• 
PARTIALLY MELTED 

X~ELT(l)=XMELTll)-UAEfF*OELT*DTAUP!HFM(I) 

IF{X~ELT(I).LT.leO.AND. 
X X~ELTCIJ.GT.O.O)GO TO 300 

IF(XMELT(IJ.GT.l.OJGO TO 270 

T~T(IJ=XTM(li+XMELT(I)*HFM(I)/XMCP(I) 
XMELT(I)=O.O 

GO TO 300 

TWT(IJ=XTM{l)+(XMELT(I)-1.0)*HFM(I)/XMCP(I) 
XMELT(I}=l.O 

TF(I+l)=(TWT(Il+TWTP)/2sO-t(TWT(I)+TWTPt/2.0-TF(I))*EXP(-FACT) 

EPSP;DMS*CPF*3600.0/3.415E+06*lT7-TF(NODES+l)) 
C 

C 
500 ES=ES+EPSP*OTAUP 

C**** COMPUTE AVERAGE TEMPERATURES AND STORAGE ENERGY TRANSFER 
C 

DMWT8= ES/OTAU 
C 

OTS=3.415E+06* DMWTB /DMS/CPF/3600.0 
C 

T8=T7-DTS 
C 

C 

C 

C 

C 

T9 = TB *<l.O+(RT**<(GAMMA-1.0)/GAMMA)-lcO)/EFCOM) 

rqc=Tf(NODES+ll*(l.O+(RT**((GAMMA-l.Ol/GAMMA)-1.0)/EFCOMl 

TSE=T9 

OM,. T9=C. PF* (Tg -

PCS=O .. O 

T8 l*OMS*3600.0l3.415E+06 

• 
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C 

C 

C 

C 

SUB~OUTINE STORGE 

COMMON/SOLAK/C(2000l 

EQUIVALENCE (ICHEM ,C( 955}) 

IF(ICHEM.EQ.O)CALL STHERM 
IF{ICHEM.EQ.l)CALL SCHEM 

RETURN 
ENO 

• 



C 

; 

FUNCTION TABLEHX,Y,N,AXt 
DIMENSION X(l),Yfl) 

l=l 
lf(AX-X(ll)40,40,80 

40 1=2 
GO TO 110 

80 lf(I-N)l00,90,90 
90 SL=(YCN)-Y(N-lJl/(X(NI-X(N-lJ) 

TABLEl=SL*CAX-X(N)J+V(NJ 
RETURN 

100 1=(+1 
I f ( Ax-X t 1 l l 110 , 11 0 , 80 

110 SL=(Y(It•V(J-l)t/(X(lt-XCl-llJ 
T~BLEl#SL•(AX-X(l-l)l+Y{l-1) 
RETURN 
ENO 

..... •-••-• •--••-•-•--•. -• 
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C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

•••••••••• 
SUBROUTINE TR81NE 

COMMON/SOLAR/C!2000) 

EQUIVALENCE (ED 
EQUIVALENCE (DMC 
EQUIVALENCE (EFTG 
EQUIVALENCE (PIG 
EQUIVALENCE (CPF 

,C( 16)),<TE 
,Ci 14)),tDMTG 
,C( 35)),(T2 
,C( 37)),{EDT 
, C ( 44 J » 

EQUIVALENCE (OMWT (1) ,C(lOOlJ),(P 
EQUIVALENCE (T (l) ,C{l061)),(0P 

Dl~E~SION DMWT (20) 
DIMENSION P (20) 
DIMENSION T (20) 
Dl~ENSION OP (20» 

EUUIVALENCE (T3 ,T ( 3)),(T4 
EQUIVALENCE (DMWT4 ,DMWT ( 41) 

DIMENSION ATEM~ (6) 
DI~E~SION AEFF (6) 
DIMENSION AT2 (6) 

,T 

,CC 7 H 
,Ct 18)) 
,C( 19)) 
,Ct 17)) 

(1) ,C(l041)t 
(1) ,Cll081)) 

( 4)) 

