
Thermal Power Systems 
Advanced Solar Thermal Technology Project 

HEAP: 
Heat Energy Analysis Program 
A Computer Model Simulating Solar Receivers 

F. L Lansing 

January 15,1979 

Prepared for 
us. DepaFtment of EnecgSr 
Through an agrem8nt with 

JetPIopu~-tory 
California lnstbte of Techndogy 
Pasadena, California 
(JPL PUELJCA'IXHV 79-3) 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



DOE/JPL-1060-13 
Distribution Category UC-62 

Thermal Power Systems 
Advanced Solar Thermal Technology Project 

HEAP: 
Heat Energy Analysis Program 
A Computer Model Simulating Solar Receivers 

F. L. Lansing 

January 15; 1979 

Prepared tor 
U.S. Department of Energy 
Through an agreement with 
National Aeronautics and Space Administration 

by 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

(JPL PUBLICATION 79-3) 

-- -- 
I 

NOTICE 

sponsored by the United Stater Covemmmt. Neither the 

contractors, subcontracton, or their employees, makes 
any warranty, express or implied, or nssumcr any legal 

process disclosed, or ieprrxnts that its urr would not 



Prepared by the Jet Propulsion Laboratory, Cahfornia Institute of Technology, 
for the U.S. Department of Energy through an agreement. with the National 
Acronautics and Spacc Administration. 

The JPL Solar Thermal Power Systems Project is sponsored by the U.S. 
Department of Energy and forms a part of the Solar Thermal Program to develop 
low-cost solar thermal electric generating plants. 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Department of 
Energy, nor any of their employees, nor any of their contractors, subcontractors, 
or their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents that its use 
would not infringe privately owned rights. 



ABSTRACT 

Thermal design of solar receivers is commonly accomplished via 
approximate models, where the receiver is treated as an isothermal box 
with lumped quantities of heat losses to the surroundings by radiation, 
conduction and con.vection. 

These approximate models, though adequate for preliminary design 
purposes, are not detailed enough to distinguish between different 
receiver designs, or to predict transient performance under variable 
solar flux, ambient temperatures, etc. A computer code has been written 
for this purpose and is given the name "HEAP", an acronym for Heat Energy 
Analysis Program. HEAP has a basic structure that fits a general heat 
transfer problem, but'with specific features that are custom-made for 
solar receivers. The code is written in MBASIC computer language. 

This document explains the detailed methodology followed in 
solving the heat transfer problem, and includes a program flow chart, an 
explanation of input and output tables, and an example of the simulation 
of a cavity-type solar receiver. 
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SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

The need f o r  an a c c u r a t e  p r e d i c t i o n  of t h e  thermal  behavior  

of ' so l a r  r e c e i v e r s ,  t o  be used a s  a b a s i c  t o o l  f o r  t h e i r  performance 

comparison, has  become i n c r e a s i n g l y  important  wi th  t h e  r a p i d  develop- 

ment of s o l a r  energy tdchnology. A s u f f i c i e n t l y  g e n e r a l  a n a l y t i c a l  

model is  needed which is  both  an  adequate  i d e a l i z a t i o n  of t h e  p h y s i c a l  

system and i s  capable  of exp re s s ing  i t s e l f  by s imple mathematical  descr ip-  

t ion .  

Thermal des ign  of s o l a r  r e c e i v e r s  is commonly accomplished 

wi th  approximate models where t h e  r e c e i v e r  i s  t r e a t e d  a s  an  i so the rma l  

box wi th  1umped.quant i t i es  of h e a t  l o s s e s  by r a d i a t i o n ,  conduction and 

convect ion t o  t h e  sur roundings .  These approximate models,. though adequ- 

a t e  f o r  p re l iminary  des ign  purposes ,  a r e  no t  d e t a i l e d  enough t o  d i s t i n -  

gu ish  between d i f f e r e n t  r e c e i v e r  des igns ,  t o  p r e d i c t  t r a n s i e n t  per for -  

mance, o r  t o  a c c u r a t e l y  express  t h e  performance s e n s i t i v i t y  t o  v a r i a t i o n s  

occu r r ing  i n  t h e  system parameters .  

S ince  t h e  s o l a r  r e c e i v e r  i s  p a r t  of t h e  energy c o l l e c t i o n  

subsystem, and l o c a t e d  i n  a very  s t r a t e g i c  s p o t  i n  between the  con- 

c e n t r a t o r  and t h e  energy conversion subsystem, i t s  thermal  performance 

and concept s e l e c t i o n  a f f e c t  t h e  system i n s t a l l a t i o n  and ope ra t i on  c o s t .  

A d e t a i l e d  model is ,  t h e r e f o r e ,  needed no t  only t o  p r e d i c t  t h e  per- 

formance under vary ing  s o l a r  f l u x ,  ambient temperatures ,  and l o c a l  h e a t  

t r a n s f e r  r a t e s , . b u t  a l s o  t o  d e t e c t  l o c a t i o n s  of h o t  s p o t s  and m e t a l l u r i -  

c a l  d i f f i c u l t i e s ,  a n d , t o  p r e d i c t  t h e  performance s e n s i t i v i t y  t o  neighbor- 

i n g  componcnt paramctcrs .  



The computer code w r i t t e n  f o r  t h i s  purpose is  presen ted  i n  

t h i s  r e p o r t  and i s  g iven  the  name HEAP, an acronym f o r  g e a t  Energy 

~ n a l ~ s i s  Program. HEAP has  a b a s i c  s t r u c t u r e  t h a t  f i t s  any gene ra l  h e a t  - 
t r a n s f e r  problem, b u t  w i th  s p e c i f i c  f e a t u r e s  t h a t  a r e  "custom-made" f o r  

s o l a r  r e c e i v e r s .  The processes  t h a t  l e d  t o  t h e  w r i t i n g  of t h i s  new 

code and t h e  c r i t e r i a  t o  be  s a t i s f i e d  a r e  expla ined  i n  t h e  fo l lowing  

sec t io .ns .  

1 . 2  SURVEY OF OTHER AVAILABLE PROGRAMS 

Before c o n s t r u c t i n g  t h e  HEAP code, a computer l i b r a r y  s ea rch  

was conducted t o  review c u r r e n t  programs and s e l e c t  one t h a t  could be  

a p p l i e d .  F ive  computer programs were i d e n t i f i e d  i n  t h e  search :  

(1)  LOHARP: Lockheed O r b i t a l  g e a t  - Rate Package, con ta in s  

t h r e e  subprograms f o r  c a l c u l a t i o n  of r a d i a t i o n  view 

f a c t o r s ,  r a d i a t i o n  cons t an t ,  and r a d i a t i o n  o r b i t a l  

h e a t  r a t e .  The program is  a p p l i c a b l e  t o  o u t e r  space  

r e l a t e d  problems. The program i s  documented i n  

Reference 1. 

(2 )  TAS: - Thermal - Analys i s  %stem, a JPL-developed pro- 

gram f o r  s t eady  state problems only ,  w r i t t e n , i n  

FORTRAN I V .  No convect ion h e a t  t r a n s f e r  o r  f l u i d  flow 

a c r o s s  nodes a r e  cons idered  ( s e e  Reference 2 ) .  

( 3 )  THERM: Thermal Analyzer Computer Code i s  another  code 

i n  FORTRAN I V ,  which i s  capable  of handl ing  1000 nodes 

o.f a problem wi th  s t eady  s t a t e  o r  t r a n s i e n t  h e a t  

transfer. . Ava i l ab l e  documentation ( ~ e f e r e n c e  3) is 

n o t  complete o r  c l e a r  i n  i t s  assumptions and l i m i t a -  

t i o n s .  

(4 )  SINDA: %stems - Improved Numerical D i f f e r enc ing  

Analyzer i s  a code expanded by TRW from a v e r s i o n  - 
w r i t t e n  by Chrys l e r  Corporat ion.  It is a gene ra l ,  



v e r s a t i l e  b u t  expensive code which handles  both 

s t eady  a n d . t r a n s i e n t  problems. Users may add 

t h e i r  own sub rou t ines  a f t e r  becoming f a m i l i a r  wi th  

i t s  massive documentation (Reference 4 ) .  

( 5 )  HEAT: . HEAT Trans fe r  Computing program, developed 

by W .  A .  Beckman a t  t h e  Un ive r s i t y  of Wisconsin. 

HEAT is  b a s i c a l l y  t h e  same a s  TAS except  t h a t  

t r a n s i e n t  s o l u t i o n s  a r e  added. HEAT i s  w r i t t e n  i n  

FORTRAN V language ( s e e  Reference 5 ) .  

.1 .3  SELECTION CRITERIA 

Before s e l e c t i n g  t h e  computer program most s u i t a b l e  f o r  

advanced r e c e i v e r  s t u d i e s ,  some c r i t e r i a  were set  t o  bound t h e  s e l e c t i o n  

process  of any one of t h e  above computer codes: 

(1)  The computer program should i nc lude  ana lyses  of a l l  

modes of h e a t  t r a n s f e r  by conduct ion,  convect ion,  

longwave ( i n f r a r e d )  r a d i a t i o n ,  s o l a r  r a d i a t i o n  and 

t h e  convec t ive  energy c a r r i e d  i n  and ou t  t h e  r e c e i v e r  

by flowing f l u i d s .  The program should a l s o  a l low 

f o r , p o s s i b l e  h e a t  gene ra t i on  o r  l o s s  due t o  chemical 

r e a c t i o n s ,  e l e c t r i c a l  r e s i s t a n c e s ,  e t c .  

(2 )  The computer program must handle  both s t eady  s t a t e  

( o r  quasi-s teady s t a t e )  and t r a n s i e n t  problems. This  

requirement  i s  e s s e n t i a l  i n  t e s t i n g  r e c e i v e r s  of 

d i f f e r e n t  response t imes under v a r i a b l e  d a i l y  s o l a r  

f l u x ,  ambient temperatures ,  o r  flow r a t e s .  

(3)   or' e a s e  of use ,  t h e  computer program should be  a ' 

s e l f - s u f f i c i e n t  and complete package wi th  minimum o r  

no dependence on o t h e r  'computer program ou tpu t s .  This  

means t h a t  t h e  u se r  should n o t  be  r equ i r ed  t o  pu t  

t oge the r  t h e  i n p u t  d a t a  f o r  one program us ing  sub- 

r o u t i n e s  of o t h e r  programs a s  a p r e r e q u i s i t e  o r  t o  

1- 3 



reach  t h e  f i n a l  answers of t h e  problem by working 

i n  more than one program s imul taneous ly .  

( 4 )  The program documentation should be  c l e a r ,  s imple ,  

and s e l f  explana tory  t o  sho r t en  t h e  u s e r ' s  s t a r t - u p  t i m e  

and should e x p l i c i t l y  show i t s  f l e x i b i l i t y  and l i m i t a -  

t i o n s .  

( 5 )  The computer program should b e  c l o s e l y  a s s o c i a t e d  wi th  

t h i s  p a r t i c u l a r  a p p l i c a t i o n  t o  s o l a r  r e c e i v e r s ,  b u t  

g e n e r a l l y  expressed t o  handle  many p o s s i b l e  r e c e i v e r  

con f igu ra t i ons .  This c r i t e r i o n  s aves  time consumed 

i n  running complicated,  gene ra l  programs t h a t  have too  

many v a r i a b l e s  i r r e l e v a n t  t o  t h e  problem under s tudy .  

The f i v e  computer codes p rev ious ly  i d e n t i f i e d  were eva lua ted  

a g a i n s t  t h e s e  s e l e c t i o n  c r i t e r i a .  The f i r s t  program, LOHARP, was 

dropped because of t h e  f i f t h  c r i t e r i o n  s i n c e  it  handles  mostly o u t e r  

space  o b j e c t s  w i th  no convect ion h e a t  t r a n s f e r .  The second program, 

TAS, was a l s o  dropped because of t h e  f i r s t  and second c r i t e r i a  s i n c e  

i t  handles  s t e a d y  s t a t e  problems only ,  wi th  no h e a t  o r  flow convect ion.  