DATA ATEMP 
DATA AEFF 
DATA AT2 
DATA NPTS 

/0.0,960.,1360.,1560.0,1760~0,1960.0/ 
/0.180,.18,.213,0.295,0.377,0.442/ 
/Q.,870.Q,1136e091269.0,1402a0tl538.Q/ 
/6/ 

EFTG=TABLE1(ATEMP,AEFF,NPTS,T4J 
T3 =TABLEl(ATEMP,AT2 ,NPTS,T4J 

DMTG=3.415E+06*EDT/EFTG/CPF /(T4 -T3)/3600.0 

0MWT4=EOT/EFTG 

RETURN 
ENO 

• 



SUBROUTINE UOATEC*) 
C 

COMMON/SOLAR/C(2000) 
C 

EQUIVALENCE (ES ,er 31)),(ESO ,C( 34)) 
EQUlVAlENCE (STORL , C ( 960) ) , ( RS L ,C( 38)) 

EQUIVALENCE (NODES ,CC 446)),(XMELT (1) ,Ct 4521) 
EQUIVALENCE lXMELTP(lt ,Cl 752»,<TF 11> , C ( 854) l 
EQUIVALENCE CTFP (1) ,ClllOl) >, CTWT C 1) ,tc 145)) 
EQUIVALENCE (TWP IU ,cc 45) >, llAO ,C( 991)) 
EQUIVALENCE (OTAU ,C( 2));(PI , Cl u, 
EQUIVALENCE (ICHK ,CC 995));t1Sll , C( 996 l) 
EQUt VAU:NtE (IBP ,Ct 23)) 
EQUl\/i\lENCE (AT (1) ,C11325t) 
EQUIVAlENCE (OlPP , C (1000 l h l OT AU l tCl 958)) 
EQUlVAlENCE (PIS ,Cl il)) 
EQUIVALENCE (T9C ,Ctl349t) 
EQUt~ALENCE liCHEM ,Cl 955)) 
EQUIVALENCE I NO ,C h201 l) 
EQUIVALENCE ttWEEK ,C(l610)),CIPWEEK ,Cll6ll)) 

' 
EQUIVALENCE tSTLRSL ,CU613)) 
EQUIVALENCE (tos ,Cl 998}) 
EQUtvAtEktE tteo ,Cf 6H 

C 
OiMEhSION XMELt (100t 
OlMENSlON XMEltPllOO) 
OIMENStON Tf t lOlH 
lH ta! h s i ON f F P tloeJ 
tHMENSltlN twt ti.OOI 
Dti4ENStoN tWf> (1001 

t 
Oli4ENSldli PlA (241 
btMEffSiON At (24) 

C 
EQUl~ALENCE (DMWT UJ ,tU00U),CP tU ,ccto4ii> 
EOUI\IALENCE tT ( l) ,C ll061J >t t Of) tU ,ttt08lJ) 

·c 
OIMENSION OMWT (20) 
DIMENSION P (20) 
01..,ENSION T 120, 

....... ·-····· •-••. -• 



•••••• , •••••• • 
DIMENSION DP (20) 

C 
EQUIVALENCE (T7 ,T ( 7 l > 
EQUIVALENCE (T9 ,T ( 9)) 

C 
EQUIVALENCE (XN ( l) ,C(l225)),(XO (U ,C(l250t) 
EQUIVALENCE tXON { l) , C l 12 7 5 ) ) , ( X DO ( l) , C ( 1300)) 

C 
DIMENSION XN ( 25 J 
DIMENSION XO ( 25 l 
DIMENSION XDN ( 2.5) 
DIMENSION XDO ( 2 5) 

C 
DATA ICHKS I 0/ 

C 
IBP =O 

C 
IF(ICHKS.NE.-2)GO TO 10 

C 
ICHKS==O 

O'I DTAU ==DTAUI 
I C ID 

w 10 IF(ICHKS~GT.O)GO TO 1000 
C 

IF(PIS .. GT~O.O.AND~ 
X ICHEM ,.EQ.O • ANC .. 
X (TED-T9CJ.LT.OTPP )GO TO 1000 

C 
IFCPIS .. GT .. o .. o .. ANO .. 