The t h i r d  program, THERM, was omi t ted  f o r  l a c k  of good documentation, 

r e q u i r e d  by t h e  f o u r t h  c r i t e r i o n .  The f o u r t h  and f i f t h  programs, SINDA 

and HEAT, though comprehensive a t  t i ines,  both l a c k  t h e  completion spec i -  

f i e d  by t h e  t h i r d  c r i t e r i o n .  They both r e q u i r e  r a d i a t i o n  view f a c t o r  

d a t a  which t h e  u s e r  may e i t h e r  c a l c u l a t e  o r  o b t a i n  from t h e  ou tput  of 

t h e  LOHARP program, f o r  example. HEAT assumes t h a t  t h e  u se r  w i l l  pro- 

v i d e  a11  thermal  and f l u i d  conductances,  which can be  q u i t e  a  t ed ious  

process .  For  i n s t a n c e ,  f o r  a  30-node problem, a t  l eas t  450 conductances 

a r e  needed. The SINDA program was f u r t h e r  downgraded f o r  be ing  too  

complex and. s t i l l  needs e x t r a  sub rou t ines  t o  be  added. The f i f t h ,  and 

t h e  on ly  hopefu l  program, HEAT, was then c a r e f u l l y  i n v e s t i g a t e d  t o  see 

how a d d i t i o n a l  r e c e i v e r  sub rou t ines  could b e  t i e d  t o  i t .  Unfor tuna te ly ,  

t h e  HEAT s t r u c t u r e  and assumptions w e r e  found inadequate  i n  handl ing  

many computat ional  procedures .  For t h e  E u l e r ' s  minimum time s t e p  of 

t h e  t r a n s i e n t  s o l u t i o n ,  HEAT approximates t h e  r a d i a t i o n  e f f e c t ,  which 



is  dominant i n  s o l a r  r e c e i v e r s ,  as e q u a l  t o  one-half of a l l  o t h e r  e f f e c t s ,  

a n  approx imat ion  which may n o t  b e  adequa te .  Also,  s i n c e  t h e  u s e r  pro- 

v i d e s  a l l  conductances ,  HEAT makes no d i s t i n c t i o n  between d i f f e r e n t  

s u r f a c e  a r e a s  and ne ighbor ing  nodes .  For  each node,  o n l y  one s u r f a c e  

area f o r  a l l  modes of h e a t  t r a n s f e r  is  used i n  HEAT, which i s  n o t  adequ- 

a t e  f o r  a d e t a i l e d  h e a t  t r a n s f e r  a n a l y s i s .  

F i n a l l y ,  a d e c i s i o n  was made t o  s a v e  t i m e  and e f f o r t  con- 

sumed i n  c o r r e c t i n g ,  add ing ,  o r  d e l e t i n g  i n  t h e  c a n d i d a t e  programs t o  

s u i t  s o l a r  r e c e i v e r s ,  by w r i t i n g  a new computer code t h a t  s a t i s f i e s  t h e  

above c r i t e r i a  and f i t s  t h e  s p e c i a l  needs .  The f o l l o w i n g  s e c t i o n s  of 

t h i s  r e p o r t  e x p l a i n  t h e  d e t a i l e d  methodology fo l lowed  i n  s o l v i n g  t h e  

h e a t  t r a n s f e r  problem and show t h e  f low c h a r t  of t h e  program. A s o l v e d  

example i s  a l s o  p rov ided  i n  S e c t i o n  4 t o  i l l u s t r a t e  t h e  program u s e  f o r  

a c a v i t y - t y p e  s o l a r  recei .ver .  



SECTION 2 

PROGRAM METHODOLOGY 

GENERAL LAYOUT 

The methodology used i n  t h e  h e a t  t r a n s f e r  c a l c u l a t i o n s  i s  a 

well-known n u m e r i c a l  t echn ique  which h a s  enjoyed wide a p p l i c a t i o n  s i n c e  

t h e  adven t  of high-speed d i g i t a l  computers.  The system ( r e c e i v e r )  under 

c o n s i d e r a t i o n  is d i s c r e t i z e d  i n  s p a c e  by nodes a s  shown i n  F i g u r e  2-1. 

Heat exchange between any two a r b i t r a r y  nodes ( i )  and (j) is  i l l u s t r a t e d  

i n  F i g u r e  2-2. The h e a t  t r a n s f e r  r a t e  e q u a t i o n s  a r e  w r i t t e n  w i t h  a l l  

modes of h e a t  t r a n s f e r  i n c l u d e d .  The n e t  energy s t o r e d  i n  each node 

(sometimes c a l l e d  t h e  energy " r e s i d u a l " )  i s  c a l c u l a t e d  u s i n g  t h e  f i r s t  

l a w  of thermodynamics, i n c l u d i n g  t h e  energy exchange t o  and from each 

node a s  a r e s u l t  of ne ighbor ing  nodes .  

S p a t i a l  nodes  a r e  d i v i d e d  i n t o  two c a t e g o r i e s :  a )  e q u i l i b r i u m  

nodes ( o r  f i n i t e  h e a t  r e s e r v o i r s )  whose t empera tu re  is  dependent  on t h e  

n e t  energy  s t o r e d ;  and b )  s o u r c e  o r  s i n k  nodes ( o r  i n f i n i t e  h e a t -  

r e s e r v o i r s )  which g a i n  o r  l o s e  any amount of h e a t  w i t h o u t  changing 

t empera tu re .  The program s t r u c t u r e  d i f f e r e n t i a t e s  between t h e s e  node 

c a t e g o r i e s  f o r  b o t h  s t e a d y  s t a t e  and t r a n s i e n t  s o l u t i o n s .  Another 

advan tage  was t a k e n  from t h e  axisymmetr ic  geometry of r e c e i v e r  nodes 

by add ing  a s p e c i a l  r a d i a t i o n  view f a c t o r  s u b r o u t i n e .  To avo id  

e x c e s s i v e  p r e c a l c u l a t i o n s  of the rmal  conductances',  t h e  program i .s bi.ii1.t 

t o  compute t h e s e  conductances  w i t h  minimum i n f o r m a t i o n  r e q u e s t e d  from 

t h e  u s e r .  

For t h e  s t e a d y  stat,e s o l u t i o n ,  t h e  energy r e s i d u a l  t o  each 

equil.ibi.iuul uude ~ l lus t  b e  zero.  A Newton-~aphson i t e r a t i o n  s o l u t i o n  is  

used t o  s o l v e  f o r :  a )  t h e  t empera tu re  d i s t r i b u t i o n  of equi.1 i h r i i i m  

nodes;  and b )  t h e  r e s i d u a l s  of s o u r c e / s i n k  nodes.  
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For the transient solution, the "forward" finite difference 

numerical technique is used. By this technique, the new temperature 

vector at time (T + AT) is calculated using the old temperature vector 

at time ( T )  and all other parameters evaluated at time (T). To ensure 

stable computations (convergence) a special formula is used for the 

critical time step (AT) based on the methodology stated in Reference 7. 

To minimize computational time consumed.due to nodes having a very small 

time step (AT), the concept of zero-capacity nodes was included in the 

transient solution. 

2.2 BASIC ASSUMPTIONS 

The following assumptions and idealizations were made in the 

heat transfer calculations: 

(1) The physical system under study (solar receiver) is 

treated as a collection of a number of isothermal 

nodes with uniform optical and' physical properties 

throughout each node. Nodes are preferred to be of 

axisymmetric geometry (plane discs, plane rings, 

cylindrical discs, cylindrical rings etc.) to make use 

of the special radiation view factor subroutine. The 

axis of symmetry must coincide with the receiver axis. 

The condition of axial symmetry is preferred, but is 

not mandatory. 

The nodal specific heat, thermal conductivity, and density 

are assumed independent of operating temperature. The 

p~opesties may be taken at an estimated average work- 

ing temperature as an approximation. Also, nodal 

infrared and solar emittances are assumed independent 

of both directivity and operating temperature. A 

second phase of the program would consider the above 

variations if they showed serious effects on the 

computational accuracy. 



(3 )  The s o l a r  f l u x  i n c i d e n t  on each node is  assumed 

uniform. Therefore ,  t h e  u se r  should be  c a r e f u l  when 

d iv id ing  t h e  r e c e i v e r  i n t o  nodes t o  avoid d i s t o r t i n g  

t h e  f l u x  p r o f i l e  i n s i d e  o r  o u t s i d e  t h e  r e c e i v e r  body. 

( 4 )  The r a d i a t i o n  emi t ted  by a  node s u r f a c e  i s  assumed t o  

be  d i f f u s e .  I n  gene ra l ,  t h e  r a d i a t i o n  r e f l e c t e d  from 

a node s u r f a c e  can be  d i f f u s e ,  specu la r  o r  a  combina- 

t i o n  of d i f f u s e  and s p e c u l a r  p a r t s .  I n  t h e  p re sen t  - 
model, on ly  d i f f u s e  r e f l e c t i o n  was assumed, w i th  a  

. ze ro  specu la r  component. 

(5) The o p t i c a l  p r o p e r t i e s  of a  node s u r f a c e  a r e  assumed 

t o  be  d iv ided  i n t o  two bands i n  t h e  e lec t romagnet ic  

spectrum. This  "semi gray" assumption a l lows  s e p a r a t e  

c a l c u l a t i o n s  of r a d i a t i o n  energy exchange i n  t h e  s h o r t  

wave ( s o l a r )  band and t h e  longwave ( i n £  r a r ed )  band. 

Consequently,  t h e  r a d i a t i o n  energy i n  t h e  program i s  

allowed t o  be  absorbed, r e f l e c t e d  o r  emi t ted  i n  t h e  

longwave reg ion ,  and is  only absorbed o r - r e f l e c t e d  

i n  t h e  s h o r t  wave reg ion .  

(6 )  The nodal  i n t e r n a l  energy gene ra t i on  o r  d i s s i p a t i o n  

by e l e c t r i c a l ,  chemical o r  nuc l ea r  e f f e c t s  is  assumed 

uniform over  t h e  node s u r f a c e  and independent of t h e  

temperature .  

Based on t h e  above assumptions and i d e a l i z a t i o n s ,  t h e  h e a t  t r a n s f e r  r a t e  

equa t ions  a r e  w r i t t e n  and analyzed a s  descr ibed  i n  t h e  fo l lowing  s e c t i o n s .  

2.3 CONDUCTION HEAT TRANSFER 

'.For' two neighboring nodes ( i )  and ( j )  , exchanging h e a t  by 

conduction a c r o s s  t h e  i n t e r f a c e  a r e a  A ( i , j ) ,  t h e  h e a t  t r a n s f e r  Q( i )  cond 
is  given by 



where 

( i, cond = ~ c ( i y j ) c o n d  [ T ( j )  - T ( i ) l  
j 

K is  t h e  the rmal  c o n d u c t i v i t y ,  and L i s  t h e  conduc t ion  d i s t a n c e  between 

t h e  c e n t e r  o f  each node and t h e  s e p a r a t i n g  s u r f a c e .  

. . 
Thc v a l u e  o f  C ( i , j )  c o u l d  b e  a f u n c t i o n  of t ime  and/or 

t e m p e r a t u r e  o r  any o t h e r  v a r i a b l e .  However, t h e  conductance C ( i , j )  i s  

assumed c o n s t a n t  and un i fo rm th roughout  t h e  node. Because o f  t h e  

symmetric n a t u r e  of t h e  conductance m a t r i x ,  o n l y  h a l f  t h e  i n p u t  d a t a  

a r e  needed f o r  A ( i , j ) ,  where t h e  h a l f - c u t  i s  made a l o n g  t h e  d i a g o n a l .  

2 .4  CONVECTION HEAT TRANSFER 

The c o n v e c t i o n  h e a t  t r a n s f e r  a c r o s s  t h e  boundary l a y e r  of 

s o l i d - l i q u i d ,  l i q u i d - g a s  o r  s o l i d - g a s  i n t e r f a c e s ,  can b e  p u t  i n  t h e  

f o l l o w i n g  form between two n e i g h b o r i n g  nodes ( i )  and ( j )  of d i f f e r e n t  

phase  : 

Q(i) conv = x ~ ( i ~ j ) ~ ~ ~ ~  . [ T ( j )  - T(j-11 
j 

where t h e  conductance C ( i , j . )  i s  g i v e n  by: 
conv 

and where h ( i , j j  is  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e i f i c i e n t .  