X ICHEM .HJ. l .. ANO. 
X XN(8) .GT.STORL)GO TO 1000 

C 
lf(ICHK.GT.O)GO TO 400 

C 
IF(XN(B).LE. STLRSL .ANUm 

X TAU eGT.12.0 )GO TO 400 
C 

IFIIWEEK .EQ.l.AND. 
X lPlo,EEK.EQ.O.ANO. 
X TAU .GT.12.0.AND. 



X Pl .LT.10.0)GO TO 500 
C 

50 TAUS=TAU 
UTPPS=T7-T9C 

C 
DO 100 I=l,NODES 
XMELTP(l)=XMELT (I) 
TFP (I J =TF ti) 

100 TWP Cl) =TWT ( I) 

C 
oc 200 f:;:1,25 

200 XO (1)=XN (I} 
C 

IF(TAU .GT.12.0.AND .. 
X ( l PWEEK.EQ.1 • OR. 
X IPWEEK.l:Q.2) .ANO. 
X XONt8).LT.o.o )RETURN 

C 
CALL OUTPUT 

C 
al IF(lCHKS.EQ.-l)GO TO 1610 
t. C 
~ IF(TAU.GE.(24.0+TOS-DTAU/10.0)lGO TO 500 

C 
RETURN 1 

C 
400 tFClCHK.Gf.lOIGO TO 500 

C 
xx # (XOIB>-- STLR.Sl ) / 0(0 ( 8 ) ... XN ( 8) > 

C 
tf(XX.Gt.0.99S.ANDe 

X xx.1.r.1.00,>Go to 500 
C 

OTAU=DTAU * XX 
C 

TAU=TAUS+CTAU 
C 

tCHK=ICHK+l 
C 

350 TT=AMOO(TAU,24.0) 

• -· •••• •-•- ••-••-•--• --• 



C 

C 

C 

C 

C 

C 

C 

C 

Cl\ C 
I 

lO 
c.n C 

C 

C 

C 

C 

C 

C 

C 

., •••••• 
PI=FIELOlTT,NDJ 

RETtJRN l 

500 DO 600 I=l,NDDES 
XMELTP(It=XMELT (I) 
TFP ( I J=TF (I) 

600 TwP ti) =HH (I) 

DO 700 I=l,25 
700 XO (l)=XN (I) 

CALL OUTPUT 

TAU =TAUS 

RETURN 

1000 IF(ICHKS.GT.5 )GO TO 1600 

XX=(DTPPS-DTPP)/(OTPPS-(T7-T9C)) 

IF(ICHEM.GT.O)XX=(STORl-X0(8))/(XN(8)-X0(8)) 

IFCXX.GT.Oa995.AND. 
X XX.LT.l.005)GO TO 1600 

DTAU=OTAU*XX 

TAU=TAUS+OTAU 

ICHK =l 
ICHKS=ICHKS+l 

GO TO 350 

1600 ICHKS=-2 

IF(IWEEK .EQ.l.AND. 

• 



0\ 
t 

* 

C 

C 

C 

C 

C 

C 

X (IPWEEK.EQ.O. •R. 
)( IPHEEK.EQ.2))GO TO 500 

ICHKS=-1 

GO TO 50 

1610 OTAU=DTAUI-DTAU 

ISTL =1 
ICHK =O 
ICHKS=-2 

RETURN 1 

ENO 

•--•. •-•-·. •-• •• •··. •- -• 
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SUBKOUTINE WEEKAN(*) 

C 
COMMON/SOLAR/C(2000) 

C 
EQUIVALENCE IIWEEK ,C(l6l0) ), ( IPWEEK ,Cll61U) 
EQUIVALENCE (ESO ,CI 34}) 
EQUIVALENCE (NOAV ,C(l202)J 
EQUIVALENCE (EDI ,C( 992>), (STORL ,CC 960 J) 
EQUIVALENCE (DS8MX ,Cll224J>,«ED 'C ( 16)) 
EQUIVALENCE (0S8MI\I ,C«I612H 
EQUIVALENCE I ISTL ,C( g96)) 
E<.:UIVALENCE (ESS ,CC 993)) 
EQUIVALENCE (STLRSL ,C(l6131) 
EQUIVALENCE lPSO ,Cll620)) 

C 
EQUIVALENCE ( XN ( 1) ,C<l2251),(XO Cl) , C tl250 » 

C 
DI~ENSION XN ( 25) 
DIMENSION XO (25} 

C 
en IFIIWEEK.EQ.OIRETURN 
I C 

I.O ...... GO TO (lOC,200,300,4001,IPWEEK 
C 

EST=AMIN1(2.0*X0(8),STORL, 
C 

STORLS=STORL 
STORL =1000000.0 

C 
ED =EDI 

C 
IPWEEK=l 

C 
ESCS=ESO 

C 
ESO=EST 

C 
ISTL=O 

C 
PISFAC=XO(l6l/DS8MX 



<r' 
~ 

C 
C 

C 

C 

C 

C 

C 

C 

~· 

C 

C 

C: 

C 

C 

~ 

€:. 

c:, 

C 

C 

C 

ESWE=2.0*XOl8) 

CALL DAYANLl&50) 

50 RETLRN 1 

100, ET=ESS, 

ST ORl.=51'0~.t. S 

ldf t EST, .. ~');., SlORU, l STL= l 

J, PW;E.f;K=2· 

E: MAX!N;l.. -=;li),S, 8:M X 

REll;;RN l 

z;o,o, EM:::ijSS 

Iii SO, ~Ox .. ?•t E SI-( ET-i;M'~ ),+ tET-EM). 

If SO~ l!:SsO 

\i?'W:Et~:;,3; 

ilO~l,.~:.SltCRL 
S·{(;)~L ~es.o,+ { SlOR:tS-~S:T); 

~ T;tRS;S,:;,Sl't,QS,l 
S.Tl~S;l;, ~o,.?•S,1/l.R SL 

REHrRN l 

J()O. S,TOR:t: 100-0,-00,0.0, 

E SO= Q. 2*t E ST-l E t-,fr,.t) t 

• -••-•····-· ••-•· ." -• 



C'I 
I 
\0 
\0 

C 

C 

C 
C 

C 

C 

C 

C 

C 

••••••••• 
~SCT=ESO 

IPwEEK=4 

PSO=ESO*P[SFAC 

RETLRN l 

400 ESO=ESOS 
STCRL=STORLS 
PSO=O.O 
STLRSL=STLRSS 

WRITE(6,1COO) 
wRITE(6,1010lESWE 
WRITE(6,1020)EMAXNL 
WRI fE{6,lC30)ESOM 
WRITE(6,l040)ESOT 

RETLRN 

1000 FCR~AT( 1 0 WEEKLY CYCLE ENERGY ACCUMULATION') 
1010 FORMAT( 1 0MAXI~UM WEEKEND STORED ENERGY (NO DEMAND) 
1020 FORMAT(' MAXIMUM WEEKDAY STORED ENERGY (NO STORAGE LIMIT) 
1030 FOR~AT(' MONDAY INITIAL ENERGY BANK 
lC40 FCRMAT{ 1 TUESDAY INITIAL ENERGY BANK 

END 

',Fl0.2) 
1 ,Fl0.2) 
',Fl0.2) 
',Fl0.2) 

• 



0\ 
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C 

C 

C 

C 

C 

C 

C 

SuB~OUTINE ZRATE 

cc~~C~/SOLAR/C(2000) 

EQUIVALENCE (EDT 
EQ~IVALENCE (POS 
EQUIVALENCE (NODES 

EQUIVALENCE (TWP (1) 
EOLIVALENCE (XMELT (1) 
EOUIVALENCE (TFP (1) 

DIMENSION TWP 
DIMENSION TWT 
Dlf'ENSION XMELT 
DH'E~SION TF 
DlMENSION TFP 

(100) 
(100) 
(100) 
(100) 
( 100) 

,C( 17)),(PIS 
,C( 12)) 
,C( 446) > 

,C( 45Jl.<TWT 
,C( 452)),(TF 
,C'1101)) 