C ( i y j ) m n v  i s  t r e a t e d  i n  a manner t h a t  a l l o w s  i t s  v a l u e  t o  b e  changed 

w i t h  tfme. T h i s  i s  made s imply because  t h e  c o n v e c t i o n  c o e f f i c i e n t  h ( i , j )  

is  a dominant f u n c t i o n  o f  t h e  f l u i d  m a s s  f low rate which may n o t  b e  con- 

s t a n t  d u r i n g  t h e  r e c e i v e r  o p e r a t i o n .  Fur thermore,  because  of t h e  

symmetric n a t u r e  of t h e  h ( i , j )  m a t r i x ,  o n l y  h a l f  o f  i t  ( c u t  a l o n g  t h e  

d i a g o n a l )  is needed as i n p u t  d a t a .  
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Cons ider  a node ( i )  surrounded by two a d j a c e n t  nodes (j.) and 

(k)  w i t h  a f l u i d  f lowing  a t  a r a t e  m from ( s )  t o  ( i )  t o  (k )  a s  shown 
f  

i n  F i g u r e  2-3. An energy  b a l a n c e  on node ( i )  t a k i n g  i n t o  account  t h e  

energy e n t e r i n g  a t  T ( s )  and l e a v i n g  a t  T ( i )  would y i e l d  

which w i l l  b e  w r i t t e n  a s  

where T ( j )  is  t h e  t empera tu re  of a l l  n e i g h b o r i n g  nodes i n  d i r e c t  con- 

t a c t  w i t h  node ( i ) .  For  a  s i n g l e  f l u i d  s t r e a m  c r o s s i n g  node ( i ) ,  t h e r e  

w i l l  b e  o n l y  two s u r r o u n d i n g  nodes ,  one ups t ream and t h e  o t h e r  down- 

s t r e a m .  The f low conductance C ( i , j )  w i l l  t h e n  b e  t a k e n  a s  [ i f ( i ) c p f ( i ) ]  

i f  t h e  f low goes  from ( j )  t o  ( i ) ,  and z e r o  i f  t h e  f low goes  from ( i )  

t o  ( j ) .  The m a t r i x  C ( i , j ) £  w i l l  t h e n  b e  asymmetric such t h a t  C ( i , j )  # 
C ( j , i )  and a l l  e l e m e n t s  a r e  needed as i n p u t  d a t a .  For  boundary nodes  

t h a t  p r e s e n t  t h e  i n l e t  f l u i d  zone o r  o u t l e t  f l u i d  zone a s  shown i n  

F i g u r e  2-4 t h e  n e x t  ne ighbor ing  node i n  t h e  c l o s e d  loop  shou ld  always 

b e  c o n s i d e r e d .  I n  t h e  program, one i n p u t  number (+I)  w i l l  b e  e n t e r e d  

i n  t h e  [MASFLO] m a t r i x  r e p r e s e n t i n g  t h e  d i r e c t i o n  of t h e  f low t o  each 

node. Care  must b e  t a k e n  when t h e s e  boundary nodes  are t r e a t e d  a s  

s o u r c e / s i n k  nodes  and when d e a l i n g  w i t h  more t h a n  one f l u i d  loop  i n s i d e  

t h e  r e c e i v e r .  
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Figure 2-3. Fluid Convection Between Nodes 
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Figure 2-4. Closed Sequence of Fluid Nodes in Receiver Loop 

2-9 



INFRARED (IR) AND SOLAR RADIATION 

The a n a l y s i s  of h e a t  t r a n s f e r  by r a d i a t i o n  is  d i v i d e d  i n t o  

two wavelength  r e g i o n s :  a )  an  i n f r a r e d  o r  long  wavelength  r e g i o n  i n  

which i n f r a r e d  p r o p e r t i e s  a p p l y ;  and b )  s o l a r  ( o r  s h o r t  wavelength)  

r e g i o n  i n  which s o l a r  r a d i a t i o n  p r o p e r t i e s  app ly  ( a  wavelength  r e g i o n  from 

0.3-5p) . The s o l u t i o n  methodology is  : 

For an  e n c l o s u r e  composed of N s u r f a c e s  a s  shown i p  

F i g u r e  2-5, t h e  r a d i o s i t y  ( J )  s t r ean l ing  o u t  of tlre ith node is  g i v e n  

where ~ ( i )  i s  t h e  g ray  r e f l e c t a n c e  o f  t h e  ith node, G ( i )  i s  t h e  

i r r a d i a t i o n  o r  f l u x  s t r e a m i n g  o n t o  t h e  node and X ( i )  i s  t h e  the rmal  

e x c i t a t i o n  a t  t h e  ith node. For  i n f r a r e d  o r  longwave r a d i a t i o n ,  t h e  

e x c i t a t i o n  (X) can b e  w r i t t e n  a s  

4 
X ( i )  = o e ( i )  T ( i )  (9) 

where o  i s  t h e  Stefan-Boltzman r a d i a t i o n  c o n s t a n t .  

On t h e  o t h e r  hand, t h e  r e l a t i o n s h i p  between t h e  r a d i o s i t y  

[ J ]  and i r r a d i a t i o n  [GI f o r  each node can b e  determined u s i n g  energy 

c o n s e r v a t i o n  p r i n c i p l e  a s  

where A ' s  r e p r e s e n t  s u r f a c e  a r e a s  and F ( k , i )  i s  t h e  view f a c t o r  

(sometimes c a l l e d  geomet r ic ,  c o n f i g u r a t i o n  o r  form f a c t o r )  from node 

(K) t o  node ( i ) .  Using t h e  view f a c t o r s  r e c i p r o c i t y  r e l a t i o n  pre- 

s e n t e d  by 



RADlOSllY J (i) IRRADIATION G (i) 

NODE WRFACE (i) NODE (i) 

F i g u r e  2-5. R a d i o s i t y  and I r r a d i a t i o n  i n  Enc losure  

Equa t ion  (10) is  t h e n  reduced t o  t h e  form 

G ( i )  = F ( i . l ) J I l )  + F ( i , 2 ) J ( 2 )  + . .. 
+ F( i ,K)  J(K) + . . . + F( i ,N)  J(N) 

o r  i n  t h e  m a t r i x  form t o  

[GI = [F l  [ J I  

Equa t ion  (12)  c a n  b e  a l s o  p u t  i n  t h e  i n d i c i a 1  form 

Combining Equa t ions  (8) and (13),  we can  w r i t e  



Equation (14) could be  a r ranged  i n  t he  ma t r ix  form 

Trans fe r  Mat r ix  E x c i t a t i o n  
Vector 

The t r a n s f e r  m a t r i x  [A] would then be  formed such t h a t  

A( i , k )  = 6( i ,K)  - p ( i ) F ( i , k )  

where 6 ( i , k )  is  the  Kronecker d e l t a  ma t r ix  def ined  a s  

Equation 14  i n  t h e  mat r ix  form w i l l  be  reduced t o  

By us ing  t h e  ma t r ix  a l g e b r a ,  t he  r a d i o s i t y  v e c t o r  [ J ]  i s  expressed ' 

from Equation (14) a s :  

[ J l  = [A1 
-1 

[XI 

Combining Equations (13) and (17) , then 

A 

[GI = [Fl  . [ J l  = [Fl [A1 
-1 

[XI = [Fl [XI 
A 

where [ F ] ,  an F circumflex ma t r ix ,  i s  def ined  a s  

[Fl = [F] . r ~ 1 - l  

h 

The element of t h e  [F] ma t r ix ,  F ( i , j ) ,  i s  sometimes c a l l e d  "Total"  view 

f a c t o r  s i n c e  i t  inc ludes  t h e  e f f e c t  of t h e  neighboring nodes a s  w e l l .  

The n e t  r a d i a n t  f l u x  Qt t ( i )  r e t a i n e d  i n  a  node ( i )  i s  expressed a s  

Q"(i) = G ( i ) - J ( i )  ( 20) 



Using  Equat ion ( 9 ) ,  t h e  n e t  r a d i a n t  f l u x  i n t o  ith node i s  e x p r e s s e d  a s  

Combining w i t h  Equat ion (18) w r i t t e n  i n  t h e  form 

then  
A 

[ l -  p ( i )  1 F ( i , k )  . X(k) -X(i)  1 
Equa t ion  (22) can b e  a p p l i e d  t o  b o t h  t h e  s o l a r  band and I R  band of 

r a d i a t i o n .  These c a s e s  a r e  d i s c u s s e d  below. 

2 .6 .1  Energy Exchange i n  t h e  I R  Band 

The e x c i t a t i o n  X ( i )  i s  g i v e n  by Equa t ion  ( 9 ) .  Accord ing ly ,  

t h e  n e t  r a d i a n t  f l u x  i n t o  t h e  ith node becomes 

I n  a  uniform t e m p e r a t u r e  e n c l o s u r e ,  t h e  n e t  r a d i a n t  f l u x  Q"(i) i s  z e r o .  

T h e r e f o r e ,  

T ( l )  = T(2) = T(3) = . . . = T(N) = T  

F u r  example, f o r  rhe f f r s t  node i n  t h i s  c a s e  

o r ,  i n  g e n e r a l  terms 



The l e f t  hand s i d e  i s  sometimes c a l l e d  H o t t e l ' s  F - s c r i p t  m a t r i x ,  F ( i , k ) ,  

where 

e ( i , k )  E (k )  = 1 
k  1 

Equat ion (24) c a n  s t i l l  h o l d  f o r  a  non-uniform tempera tu re  e n c l o s u r e  and 

by combining Equa t ions  (23) and ( 2 4 ) ,  t h e n  t h e  I R  r a d i a t i o n  energy  exchange 

t o  node ( i )  of a r e a  A ( i )  i s  

4 4 
Q(i),, = oA( i )  E ( i )  P ( i , k )  E (k)  [ T  (k) - T  ( i ) ]  (25) 

k 

2.6 .2  Energy Exchange i n  t h e  S o l a r  R a d i a t i o n  Band 

For t h e  s o l a r  band, t h e  TK p r o p e r t i e s  p ,  E ,  are r e p l a c e d  

by p*,  E* f o r  d i f f e r e n t i a t i o n .  The s o l a r  e x c i t a t i o n  X* on node ( i )  i n  

t h i s  c a s e  i s  a s  shown i n  F i g u r e  2-6 and i s  g i v e n  by 

* 
; ( i )  = p ( i )  F lux  ( i )  (26) 

Equa t ions  ( 1 5 ) ,  ( 1 7 ) ,  ( 1 8 ) ,  and (19) s t i l l  a p p l y ,  b u t  u s e  t h e  o p t i c a l  

p r o p e r t i e s  w i t h  a n  a s t e r i s k  f o r  t h e  s o l a r  spectrum.  

[Gf:] = [F*] [X*] 

[i*] = [F]  [A*]-' 



. .. 
J(i) ' p(i) G(i) + p(i) FLUX(;) 

SOLAR RADIOSITY &(i) 

4 SOLAR IRRADlATlON 

,,;.i/ NODE (i) =*(i) FLUX (i) 

SOLAR FWX (i) 

F i g u r e  2-6. R a d i o s i t y  and I r r a d i a t i o n  i n  t h e  S o l a r  Band 

The n e t  s o l a r  r a d i a t i o n  f l u x  r e t a i n i n g  i n  t h e  ith node is  e x p r e s s e d  as 

Q"* ( i )  = G* ( i )  - p  * ( i ) G * ( i )  + F l u x ( i )  - p * ( i ) F l u x ( i )  (31) 

Q1'*. ( i )  = [ l  - p * ( i )  ]G*(i) + a * ( i ) F l u x ( i )  

Using Equat ion (29),  t h e n  

From Equat ion ( 2 6 ) ,  t h e  n e t  s o l a r  energy exchange on node ( i ) ,  Q ( i )  is 
S 

where 



From t h e  above a n a l y s i s ,  Equat ion (25) i s  t h e  f i n a l  form 

t o  be  used f o r  t h e  longwave ( i n f r a r e d )  r a d i a t i o n  exchange,  and Equation 

(32) i s  t h e  f i n a l  form t o  b e  used f o r  shor twave ( s o l a r )  r a d i a t i o n  

exchange.  