EQUIVALENCE (DMWT (11 ,C(lOOll),lP 
EQUIVALENCE (T (1) ,C(l061)),(DP 

Olr-ENSION OMWT 
DlMENSION P 
DIMENSION T 
Dl~Et\SICN OP 

(20) 
( 20 > 
(20) 
(20) 

,C( 11)) 

lll ,Ct 145)) 
{ 1 > , CC 854 l > 

(1) ,Cll04Ul 
(1) ,Cl108U) 

C**** THIS ROUTINE SETS DERIVATIVES FOR ZERO RECIEVER OUTPUT 
C**** ANO STORAGE FULLY DISCHARGED 
C 

C 

C 

DO 100 l=l,15 
100 Ol"W-T ( I l =O.O 

00 200 1=1,NODES 
XMEL T ( l)=O.O 
TF (l)=TFP(IJ 

200 TWT (l)=TWP(I) 

T f7) =O .. 0 
Ha>=o.o 
T(91:::::0.0 

.... •••-• •••••••••• • 
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APPENDIX I 

TRANSIENT THERMAL ANALYSIS 

The transient thermal model for the sensible heat and phase change storage 
devices is based on a finite difference solution to the one-dimensional 
energy equations. The derivation of these equations in conjunction with 
the simplifying assumptions is presented in this appendix • 

For the purpose of this math model, the thermal problem 1s separated into 
two one-dimensional problems - axial or along the direction of the fluid 
flow and lateral or perpendicular to the flow of the fluid. The tube in 
bath construction chosen for the phase change device adapts particularly 
well to this approach. Specifically, the lateral heat flow from the 
helium to the media can be modeled by a single node reducing the total 
problem to a one-dimensional axial analysis. The length of the bath is 
subdivided into many small increments (nodes) and the analysis proceeds as 

follows: 

Consider the fluid flow past wall node i as shown below . 

Fluid ----

Wall 

----- 6.x 

Extending the nodal boundaries into the fluid, the energy balance within 
those boundaries in time increment tr is: 



where: 

but 
tiff= aTf 
I:,., a-r 

. 
timf mf 

= 
1:,.X \Jf 

and 

T i+l T . 
f - f 1 

1:,.X 

where: 

. 
mf = 

Cpf = 

tim = 
f 

q = 

aTf 
= 

ax 

= 

change in average flu.id temperature 
noda1 boundary over time interval fl, 

fluid fl ow rate 

fluid specific heat 

fluid mas-s within nodal boundaries 

heat flow rate into fluid 

fluid velocity 

The lumped lateral heat flow is 

where: 

q = LIA (T W - T f) 

LI 
A 

= 

= 

unit thermal conductance 

heat transfer area 

The final energy equation for the fluid is then 

1 aTf aTf LIA (Tw - T f) 
+ -= 

mfCpf \Jf a, ax t.X 

I-2 
{I-1.) 

• 
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The one-dimensional energy equation for the wall is written from the basic 
heat transfer equations with the lumped lateral heat flow out of the wall. 

~.2T 
rJ w 

-ex--+ 

aX2 

where: ex = 

aTw = __ u_A_ 

01 

thermal diffusivity of the wall material 

wall mass 
wall specific heat 

(l-2) 

By expanding (I-1) and (I-2) in difference form, the order of magnitude of 
each .term and stability criteria for the difference solution can be estab
lished. In this way it can be shown that 

2 
a a T rJ aT W 

<< 
ax 2 a-r 

and the integration must be carried out such that 

With these observations, equations (I-1) and (I-2) become: 
Hf UA 

aX (I-3) 

~ T W = - UA ( T W - Tf) 
o-.- Ms cp5 

(I-3a) 

The difference solution of these two equations is developed as follows . 