2.7 NODAL ENERGY BALANCE 

For  a  p a r t i c u l a r  r e c e i v e r  node ( i ) ,  t h e  energy i s  exchanged 

w i t h  t h e  ne ighbor ing  nodes by many modes of h e a t  t r a n s f e r  such d s :  

1 )  longwave ( i n f r a r e d )  r a d i a t i o n ,  Q ( i ) I R ;  2) shor twave ( s o l a r )  r a d i a t i o n ,  

Q ( i ) s ;  3) conduc t ion ,  Q ( i )  4 )  the rmal  c o n v e c t i o n ,  Q(i)conv, 
cond ' 5)  

f l u i d  c o n v e c t i o n ,  Q ( i ) f ;  and 6) i n t e r n a l  g e n e r a t i o n  ( o r  d i s s i p a t i o n )  by 

e l e c t r i c a l ,  chemi,cal  o r  n u c l e a r  e f f e c t s ,  Q ( i ) p .  The f i n a l  mathemat ical  

form of each h e a t  t r a n s f e r  mode i s  w r i t t e n  a s  f o l l o w s :  

T h e ' n e t  longwave ( i n f r a r e d )  r a d i a t i o n  r e c e i v e d  by t h e  i 
t h  

node from a l l  n e i g h b o r i n g  nodes i s  g i v e n  by 

4 
Q ( i I I R  = x ~ ( i , j ) ~ ~  [ T ~ ( ~ )  - T  ( i ) ]  

j 

where T  is t h e  a b s o l u t e  t empera tu re  and C ( i , j )  is  t h e  I R  r a d i a t i o n  
I R  

conductance between nodes ( i )  and ( j ) .  C ( i , j )  can be  d e r i v e d  from 
I R  

Equa t ion  (25) . 

The f i n a l  forms of t h e  shor twave ( s o l a r )  r a d i a t i o n ,  Q ( i ) s  

and t h e  i n t e r n a l  energy g e n e r a t i o n  Q ( i )  a r e  assumed independent  oi- 
P  

o p e r a t i n g  t empera tu re  and a r e  c o n s t a n t s .  The energy t r a n s f e r r e d  by 

conduc t ion  t o  t h e  ith node from ne ighbor ing  nodes i s  g i v e n  by Equat ion 

(1)  ng 

Q (  i, cond =C c ( i , j I c o n d  [ T ( j )  - T ( i )  1 
j 

Also,  f o r  the rmal  c o n v e c t i o n ,  t h e  n e t  energy convected t o  

t h e  ith node i s  g i v e n  by Equa t ion  ( 3 )  s t a t e d  b e f o r e  a s  

4( i )  
conv = C ( c ( i , j I c o n v  

CT(j> - T ( i > l  
j 

where C ( i , j ) c o n v  i s  t h e  thermal  conductance f o r  convec t ion .  

2-16 



For f l u i d  convec t ion ,  t h e  h e a t  e x t r a c t e d  o r  dumped t o  t h e  ith node 

is  g iven  by Equat ion ( 7)  a s  

where C ( i , j ) £  i s  t h e  f l u i d  conductance f o r  f lowing  f l u i d .  

The f i r s t  law of thermodynamics a p p l i e d  t o  t h e  ith node g i v e s  : 

where R e s ( i ) ,  DN(i) ,  V ( i )  a r e  t h e  n e t  energy s t o r e d ,  d e n s i t y  and 

volume of t h e  ith node, r e s p e c t i v e l y ,  and A T  i s  t h e  e l a p s e d  t ime  
' 

increment .  

2 .8  MATRIX FORMATS 

To f a c i l i t a t e  t h e  m a n i p u l a t i o n  p r o c e s s e s ,  Equa t ions  ( I ) ,  

( 3 ) , , ( 7 ) ,  and (34) a r e  p u t  i n  m a t r i x  o r  v e c t o r  forms. G e n e r a l l y ,  . 

where n 

g e n e r a l  

i s  a n  exponent 

i n d i c i a 1  form 

t h a t  can be  e i t h e r  1 o r  4 ,  and C ( i , j )  i s  a 

f o r  conductance m a t r i x .  Equa t ion  (36) can b e  

w r i t t e n  i n  t h e  expanded form 



In the matrix form, Equation (36) may also be expressed as 

where [TI .is a modified conductance matrix developed from the original 
[c] matrix with diagonal elements equal to the-negative sum of the 

corresponding row. 

+ C(1,3)+. . I  
C(1,2) C(1,3) [c] = c (i, j) = 

C(2,1) -[~(2,1)+~(2.3)+. . ] C(2,3) 

C(3,l) ' C(3,2) - [(3,1)+C(3,2)+. - 1  I 
In indicia1 form, the new matrix [Clean be written as 



where 6 ( i , j )  i s  t h e  Kroencker d e l t a  d e f i n e d  by Equat ion (16) a s  

( i j )  = 1 i = j 

= O  i f j  

Based on t h e  above d i s c u s s i o n ;  Equa t ions  ( I ) ,  ( 3 ) ,  ( 7 ) ,  and (34) can be  

w r i t t e n  i n  terms of t h e  modif ied conductance m a t r i c e s  a s  

Q(  i )  ,, = C c ( i , j ) , ,  ~ ~ ( j )  
j 

Q(i) cond = C c ( i y j ) c o n d  T ( j  
j I 

Q(i)conv = C E ( i , j )  conv T ( j )  \ 
j 

and t h e  noda l  energy b a l a n c e ,  Equat ion (35) is  w r i t t e n  a s :  

2 .9  STEADY STATE SOLUTION 

The s t e a d y  s t a t e  s o l u t i o n  d i f f e r e n t i a t e s  between e q u i l i -  

brium nodes and s o u r c e / s i n k  nodes when h a n d l i n g  Equat ion ( 3 5 ) .  The 

s o l u t i o n  h a s  two f u n c t i o n s :  1 )  t o  f i n d  t h e  s t e a d y  s t a t e  t empera tu re  

f o r  each e q u i l i b r i u m  node; and 2) t o  f i n d  t h e  energy r e s i d u e  f o r  

s o u r c e / s i n k  nodes.  Numbering of t h e  nodes is a r b i t r a r y  b u t  shbu ld  b e  

i n  sequence t o  f a c i l i t a t e  t r a c k i n g  d .~e r e s u l t s .  



For t h e  equ i l i b r ium nodes,  t h e  s e t  of non-l inear  energy 

equa t ions  a r e  so lved  by i t e r a t i o n  s t a r t i n g  from an i n i t i a l  e s t i m a t t  of 

t h e  temperature  v e c t o r .  The r e s i d u a l s  w i l l  be  equa l  t o  zero a t  s t eady  

s t a t e .  The most convenient  method used i s  t h e  i t e r a t i v e  Newton-Raphson 

method. The method l i n e a r i z e s  Equation (39) i n  t h e  reg ion  of t h e  i n i t i a l  

temperature  e s t i m a t e  u s ing  t h e  Taylor s e r i e s .  

Therefore ,  

[BRes] = [JAC] [&TI 

where [JAC] is  t h e  Jacobian  mat r ix ,  given by us ing  Equations (40) and (41) 

Equation (42) can be  w r i t t e n  a s :  



where K i s  t h e  number of i t e r a t i o n  p r o c e s s . .  Equat ion 44 can a l s o  be  

w r i t t e n  a s  

(K+l) . (K) -1 (K) -." 

[TI = [TI - [JAC] '*  [Res]  

Refe rence  6 s t a t e s  t h a t  s i x  i t e r a t i o n s  o r  l e s s  a r e  u s u a l l y  

s u f f i c i e n t  when i n i t i a l  e s t i m a t e s  a r e  f a r  from a c t u a l  s t e a d y  s t a t e  

v a l u e s .  An e x c e p t i o n a l l y  good i n i t i a l  guess  does  n o t  n e c e s s a r i l y  s a v e  

computer t i m e  o r  c o s t  s i n c e  i t  may e l i m i n a t e  o n l y  one o r  two i t e r a t i o n s .  

T h e r e f o r e ,  t h e  u s e r  . . shou ld  n o t  p u t  much e f f o r t  i n t o  t h e  i n i t i a l  tempera- 

t u r e  e s t i m a t e  accuracy .  

TRANSIENT SOLUTION 

A f t e r  t h e  e l a p s e  of a s m a l l  t ime i n t e r v a l  A T ,  Equat ion ( 3 3 )  

g i v e s  t h e  s l o p e  of e q u i l i b r i u m  nodes t empera tu re  a r r a y  T  a s  a n  approxi-  

mat ion of t h e  d e r i v a t i v e  a ~ / a ~  u s i n g  t h e  f i n i t e  d i f f e r e n c e .  The 

"forward" f i n i t e  d i f f e r e n c e  method w i l l  b e  used a s  i t  is  t h e  most 

adequa te  one.  The new n o d a l  t empera tu re  T  ( i )  a t  ( T  + AT) is  ca lcu-  

l a t e d  u s i n g  t h e  o l d  t empera tu re  T  ( i )  and a l l  o t h e r  p r o p e r t i e s  a t  t h e  

o l d  t ime ( T ) ,  i . e . ,  

where M ( i ) ,  C p ( i )  and R e s ( i )  a r e  t h e  m a s s ,  s p e c i f i c  h e a t  and energy 

r e s i d u e  a t  t h e  ith node. The t ime  s t e p  (AT) i s  s .ubject  t o  computation 

convergence and s t a b i l i t y  c r i t e r i a .  To use  t h e  s imple 'method  a p p l i e d  

i n  Refe rence  7 t h e  r e s i d u a l  R e s ( i )  i s  w r i t t e n  i n  t h e  f o l l o w i n g  

l i n e a r i z e d  form 



. . where 

- 

E ( i )  = Qs ( i )  + Q p  ( i ) > O  

combining Equa t ions  (47)  and (48) , t h e n  
. .  . 

S i n c e  a l l  t h e  c o e f f i c i e n t s  D ( i , j )  and E ( i )  a r e  always p o s i t i v e  o r  a t  

l e a s t  z e r o ,  t h e  c o e f f i c i e n t  of T ( i )  shou ld  b e  s e l e c t e d  t o  b e  e i t h e r  

p o s i t i v e  o r  a t  l e a s t  z e r o  i n  o r d e r  n o t  t o  v i o l a t e  t h e  thermodynamic 

p r i n c i p l e s .  Accordingly  

.< M(i)Cp( i )   AT(^) - 
, min ~ ( i , j >  

3 

t h e  denominator D ( i , j )  c a n ' b e  expressed  i n  terms o f  t h e  modi f i ed  
1 

m a t r i c e s  [C] i n  Equa t ion  (38) a s :  



where [LC] is  t h e  l i n e a r i z e d  IR r a d i a t i o n  conductance g iven  by 

The m a t r i c e s  [LC] and [LC] a r e  r e l a t e d  by t h e  same e x p r e s s i o n ,  

Equat ion ( 3 8 ) .  For  each node, Equa t ion  (50) is used t o  f i n d  t h e  minimum 

t ime increment  A T  ( i )  f o r  s t a b l e  computat ions  o f  t h e  izh node. A 

scann ing  p r o c e s s  i s  t h e n  made t o  f i n d  t h e  minimum of t h e s e  minima t o  b e  

used f o r  t h e  i t e r a t i o n  p r o c e s s  f o r  a l l  nodes ,  e x c l u d i n g  s o u r c e / s i n k  

nodes.  

2.10.1 Zero-Capacity Nodes 

Some nodes have a v e r y  s m a l l  t ime. increment , .  A T  ( i ) ,  which 

reduces  t h e  o v e r a l l  t i m e  increment  A T  t o  such a s m a l l  v a l u e  t h a t  t h e  

computer e x e c u t i o n  t ime and c o s t  i n c r e a s e  d r a m a t i c a l l y .  These t y p e s  

of nodes have e i t h e r  a v e r y  s m a l l  the rmal  c a p a c i t y  [ M ( i ) . ~ p ( i ) ]  o r  a 

s m a l l  t he rmal  r e s i s t a n c e  and t h e y  do n o t  s t o r e  a s i g n i f i c a n t  amount of 

energy d u r i n g  t h e  exchange w i t h  t h e  s u r r o u n d i n g  nodes .  The t r a n s i e n t  

a n a l y s i s  i n  t h e  program c o n s i d e r s  a minimum t ime  increment  (MINDTU) 

below which such nodes can  b e  t r e a t e d  a s  ze ro-capac i ty  nodes.  

z e r o  c a p a c i t y  nodes a r e  momentari ly i n  the rmal  e q u i l i b r i u m  

w i t h  ne ighbor ing  nodes  w i t h  no energy s t o r a g e  d u r i n g  i n t e r v a l s  of A T .  

The t e m p e r a t u r e  v e c t o r  a t  t ime  T + A T  is  determined by t h e  Newton- 

Raphson i t e r a t i o n  p r o c e s s  similar ' t o  t h e  one d e s c r i b e d  under s t e a d y  

s t a t e  ( S e c t i o n  2.9) u s i n g  t h e  o l d  ne ighbor ing  node t empera tu re  a t  t i m e  

T .  For o t h e r  e q u i l i b r i u m  nodes  t h a t  a r e  n o t  "zero-capaci ty"  nodes ,  t h e  

new t e m p e r a t u r e  v e c t o r  a t  t ime  T + A T  i s  determined by Equa t ion  (46)  

based  on t h e  o l d  t empera tu re  v e c t o r  a t  t ime T .  I n  b o t h  c a s e s ,  s o u r c e /  

s i n k  nodes a r e  n o t  a f f e c t i n g  t h e  minimum t ime increment  s e l e c t i o n .  

The d e t a i l e d  f low c h a r t  of c a l c u l a t i o n  is  p r e s e n t e d  i n  Appendix A.  



INTERPOLATION SUBRUU'I'INE 

T h i s  s u b r o u t i n e  is  used whenever t h e  program o u t p u t  i s  

p r i n t e d  a t  t i m e s  t h a t  do n o t  c o i n c i d e  w i t h  t h e  b u i l t - i n  program c l o c k .  

L i n e a r  i n t e r p o l a t i o n  between two v a l u e s  (Xl,  Y1) and (X2, Y2) is used 

.as i l l u s t r a t e d  i n  F i g u r e  2-7. For  a  v a l u e  X between X 1  and X2, t h e  

cor responding  v a l u e  Y is  g i v e n  by t h e  l i n e a r  r e l a t i o n :  

- 
Y = ' Y  + 

1 

The v a r i a b l e  X r e p r e s e n t s  t h e  t ime  and Y t h e  v a r i a b l e  t o  b e  i n t e r p o l a t e d . .  

2.12 VIEW (CONFIGURATION) FACTORS 

To t a k e  advan tage  of t h e  axisymmetr ic  n a t u r e  of a  s o l a r  

r e c e i v e r ,  a  s p e c i a l  view ( o r  c o n f i g u r a t i o n ,  geomet r ic )  f a c t o r  model i s  

used .  The p o s s i b l e  node shapes  would b e  a p l a n e  d i s c ,  p l a n e  r i n g ,  

c y l i n d r i c a l  r i n g ,  c o n i c a l  r i n g ,  e t c . ,  as shown i n  F i g u r e  2-8. 

Each ax i symmet r ic  node s u r f a c e  is  e n t e r e d  by t h e  u s e r  i n  t h e  

c y l i n d r i c a l  c o o r d i n a t e  sys tem by f o u r  c o o r d i n a t e s  r 1' r 2 i n  t h e  r a d i a l  

d i r e c t i o n  and Z ,' Z i n  t h e  a x i a l  d i r e c t i o n ,  r e s p e c t i v e l y .  The r a d i a l  
1 2  

c o o r d i n a t e  ( r )  w i l l  b e  measured from t h e  r e c e i v e r  c e n t e r l i n e  and t h e  

a x i a l  c o o r d i n a t e  Z can  b e  measured from t h e  c a v i t y  a p e r t u r e  f o r  c a v i t y  

r e c e i v e r s  o r  from t h e  bot tom of  t h e  e x t e r n a l  r e c e i v e r  connec t ing  w i t h  

t h e  e n g i n e  s e c t i o n  as shown i n  F i g u r e  2-9. The s e l e c t i o n  o f  t h e  Z 

datum i s  a r b i t r a r y .  

Each l i n e  r i n g  a s  shown i n  F i g u r e  2-10 w i l l  b e  d e f i n e d  by 

i t s  r a d i u s  ( r )  and t h e  cor responding  a x i a l  d i s t a n c e  ( Z ) ;  t h u s  t h e  sets 

( r ,  Z1), ( r 2 ,  Z ) cor respond  t o  t h e  two l i n e  r i n g  c o o r d i n a t e s  t h a t  con- 
2  

s t i t u t e  each node. The set ( r l ,  Z ) w i l l  always r e f e r  t o  t h e  bottom 
1 

r i n g  and ( r  Z ) w i l l  always r e f e r  t o  t h e  top  r f n g .  Two c a s e s  w i l l  
2' 2  

b e  d i s c u s s e d  a s  f o l l o w s :  



Figure  2-7. L inear  I n t e r p o l a t i o n  

PLANE DISC 

CYLINDRICAL RlNG CONICAL RlNG 

Figure  2-8. P o s s i b l e  Axisymmetric Nodes 
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CAVlrY RECEIVER 

EXTERNAL RECEIVER 

F i g u r e  2-9. P o s s i b l e  Coord ina te  System Loca t ion  

F i g u r e  2-10. C y l i n d r i c a l  Coord ina tes  of a  Ring Wire 
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2.12.1 C a l c u l a t i o n  of I n t e r i o r - t o - I n t e r i o r  Node View F a c t o r  

%'or two axisymmetr ic  nodes i, j ,  as shown i n  F i g u r e  2-11, 

each node w i l l  be  p r e s e n t e d  by f o u r  c o o r d i n a t e s  ( r  r2,  Z1, Z2) • The 

view f a c t o r s  from bottom s u r f a c e s  t o  t o p  s u r f a c e s  a r e  computed a s  

f o l l o w s :  

where 

L 
A ( i )  = n [ r ( i l )  + r ( i 2 ) ]  [ ( i  - r i  ) ] + [ Z ( i 2 )  - ~ ( i , )  1' 

- 1 

and 

The above f o u r  vlew f a c t o r s  F(i ' j ,  P ( i 2 , j 2 j ,  kS( i l ,  j 2 j ,  and ~ ( i  , j j ,  2 '51  1 1  
between t h e  p l a n e  d i s c s  forming node b o u n d a r i e s  shou ld  b e  c a l c u l a t e d  

f i r s t  b e f o r e  t h e  view f a c t o r  F ( i , j )  between nodes ( i )  and ( j )  can  b e  

c a l c u l a t e d .  The view f a c t o r  between two p l a n e  d i s c s ,  a s  shown i n  

F i g u r e  2-12, can  b e  expressed  by t h e  c l o s e d  a n a l y t i c a l  form: 



Z DATLIM 

Figure  .2-11. C a l c u l a t i o n  of View Fac to r ,  I n t e r i o r - t o - I n t e r i o r  Nodes 
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F i g u r e  2-12. View F a c t o r  Between Two C o a x i a l  D i s c s  
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where r and r a r e  t h e  r a d i i  of t he  h ighe r  and lower d i s c s ,  r e s p e c t i v e l y  
H L 

and X is g iven  by 

To f a c i l i t a t e  t h e  view f a c t o r  c a l c u l a t i o n s ,  i t  is necessary  t o  d e f i n e  t h e  

r a d i i  v e c t o r  (R) w i th  a  dimension of (2  * NN), where (NN) is  t h e  number 

of axisymmetric nodes t h a t  exchange energy by r a d i a t i o n .  Each node w i l l  

be  represen ted  by two elements  of  t h e  v e c t o r  (R).  For example, t h e  i 
t h 

node w i l l  have a  lower r a d i u s  l o c a t e d  a t  t he  (2i-1) th element of (R) ,  

and a  h ighe r  r a d i u s  l o c a t e d  a t  t h e  ( 2 i I t h  element of (R).  

S i m i l a r l y ,  i t  i s  necessary  t o  d e f i n e  t h e  a x i a l  vec to r  ( Z )  wi th  a  

dimension of (2*NN) t o  p re sen t  t h e  a x i a l  d i s t a n c e s  of t h e  lower and 

h i g h e r  r i n g s  t h a t  bound each node. The c a l c u l a t i o n  of t he  f o u r  e lementary 

d i sc - to-d isc  view f a c t o r s ,  DDF(4), p rev ious ly  mentioned i n  Equation (53) 

is  done us ing  t h e  4-element v e c t o r s  X ( 4 ) ,  RH(4), RL(4), S ( 4 ) .  Use is  

made of t he  view f a c t o r  r e c i p r o c i t y  r e l a t i o n s  and t h e  view f a c t o r  

summation r u l e  t o  complete t h e  c a l c u l a t i o n  process  of t h e  ma t r ix  F ( i , j ) .  



Equation (53) is a p p l i c a b l e  t o  an i n t e r i o r  node s u r f a c e  

looking  i n t o  another  i n t e r i o r  node s u r f a c e  above i t  i n  t he  Z d i r .ec t ion  o r  

an e x t e r i o r  node s u r f a c e  looking i n t o  another  e x t e r i o r  node s u r f a c e  above 

i t  i n  t he  Z d i r e c t i o n .  The s i g n  of F  ( i , j )  i n  Equation (53) i s  reversed  

i f  node ( j )  i s  below node ( i ) :  For an i n t e r i o r  node . su r f ace  looking 

i n t o  another  e x t e r i o r  node s u r f a c e  o r  v i c e  ve r sa ,  the  Flag ma t r ix  V ( i , j )  

is  added t o  d i s t i n g u i s h  between these  two cases  and s e p a r a t e  the  view 

f a c t o r  c a l c u l a t i o n s .  

2.12.2 Ca lcu la t ion  of In t e r io r - to -Ex te r io r  Node View Fac tor  

For t h i s  case ,  a  r o u g h , s e t  of c a l c u l a t i o n s  is  followed. A 

mod i f i ca t ion  of t h e  view f a c t o r  presented  i n  ~ e f e r e n c e  8 f o r  two con- 

c e n t r i c  cy l inde r s  of t he  same f i n i t e  l eng th ,  i l l u s t r a t e d  i n  F igure  2-13, 

is  made t o  approximate the  case  of two d i s l o c a t e d  conic  r i n g s  of unequal 

l eng ths .  

Although t h e  view f a c t o r  c a l c u l a t i o n s  a r e  approximated i n  

t h i s  case ,  they could be  changed by the  use r  and rep laced  by o t h e r  

express ions  i f  they a r e  more accu ra t e .  The procedure followed is out- 

l i n e d  below. 

For t h e  two concen t r i c  cy l inde r  nodes ( i )  and ( j )  sketched 

in .F igu r , e  2-131where t h e  node ( i )  is  t h e  inne r  s u r f a c e  node and t h e  node 

( j )  is  the  o u t e r  s u r f a c e  node, t h e  view f a c t o r  F  ( i ,  j )  is  g iven  by: 



Figure 2-13. Two Concentric Cylinders of Same Finite Length 

where 

- 
R = r (i)/r (j) 

L = R/r(j) 

To allow for'conic rings that are not of equal length and 

also dislocated axially with respect to each other, as shown in Figure 

2-14, the view factor in Equation (56) was modified to use average radii 

for the nodes (i) and (j), and an average length for both nodes. Using 

vectors R (2*NN) and Z(2*NN), the equivalent radii and length can be 

approximated as: 



. . 