The fluid temperature along node i is given by integrating equation (I-3) 

UA l X ) 
. i i mfCpf \ .:.X 

Tf - r} = (Tw - Tf) ( 1 - e ) 
( I -4) 

I-3 



and 

Ti+1 Ti + (Ti Ti)--e--u __ 
f = f W - f m Cp 

f f 

where u is an effective U-A p-rodtJ-ct giveA by 

UA 
V = mf Cpf ( 1 - e - mf Cpf) 

(1-5) 

(I-6) 

The wa11 temperature can be found by integrating equation (I-2) for node i 

d Ti UA w --=---
d 1 

(I-7) 

The f1 ui d temperature in this equation is the average value over node i 

- 1 f 1:,.X 
T f = lX T f dx ( I -8) 

0 

using Tf from equation (I-4) and integrating, yields 
. . mf Cpf UA 

T f = T ~ - ( T ~ - T}) ( UA ) ( 1 - e - -mf__,,,C_p f ) 

with the definition of u given by equation (I-6), 

Combining equations (I-9) and (I-7) gives 

d Ti U 
~---
d -r - M Cp 

s s 
(T~ - r}) 

Assuming r} = constant over time increment t:,.~, equation (I-lO)can be 

integrated to give 

where Ti 
w = 

= 

wall temperature at new time 

wall temperature at old time 

I-4 

{I-9) 

(I-10) 

(I-11) 
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The heat transfer from the wall over time period t.1 for a fixed fluid 

t T
i . 

tempera ure f 1 s: 

i ( i i ) - Ut.' U 
-qw = Ms Cps T w - T f ( l - e Ms Cps) 

0 

The heat transfer to the fluid over t.-r is given by 

q~ = mf Cpf J:' (Ti+] - r}) dt 

or using equation (I-5) 

q~ = Ur (Ti - T ~) dt 
0 

{I-12) 

(I-13}· 

For a fixed fluid t~mperature Ti, equation {I-13) can be integrated by 
substituting for T~ from equation (I-11), 

i J6
' i i - u. qf = V (Tw - Tf) e Ms Cps dt 

0 0 

Vtn 

q~ = Ms cp5 (T~
0 

- Ti) (1 - e M5 Cps) (I-14) 

Thus, for a given node, the heat transfer to the fluid matches that from 
the wall as it should. However, in a finite difference solution a dis

crepancy between these heat transfer terms may arise • 

If the outlet fluid temperature ri+l is based on the old wall temperature 
Twi the heat transfer to the fluid is given in finite difference form as 

0 
fo 11 ows: 

(I-15) 

This results in an error between qf and qw 

{I-16) 

I-5 



Tflis errGr has heen substantially reduced by basing t'he outlet fluid tempera-

·+1 . - .-
ture T} on the time average wall temperature T~ 

-i 1 ( i i 
Tw = 2 Tw + Tw ) 

0 

:.using equation (I-12) 

The average outlet fluid temperature is thus (using equation I-5) 

The heat transfer to the fluid is then 

The error between wall and fluid heating is now given by 

i 
qw 

Ub.r: 

2 Ms cps (l -e Ms Cps) 

--. = ---- ------
qf 

tanh 

=------

qi 
-~ = l __ l { Ub.r: )2 + O ( Ut.r: )4 

q} 12 Ms cp5 Ms cps 

.1L£ i i l (Ub.r. ) 10-3 
For MsCPs = 0.1, the error between qw and qf is 12 ~ 

which is very adequate Ms Cps 

I-6 

(l-17) 

(1-18) 

{I-19) 

{I-20) 

( I-21 ) 
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In summary then, the final difference equations used •in the TES performance 
model are as follows. Given T~ and T~ as initial conditions for all i 

and Ti as a boundary condition: 
0 

(1-22) 

and 

{1-23) 

When a node is undergoing a phase change,equation (I-22) does not apply, 
the wall temperature is held constant, and an amount of heat equal to the 
heat of fusion of the node must be absorbed before equation (1-22) once 

again applies . 

1-7 
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APPENDIX II 

UNIT THERMAL CONDUCTANCE ANALYSIS 

The thermal analysis for the sensible heat and phase change TES systems has 

been set up as two one-dimensional problems. The thermal performance 

analysis along the direction of the fluid flow has been treated in depth in 

Appendix I. The treatment of the lateral heat flow problem is presented in 

this appendix. For the purpose of the initial presentation, a planar heat 

flow model has been adopted. This approach greatly simplifies the 

presentation and leads to a conclusion that applies equally well to the 

radial heat flow problem . 