DISLOCATION 

F i g u r e  2-14. ~ ~ ~ r o x i m a t ' i o n  of Two C o n i c a l  Nodes , i n  View 
F a c t o r  C a l c u l a t i o n  

r ( j ) ' = . I N R  = R ( 2 j )  + R ( 2  j - l )  = e q u i v a l e n t  r a d i u s  of node ( j )  
2  

r ( i ) '  = OTR = R(2i) + R(2i-1) , = e q u i v a l e n t  r a d i u s  of node ( i )  (58) 2  

R =- EQVL =, 
Z(2 i )  - ( 2  +[D(2j)  - Z ( 2 j - 1 )  = e q u i v a l e n t  

2  1 l e n g t h  

For  d i s l o c a t e d  c o n c e n t r i c  nodes ,  t h e  c o s i n e  of t h e  a n g l e  of d i s l o c a t i o n  

(KOST) i s  used t o  modify t h e  view f a c t o r  F ( i , j ) g i v e n  by Equa t ion  (56) 

and w r i t t e n  a s :  

(OTR - INR) 
KOST = 

J (XX) + (OTR-INR) 



where XX i s  , the d i s l o c a t i o n  o r  s h i f t  given by 

Furthermore, t o  account  f o r  t h e  smal l  s lope  of each c o n i c a l  

r i n g ,  t h e  view f a c t o r  between two d i s l o c a t e d  cy l inde r s  i s  mul t ip l i ed  by 

t h e  cos ine  of t h e  t o t a l  ang le  between t h e  two c o n i c a l  su r f aces :  

cos  ( 4 1 ~  + $I .) where: 
J 

-1 R(2i)  - R(2i-1) + tan 
Cos (41i + (I .) = Cos R(2j-1) - R(2j)  

J Z(2i)  - Z(2i-1) Z(2j) - Z(2j-1) 

1.t should be  noted t h a t  t h e  above view f a c t o r s  c a l c u l a t e d  

f o r  i n t e r i o r - i n t e r i o r  nodes o r  i n t e r i o r - e x t e r i o r  nodes may s t i l l  need some 
' minor a l t e r a t i o n s  by the  use r  t o  c o r r e c t  f o r  p a r t i a l  shading by o t h e r  

nodes. The l a t t e r  is  sometimes i n e v i t a b l e  i n  view f a c t o r  c a l c u l a t i o n s  

and t h e  u s e r  should make s e v e r a l  t r i a l s  t o  make s u r e  t h a t  t h e  r u l e s  of 

summation and r e c i p r o c i t y  of view f a c t o r s  a r e  app l i ed  c o r r e c t l y  and t h e  

e r r o r s  i n  s a t i s f y i n g  these  r u l e s  a r e  minimized. 



SECTION 3  

EXPLANATION OF INPUT DATA AND OUTPUT FORMS 

3 .1  INPUT DATA 

To f a c i 1 , i t a t e  t h e  use of t h e  program, a  set of t a b l e s  i s  

prov ided  i n  Appendix.B, w i t h  a  b r i e f  d e s c r i p t i o n ,  t o  e x p l a i n  how each 

' i n p u t  v a r i a b l e  s h a l l  be  e n t e r e d .  Table  3-1 l i s t s  a l p h a b e t i c a l l y  a l l  

t h e  i n p u t  d a t a ,  whether  they  a r e  i n  f r e e  format  o r  n o t .  More d a t a  

e x p l a n a t i o n  can b e  found i n  Appendix C .  

The program language is  w r i t t e n  i n  MBASIC. The s t r u c t u r e  

of t h e  program i s  d i v i d e d  i n t o  two f i l e s  and i s  g iven  i n  Appendix D .  

These two f i l e s  a r e  t h e  [FIRSTPART] f i l e ,  which i n c l u d e s  a l l  dimension- 

i n g  and i n i t i a l i z a t i o n  s t a t e m e n t s  and a  l a r g e  s p a c e  f o r  e n t e r i n g  i n p u t  

d a t a ,  and t h e  [LASTPART] f i l e  which c o n t a i n s  t h e  s e t  of computa t iona l  

s t a t e m e n t s .  Merging of t h e  two f i l e s  i n  t h e  program e x e c u t i o n  is  done 

u s i n g  t h e  command [MERGE] i n  MBASIC. The f i r s t  f i l e ,  [FIRSTPART], 

shou ld  be  loaded  by t h e  u s e r  u s i n g  t h e  command [LOAD] t o  e n t e r  a l l  d a t a .  

Tele-computer t e r m i n a l s  a r e  chosen f o r  t h e i r  f a s t  communication w i t h  

t h e  u s e r .  S ta tement  numbers 450-2000 a r e  used t o  e n t e r  d a t a ,  a s  w i l l  

be  e x p l a i n e d  i n  t h e  example i n  t h e  n e x t  s e c t i o n .  

Vec tors  a r e  e n t e r e d  e i t h e r  i n  a n  element-by-element form o r  i n  

s c a t t e r e d  forms.  For example, i f  t h e  v e c t o r  [ESOL] h a s  5 e lements  such 

t h a t  

ESOL (1) = 0 .2  

ESOL (2)  = 0 .0  

ESOL (3 )  = 0 . 5  

ESOL (4)  = 1 . 0  

ESOL (5)  .= 0 .0  

e i t h e r  one of t h e  f o l l o w i n g  s t a t e m e n t s  can b e  typed:  



Table 3-1. Input  Variables 

VARIABLE DESCRIPTION 

ADJ Conduction/convection identifier 

AMBNN 

ASOL 

ASRF 

CONDUC 

CONVEC 

DEN 

DTOUT 

EIR 

ESOL 

. F 
FLOW 

FNDIN 

FNDOT 

HCONV 

HRIN 

HROUT 

IFLUX 

KCOND 

LNGTH 

MASFLO 

MINDTU 

MR4. 

MNIT 

NDIN 

NN 

POWR 

R 

SAIRR 

3 Ir,t.ta 

SORSIN 

SPHT 

SS 

SSTEM 

TEM 

v 
VOL 

VPRNT 

z 

Number of node representing ambient air 

Nodal surface area for solar/IR radiation exchange . 

Nodal surface area for conduction/convection heat transfer 

Flag for conduction heat transfer in problem 

Flag for convection heat transfer in problem 

Mode density 

Time interval for printing out results 

Nodal infrared emittance 

Nodal emittance in the solar band 

V i , ~ w  f a r t o r  matrix 

Flag for fluid flow in problem 

Number of node that represents the fluid inlet section of 
receiver 

Number of node that 'represents the fluid outlet section 
of receiver 

Convective heat transfer coefficient 

Time sequence vector for time-varying variables 

Starting time for printing out program results 

Solar flux incident on each node 

,Nodal thermal conductivity 

Conduction path length between nodes 

Flow direction' identifier 

Minimum time increment for zero-capacity nodes 

Mass flow rate or multiplier 

Maximum number of iterations in Newton-Raphson method, 

Number of data points in time-varying input or dimension 
of HRIN vector 

Total number of nodes 

Internal power generated in each node 

Radial coordinates of nodes 

Flag for solnrlinfrared radiation 

5 t ~ . f n n  Eoltoragn radiation constant 

Sourcelsink node identifier 

Nodal specific heat 

Flag for steady state/transient soli~tions 

Temperature data of sourcelsink nodes 

Nodal temperature 

View factor flag 

Nodal volume 

Flag for printing view factor matrix 

'Nodal axial coordinates 



> 500 ESOL (1) = 0.2, ESOL (3) = 0.5, ESOL (4) = 1.0 (scattered form) 

or 

> 500 REAL ESOL (5) / 0.2, 0.0, 0.5, 1.01 
or 

> 500 DIM ESOL (5) / 0.2, 0.0, 0.5, 1.01 

Remember that statements in MBASIC can take more than one instruction 

but separated with commas as shown above. Default values are always 

equal fo zero. 

' Overwriting data is also possible in MBASIC, and could be 

used to correct for typing errors. For example: 

> 60.0 ESOL (1) = 0.9, , ESOL (3) = 0.5 '. 

> 700 ESOL (3) = 0.11 

is equivalent to 

> ESOL (l)/ = 0.9, ESOL (3) = 0.4 

For vector or matrix elements that have identical values, the - 
following shorthand notation could be used in MBASIC: 

is equivalent to 

Also, the [FOR] modifier can be used to assign vnlucs for vector or 

matrix elements having identical values. For example: 



> 1000 C ( I , 3 )  = 2  FOR I = 7 TO 1 2  

i s  e q u i v a l e n t  t o  

TO i n p u t  a l a r g e  NXN m a t r i x ,  i t  i s  p r e f e r r e d  t o  i n p u t  o n l y  

t h e  e lements  t h a t  a r e  non-zero i n  t h e  s c a t t e r e d  form. For  some 

symmetr ical  m a t r i c e s ,  o n l y  h a l f  t h e  m a t r i x  i s  needed a s  i n p u t ,  and t h e  

o t h e r  h a l f  i s  completed by t h e  program s t r u c t u r e .  The s o l v e d  example 

g iven  i n  t h e  n e x t  s e c t i o n  i l l u s t r a t e s  how t h e  d a t a  a r e  c o l l e c t e d ,  

e n t e r e d ,  and used t o  c a l c u l a t e  t h e  performance of a  c a v i t y  r e c e i v e r .  

More i n f o r m a t i o n  a b o u t  u s i n g  t h e  MBASIC programming language can be  

found i n  Refe rence  9 .  

3.2 OUTPUT FORMS 

The program r e s u l t s  i n  t h e  f o l l o w i n g  o u t p u t :  

(1 )  A p p l i c a b i l i t y  of t h e  summation r u l e  of view f a c t o r s  

The o u t p u t  of T F ( i ,  j )  f o r  t h e  ith node shou ld  b e  
j 

e i t h e r  1 . 0  o r  z e r o .  Zero is  o n l y  a p p l i c a b l e  f o r  

nodes t h a t  a r e  assumed n o t  exchanging h e a t  by 

r a d i a t i o n .  The u s e r  shou ld  make t h e  n e c e s s a r y  

changes  i n  t h e  view f a c t o r s  a f t e r  t h e  program i s  

f i r s t  r u n  t o  make s u r e  t h a t  t h e  summation r u l e  i s  

n.pp1ir.d t o  (111 radiat ion nodes whether  t h p y  are. 

p a r t i a l l y  shaded o r  n o t .  - 

(2)  View-factor m a t r i x  

T h i s  o u t p u t  i s  p r e s e n t e d  i f  t h e  u s e r  s e l e c t s  t h e  

v a l u e  1 f o r  [VPRNT]. The view f a c t o r s  a r e  p r i n t e d  i n  

column form f o r  each node. Non-zero view f a c t o r s  a r e  

o n l y  p r i n t e d .  



(3) Nodal energy r e s i d u e  

' This  i s  a p p l i c a b l e  t o  s t eady  s t a t e  s o l u t i o n s  on ly .  

Equi l ibr ium nodes should show a very  sma l l  energy 
-4 

r e s i d u e  (around 10  - B ~ U  f o r  example) a t  . 

s t eady  s t a t e .  Source /s ink  nodes should g i v e  a non- 

zero  energy r e s i d u e  w i th  a proper  s i g n .  P o s i t i v e  

energy r e s idue  means t h a t  t h e r e  i s  a n e t  energy 

accumulation t o  t h e  node and v i c e  v e r s a .  A s  a check 

on computat ional  accuracy,  us ing  t h e  f i r s t . l a w  of 

thermodynamics, t h e  a l g e b r a i c  sum of energy r e s i d u e s  

t o  sou rce / s ink  nodes must equa l  t h e  sum of a l l  

e x t e r n a l  energy e n t e r i n g  t h e  r e c e i v e r  through s o l a r  

f l u x  o r  0the.r i n t e r n a l  h e a t  genera t ion .  

(4) Accumulated energy e x t r a c t e d  

This  v a r i a b l e  i s  summed over  a l l  t h e  t i m e  s t e p s  

s t a r t i n g  from t h e  i n i t i a l  t ime of computations up 

t o  t h e  p r i n t o u t  t ime ( T ) .  The accumulat'ed energy 

e x t r a c t e d  is  computed f o r  both quas i - s teady  s t a t e  

and t r a n s i e n t  s o l u t i o n s .  The d a i l y  accumulated 

energy e x t r a c t e d  when t h e  s o l a r  r e c e i v e r  is  modeled 

over  one day i s  u s e f u l  i n  determining t h e  i n t e g r a t e d  

e f f e c t s  of t r a n s i e n t s .  

( 5 )  .Accumulated s o l a r  energy i n t o  r e c e i v e r  

This  v a r i a b l e  is  a l s o  summed over  a l l  t h e  t i m e  

s t e p s ,  s t a r t i n g  from the  i n i t i a l  t i m e  of com- 

p u t a t i o n s  up t o  t h e  p r i n t o u t  t ime ( T ) .  The 

accumulatcd s o l a r  cncrgy rccc ivcd  i o  computcd 

f o r  bo th  quasi-s teady s t a t e  and t r a n s i e n t  

s o l u t i o n s .  



( 6 )  Rece ive r  e f f i c i e n c y  

l ' h i s  is t h e  r a t i o  of t h e  accumulated energy e x t r a c t e d  

from tl ie r e c e i v e r  up t o  t ime  ( T )  t o  t h e  accumulated 

s o l a r  energy i n t o  t h e  r e c e i v e r  up t o  t ime ( T ) .  

Fo r  s t e a d y  s t a t e  s o l u t i o n s ,  t h e  t ime i n t e r v a l  i s  

t a k e n  a s  one hour .  

( 7 )  Nodal t empera tu re  p r o f i l e  

The t empera tu re  d i s t r i b u t i o n  of t h e  r e c e i v e r  nodes 

a t  t ime ( . r )  -i.s  given^ i n  t a h ~ ~ l a r  Fnrni. l ' l 1 . i ~  n l ~ t p ~ t t  

i s  d e s i r a b l e  i n  o b s e r v i n g  t h e  l o c a t i o n  of h igh 

t e m p e r a t u r e  s p o t s ,  o u t l e t  f l u i d  t e m p e r a t u r e ,  and t h e  

d e t e r m i n a t i o n  of  i s o t h e r m a l  c o n t o u r s .  

(8) Nodal minimum t r a n s i e n t  t ime ,  ( A T )  mi; 

For  each node, t h e  minimum t ime increment  a l lowed 

f o r  s t a b l e  t r a n s i e n t  computa t ions  i s  p r i n t e d .  Also ,  

t h e  t ime  increment  (MINDTU) s p e c i f i e d  hy the  u s e r  t o  

d i s t i n g u i s h  between z e r o  c a p a c i t y  nodes and e q u i l i -  

br ium nodes i s  r e p r i n t e d .  

(9 )  I n d i r e c t  Output  r e s u l t s  

I n  a d d i t i o n  t o  t h e  above d i r e c t  program p r i n t o u t s ,  

t h e  program can b e  used ,  e i t h e r  through s e v e r a l  r u n s  

o r  by minor code m o d i f i c a t i o n s ,  t o  g i v e  a  complete  

performance a n a l y s i s  of  a  p a r t i c u l a r  r c c c i v e r  i n  

t h e  f o l l o w i n g  a r e a s  : 

( a )  S e n s i t i v i t y  A n a l y s i s  

T h i s  w i l l  i n c l u d e  t h e  sens i . t i . v i ty  of s o l a r  

r e c e i v e r  performance t o  v a r i a t i o n s  o c c u r i n g  

i n  t h e  major  r e c e i v e r  pa ramete r s  such a s  n o d a l  

e m i s s i v i t y  i n  t h e  I R  band (EIR) ,  s o l a r  band 

e m i s s i v i t y  (ESOL) , f l u i d  mass f low r a t e  (MFM) , 



... . 
n o d a l  'shlak f  l k k  "( IFLUX) ;' ambient  t empera tu re  

.[STEM (.I)] '  o r  t h e  f l u i d  i n l e t  t e m p e r a t u r e ,  

TEM (FNDIN) ; . . 

The e f f e c t s  on sys tem e f f i c i e n c y *  and o u t p u t  

can b e  s t u d i e d  i n  each c a s e .  

(b)  I t e m i z a t i o n  of Heat Losses  

The t o t a l  h e a t  l o s s  from t h e  r e c e i v e r  can b e  

d i v i d e d  i n t o  3  main p a r t s :  1 )  a  r a d i a t i o n  

h e a t . l o s s  through t h e  a p e r t u r e  ( f o r  c a v i t y -  

shaped r e c e i v e r s )  and from t h e  e x t e r n a l  boundary 

s u r f a c e ;  2) a c o n v e c t i o n  h e a t  t o  t h e  ambient a i r  

o u t s i d e  t h e  r e c e i v e r  a n d / o r  i n s i d e  t h e  r e c e i v e r ;  

3) a  conduc t ion  h e a t  l o s s  through t h e  i n s u l a t i o n  

l a y e r s  o r  because  of l a t e r a l  exchange between 

ne ighbor ing  nodes .  

Two r u n s  cou ld  b e  made t o  q u a n t i z e  t h e  magnitude 

of each p a r t  l o s t .  The f i r s t  r u n  assumes z e r o  

the rmal  c o n d u c t i v i t y  of t h e  i n s u l a t i o n  l a y e r s  o r  

o t h e r  l a y e r s  t h a t  t h e  u s e r  s e e s  a s  c a u s i n g  a  

s i g n i f i c a n t  h e a t  l o s s  t o  t h e  s u r r o u n d i n g s .  The 

d i f f e r e n c e  between t h e  h e a t  l o s s e s  from t h i s  

f i r s t  run  and t h e  t o t a l  h e a t  l o s s e s  would g i v e  

t h e  conduc t ion  l o s s .  The second r u n  assumes 

z e r o  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  between 

a l l  t h e  nodes exposed t o  ambient  a i r  and t h e  

ambient  a i r  node.  The d i f f e r e n c e  between t h e  

h e a t  l o s s e s  from t h e  second r u n  and t h e  t o t a l  

h e a t  l o s s e s  would g i v e  t h e  c o n v e c t i o n  l o s s .  

The r a d i a t i o n  l o s s  w i l l  t h e n  b e  t h e  t h i r d  p a r t  

l e f t  a f t e r  s u b t r a c t i n g  t h e  c o n d u c t i o n  and con- 

v e c t i o n  p a r t s .  



(c), Parameterization Study 

This study may include the effects on receiver 

performance because of changes made in receiver 

geometry, interior piping arrangements, different 

working fluids or operating conditions. Studies 

of full-day performance under varying solar flux, 

inlet fluid conditions and ambient temperatures 

could be made with results specific to the 

receiver under study. Also, system optimization 

taking into consideration the receiver and 

engine performance is another i n d i r e c t  o u t p u t  

of the receiver program. 



SECTION 4 

CASE STUDY OF A CAVITY-TYPE RECEIVER 

I n  t h i s  s e c t i o n ,  t h e  i n p u t  and o u t p u t  p rocedure  used i n  t h e  

computer program i s  a p p l i e d  t o  an  e x p e r i m e n t a l  r e c e i v e r . '  A b r i e f  

d e s c r i p t i o n  of t h e  r e c e i v e r ,  i n p u t  d a t a  and t h e  o u t p u t  r e s u l t s  a r e  

p r e s e n t e d .  

4 . 1  RECEIVER DESCRIPTION 

The r e c e i v e r  unders tudy  was b u i l t  a t  JPL i n  1977 a s  a p a r t  o f  

an  energy  program aimed a t  s t u d y i n g  s o l a r - t h e r m a l  e l e c t r i c  power p l a n t s .  

The r e c e i v e r  i s  'p laced a t  t h e  f o c a l  s p o t  o f  a 2.9-m ( 9 . 5 - f t )  d i a m e t e r  

p a r a b o l o i d  d i s h ;  b o t h  a r e  l o c a t e d  a t  t h e  JPL Tab le  Mountain f a c i l i t y .  

The r e c e i v e r  i s  r e f e r r e d  t o  a s  t h e  Tab le  Mountain r e c e i v e r  f o r  i d e n t i f i -  

c a t i o n .  

The r e c e i v e r  body. i s  a c a v i t y - t y p e  composed of f o u r  pr imary 

p a r t s  a s  shown i n  F i g u r e  4-1. These p a r t s  a r e :  1 )  a h e a t  exchanger  

s e c t i o n  c o n s i s t i n g  of 34 p a i r s  of U-tubes made o f  I n c o n e l  718. The 

t u b e s  a r e  b r a z e d  t o  a head p l a t e  which i s  a l s o  made o f  I n c o n e l  718; 

2) a c e r a m i c ' r e c e i v e r  countour  t h a t  forms t h e  i n s i d e  s u r f a c e ;  3) an  

a p e r t u r e  p i e c e  w i t h  changeable  a p e r t u r e  s i z e s ;  and 4)  a n  i n s u l a t i o n  l a y e r  

i n  t h e  form of a s t a i n l e s s  s t e e l  c a n i s t e r  f i l l e d  w i t h  ca lc ium s i l i c a t e .  

The r e c e i v e r  performance was t e s t e d  u s i n g  he l ium a s  t h e  

working f l u i d  a t  v a r i o u s  i n l e t  t e m p e r a t u r e s  and p r e s s u r e s .  Only one s e t  

of o p e r a t i n g  c o n d i t i o n s  i s  p r e s e n t e d  h e r e  i n  t h e  r e c e i v e r  s i m u l a t i o n .  

The o v e r a l l  r e c e i v e r  i s  c y l i n d r i c a l ,  34.8-cm (13.7-in) i n  

d iamete r  and 12.7-cm (5-in) h igh .  The working r e c e i v e r  a p e r t u r e  i s  

5.08-cm (2- in)  i n  d i a m e t e r .  The t h e o r e t i c a l  f o c a l  s i z e  (sun s p o t )  i s  

1.59-cm (0.625-in) and t h e  a c t u a l  f o c a l  s i z e  i s  2.03-cm (0 .8- in) .  
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Figure 4-1. Cavity-Type Receiver Understudy 



4.2 PREPARATION OF INPUT DATA 

Tables  4-1 th rough  4-13 i n c l u d e  a l l  t h e  r e c e i v e r  d a t a  r e q u i r e d  

t o  r u n  t h e  program. The t a b l e s  a r e  c o n s t r u c t e d  f o l l o w i n g  t h e  i n s t r u c t i o n s  

g iven  f o r  e a c h  paramete r  in 'Appendix  C .  The r e c e i v e r  was d i s c r e t i z e d  i n t o  

32 nodes  as shown i n  F i g u r e  4-2. Nodes 1, 2 ,  3 ,  and 4  r e p r e s e n t  t h e  

i n t e r i o r  ceramic  s u r f a c e  o f  t h e  c a v i t y .  Nodes 5  and 6  r e p r e s e n t  t h e  o u t e r  

i n s u l a t i o n  l a y e r .  Node 7  r e p r e s e n t s  t h e  head p l a t e - s u p p o r t i n g  s t r u c t u r e .  