At a given axial position in the storage device, the heat flow from the 

working fluid into the storage media is substantially a one-dimensional 

problem. The working fluid temperature varies with time at a given axial 

location and the media simply responds to that temperature change. Sym

metrical adiabatic surfaces develop between the uniformly heated tubes 

which further reduces the problem to the classical case of the 

semi-infinite plate uniformly heated on one side and insulated on the 

other. Any basic heat transfer text treats this transient problem. There 

is an exact solution to this problem, but it is complex in the general 

case. Over a wide range of parameters of practical interest in our 

problem. these solutions can be avoided by the adoption of a single node 

approximation. The accuracy of this approach is demonstrated in the 

following paragraphs by comparison to the step change response 

characteristic of the partial differential equation. 

Under the above conditions, the one-dimensional temperature distribution 

within the media shown below must satisfy the following partial differen

tial equations. 

II-1 



QO_ 

where: 

k 

2 
at l/ at ~= a.-·. 
ax a, 

~ = storage media thermal 

diffusivity . 

7 
lt 

_l 
In addition, the following initial 
and boundary conditions apply: 

·X = 0 X = j,_ 

f ... I 
X 

00 

Oat x = O for all. ( Il-2) 
ax 

( II-3) 

The solution to the partial differential equation with these boundary and 
initial conditions is obtained by the separation of variables technique and 

is as follows: 

~- 2r 
t.-t - n=l , f 

sin An 2. 

+ sin An R. cos ) 
The An satisfy the transcendental equation 

cot AR 2. = t A n n 

and are referred to as the eigenvalues. 

Il-2 

2 -A (l'! 
e n ( II-4) 

( II-5) 
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The condition of concern in our problem is the heat flux rate at the surface 

which is given by 

Then by defining the unit thermal conductance as, 

u = 

U can be written in terms similar to equation (I-4) as follows: 

k u = -
!l 

n!l ( t\ sin
2 

Nn \ -N~NFo 
Nn + sin Nn cos Nn} e 

and the eigenvalues (N ) now satisfy the expression, 
n 

( II-6) 

{II-7) 

( I I-8) 

( II-9) 

The non-dimensional quantities that have been introduced in equations 
(II-8) and (II-9) are the Fourier number (NF

0
) and the Biot number (N8;) 

which are defined as follows: 

II-3 



The Fourier number fs a mErasure of the- degree h-e-ati--ng- or eool-i~ ef-f-e-cts- have 

penetrated the plate-and the Biot-number is indicative of the resistance to heat 

transfer at the surface of the plate compared to its internal resistance. 

N - Fo . -1 
For our particular problem, -=r runs about 3.0 hr and Na; runs about 4-5. The 

data presented below include variations in NBi from 1.0 to 10.0 and variations in 

NFo from 0.3 to 5.0. Since the time response in our axial heat transfer problem 

is about 0.5 hour, considerations of longer times here are of little sig•nificance . 

The solution of the unit thermal conductance in equation (11-8) is a complex series 

solution. Fortunately, the series converges rather rapdily and satisfactory ac

curacy is obtained by considering only fiv_e terms. A chart of the eigenvalues for 

the first five terms is shown as a function of the Biot number in.Figure AII-1. 

The single node approximation to the uni·t thermal conductance is shown for compari

son with the exact data. The accuracy of the single node approximation is obviously 

very good, particularly -for low Biot numbers. 

The final ·conclusion applies equally well to the lateral heat flow problem in 

cylindrical coordinates. Specifically, the lateral heat flow problem can be 

adequately represented by a single thermal node approximation if that node is taken 

as the centroid of the thermal mass of the storage media enclosed by the adiabatic 

surface of symmetry between the heat exchanger tubes. The derivation and presenta

tion of the resultant unit thermal- conductance in cylindrical coordinates are 

given in Volume 1, sectinn 6.1 of this report. 

II-4 
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Figure 11-2. Single Node Unit Thermal Conductance Accuracy 
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