To make u s e  of t h e  view f a c t o r  s u b r o u t i n e  f o r  axisymmetr ic  nodes ,  t h e  

34 pairs o f  U-tubes were t r e a t e d  a s  two c o a x i a l  annu lus  c h a n n e l s .  Nodes 

9 ,  1 0 ,  11, 1 2 ,  1 3 ,  and 1 4  r e p r e s e n t  t h e  annu lus  channe l  th rough  which 

t h e  f l u i d  e n t e r s ,  w h i l e  nodes  1 6 ,  1 7 ,  1 8 ,  1 9 ,  20,  and 21  r e p r e s e n t  t h e  

annu lus  channe l  th rough  which t h e  f l u i d  e x i t s .  Nodes 8  and 15 r e p r e s e n t  

t h e  t i p  of t h e  U-shape connec t ing  t h e  two annulus  c h a n n e l s .  Nodes 22 

through 28 r e p r e s e n t  t h e  f l u i d  i n  i t s  passage  th rough  t h e  t u b e s .  Node 29 

r e p r e s e n t s  t h e  s t a t e  o f  t h e  working f l u i d  l e a v i n g  t h e  r e c e i v e r  and node 

31 r e p r e s e n t s  t h e ' s t a t e  a t  e n t r a n c e .  S i n c e  t h e  r e c e i v e r  i n l e t  t e m p e r a t u r e  

was k e p t  c o n s t a n t  d u r i n g  t h e  r e c e i v e r  o p e r a t i o n ,  r e g a r d l e s s  o f  t h e  e x i t  

t empera tu re  v a r i a t i o n s  o r  ambient c o n d i t i o n s ,  node 3 1  was c o n s i d e r e d  a s  a  

s o u r c e l s i n k  node.  Node 30 r e p r e s e n t s  t h e  head p l a t e  th rough  which t h e  

f l u i d  p a t h s  are grooved,  and node 32 r e p r e s e n t s  t h e  ambient a i r  t e m p e r a t u r e  ' 

around t h e  o u t e r  r e c e i v e r  body a s  w e l l  a s  t h e  i n t e r i o r  c a v i t y .  The 

f o l l o w i n g  s u b s e c t i o n s  d e s c r i b e  t h e  i n p u t  d a t a .  

4 . 2 . 1  Data f o r  Tab le  4-1 

. The problem a t  hand i n c l u d e s  a l l  f o u r  modes o f  h e a t  t r a n s f e r ,  

i . e . ,  r a d i a t i o n ,  the rmal  c o n v e c t i o n ,  conduc t ion ,  and f l u i d  convec t ion .  

T h e r e f o r e ,  t h e  v a r i a b l e s  'SAIRR, CONVEC, CONDUC, and FXOW were a s s i g n e d  

t h e  v a l u e  1, For a s t e a d y  s t a t e  s n l ~ i t i o n ,  SS.T i s  a s s i g n e d  t h e  v a l u c  1, 

keep ing  i n  mind t h a t  t h e  program i s  c a p a b l e ' o f  a l s o  h a n d l i n g  t r a n s i e n t  

s o l u t i o n s .  With a  t o t a l  o f  32 nodes ,  two of  which are s o u r c e l s i n k  nodes ,  

t h e  rest of t h e  v a r i a b l e s  i n  Tab le  4-1 are a s s i g n e d .  S i n c e  o n l y  t h e  

s t e a d y  s ta te  c a s e  was c o n s i d e r e d  a t  one p a r t i c u l a r  hour  of o p e r a t i o n ,  

one e lement  o f  t h e  (NDIN) v e c t o r  was g iven .  The maximum number of 

i t e r a t i o n s  (MNIT) was assumed a s  6 ,  based on p a s t  e x p e r i e n c e  i n  i t e r a t i o n  

4  -3 



Figure 4-2. Nodal Representation of Receiver 



T a b l e  4-1 S c a l a r  V a r i a b l e s  

No. V a r i a b l e  Value' Type 

SAIRR 

CONVEC 

CONDUC 

FLOW 

SST 

VPRNT 

NN 

SS 

MINDTU 

AMBNN 

FND I N  

FNDOT 

FTIMF, 

ND I N  

MNIT 

HROUT 

DTOUT 

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

Real  

I n t e g e r  

I n t e g e r  

I n t e g e r  

Real  

I n t e g e r  

I n t e g e r  

Real  

Real  



Table 4-2. SORSIN, TEM, EIR, ESOL & POWR 

Mode SORS IN TEM EIR ESOL POWR 
(OF> 



convergence. The minimum time increment '  (MINDTU) , below which nodes a r e  

considered zero-capaci ty nodes,  was en te red  a s  1160-hour and is  oniy 

app l i cab le  when t h e  use r  r e q u e s t s  t h e  t r a n s i e n t  s o l u t i o n .  

4.2.2 Data f o r  Table 4-2 

Nodes 31 ( f l u i d  i n l e t  s ec t ion )  and 32 (ambient a i r )  were t h e  

on ly . sou rce / s ink  nodes a s  i nd ica t ed  i n  t h e  SORSIN column. The i n i t i a l  

temperature f o r  a l l  nodes,  excluding node 31, was taken a s  2 5 ' ~  ( 7 7 ' ~ ) .  
0 

The i n l e t  f l u i d  temperature was kept  f i xed  a t  344.44 '~ (652 I?). The 

emis s iv i ty  v a l u e s - i n  t h e  i n f r a r e d  range ( E I R )  o r  t h e  s o l a r  band (ESOL) 

were b e s t  e s t ima te s .  No at tempt  was made t o  measure any of t hese  

e m i s s i v i t i e s .  For t h e  a p e r t u r e ,  o r  ambient a i r  node (node 32 ) ,  p e r f e c t  

b lack  body va lues  must be en t e red ,  i . e . ,  ESOL = E I R  = 1. Since t h e r e  i s  

no i n t e r n a l  h e a t  genera t ion  i n  any node, t h e  (POWR) vec to r  is  s e t  t o  zero .  

. 4.2.3 Data f o r  Table 4-3 

Nodal s p e c i f i c  h e a t ,  d e n s i t y ,  and thermal conduc t iv i ty  were 

a b s t r a c t e d  from t h e  l i t e r a t u r e  f o r  t h e  m a t e r i a l s  used i n  t h e  r e c e i v e r  

cons t ruc t ion .  Helium p r o p e r t i e s  were taken a t  a  p re s su re  of 206.73 N/cm 
2  

(300 p s i a )  and an average temperature of 3 7 3 ' ~  (703.4 '~)  . The volume of '' 

each node i s  c a l c u l a t e d  from the  r e c e i v e r  dimensions i n  F igure  4-2. The 

volume of nodes 31 and 3.2 ( i n f i n i t e  capac i ty  nodes) were s e t  a r b i t r a r i l y  

a t  1. Although t h e  volume of each node i s  not  needed f o r  a  s t eady- s t a t e  

s o l u t i o n ,  i t  was given f o r  r e f e rence  o r  f o r  u se  i n  a  t r a n s i e n t  s o l u t i o n .  

The s u r f a c e  a r e a  exposed t o  e i t h e r  d i r e c t  s o l a r  r a d i a t i o n  o r  t o  i n f r a r e d  

energy exchange (ASOL) was a l s o  computed from t h e  r e c e i v e r  geometry. 



T a b l e  4-3. S P H T ,  DEN,  KCOND, VOL & ASOL 

Node SPHT DEN KCOND 
VOL ASOL 

(Btu/lb°F) ( l b / f t  ) (Btu /hr  f t O ~ )  ( f t 3 )  ( f t 2 )  



4.2.4 Radiation View-Factors 

Tables 4-4 and 4-5 w e r e  constructed simultaneously t o  complete 

t h e  r a d i a t i o n  view fac to r s .  Nodes 5 ,  6 ,  7, 22, 23, 24, 25, 26, 27, 28 

and 29 were excluded e n t i r e l y  frttm t h e  r a d i a t i o n  exchange and w e r e  l e f t  

blank. The elements of t h e  view f a c t o r  matrix t h a t  have a f l a g  equal t o  

[3] i n  Table 4-4, i . e .  , V(i ,  j) = 3 ,  were marked (X) i n  Table 4-5 and 

w e r e  given a s :  

The above view f a c t o r s  w e r e  estimated a f t e r  a preliminary run of t h e  

program t o  al low f o r  shading by other nodes and t o  s a t i s f y  t h e  summation 

and rec ip roc i ty  ru les .  This procedure may o r  may not  be needed i n  most 

cases,  but was introduced i n  t h i s  document t o  f a m i l i a r i z e  t h e  user  with 

t h i s  i t e r a t i o n  process. 

Conduction and Convection Between Nodes 

Table 4-6 shows the  d i s t i n c t i o n  between nodes exchanging heat  

by conduction o r  by convection. The surface  a rea  i n  contact  (ASRF) was 

computed f o r  these  two modes of heat  t r a n s f e r  and is  marked by (X) i n  

Table 4-7. The elements of t h e  ASRF matrix a r e  given below f o r  t h e  

example receiver .  Additional condit ions imposed f o r  f i l l i n g  out t h e  

t a b l e s  a r e  given i n  Appendix C.  The English system of u n i t s  is  used 

throughout t h i s  example, but can be r e a d i l y  replaced by t h e  S I  (metric) 

system i f  necessary. 



Table 4-4. View Factor Flag [V] 

NODE 





Table 4-6.  Adjacent Condition [ADJ] 

NODE 



Table 4-7. Surface Area [AsRF] 

NODE 



ASRF (1,2) = 0.11454 Y ASRF (5,6) = 1.01450 

" (1,5) = 0.04363 9 " (5,7) = 0.33540 

" (1,32) = 0.11454 9 " (5,32) = 0.39540 

To complete the computations of the thermal conductance needed for 

the conduction heat transfer, the matrix (LNGTH) in Table 4-8 has to 

be completed in full. However, the LNGTH matrix is completed for those 

nodes showing ADJ=l. The elements of the non-symmetric (LNGTH) were 

computed (in ft) and were given as tabulated below. 
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Table 4-8. [LNGTH] Matrix 

Node 

1 

X  

X  

1 

1 
2 X  

, 3  
4 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

3 

X  

5 

X 
X  

X X  
X X X  

2 

X  

X  

5 X X X X  

- 

4 

X  

X 
I 

I 

6 

X X  

20 
21 
22 
23 
24 
25 
26 
2 7 
28 
29 
30 
31 
32 

X  
X  

I 

I 

I 

1 

I 

7 101112131415161718192~212223242526272829303132 

I 

I 

X 

- 

- 

I 

8 

- 

9 

I 



LGNTH (1,2) = 0.0167 LNGTH (2,l) = 0.0375 
" (1,5) = 0.0583 " (5,l) = 0.0917 
" (2,3) = 0.0375 " (3,2) = 0.0583 
" (2,5) = 0.0417 " (5,2) = 0.0917 
" (3,4) = 0.0583 " (4,3) = 0.1125 
" (3,5) = 0.0208 " (5,3) = 0.0917 
" (4,5) = 0.0260 " (5,4) = 0.0917 

For thermal convection, the convective heat transfer coefficient (HCONV) 

was assembled as shown in Table 4-9. The heat transfer coefficient was 

taken as approximately 1 Btu/hr0pft2 between node 32, which is the 

ambient air, and nodes 1, 2, 3, 4, 8, 9, 10, 11, 19, 20, and 21. For 

nodes 5, 6, 7, and 30, the convective coefficient was considered as 

approximately 2 Btu/hro~ ft2 to allow for the unaccounted radiation loss 

from the receiver exterior surface. Note that the above values could be 

better refined if more analytical information was given about the con- 

vection mechanism inside and outside the receiver cavity. For the con- 

vective coefficient between the working fluid (helium) and the receiver 

tubes, exemplified in the set of nodes (8,25), (9,24), (10,23), (11,22), 

(12,221, (13,231, (14,241, (15,251, (16,26), (17,271, (18,281, (19,281, 

(20,27) and (21,26), the following formula for turbulent flow inside 

tubes was used: 



Table 4 - 9 .  [HCONV] Matrix 

Node 



where Nu is the Nusselt number, Pr is the Prandtl number and Rn is the 

Reynolds number. The equivalent, or "Hydraulic" diameter (Dh) to be used 

in the above formula is determined from the expression 

- 4x cross sectional area 
Dh - wetted perimeter 

For an annulus area of an inside diameter d and an outside diameter d i 0 ' 
the hydraulic diameter is found to be (do-di). 

In the present example, helium gas flaws at a rate of 42.11 kg/hr 

(92.9 lb/hr) at 206.73 ~ / c m ~  (300 psis) pressure. Since the inlet helium 

temperature was 344.4'~ (652OF), the property of helium was taken arbi- 
0 trarily at an average temperature of approximately 372.8U~ (703 F) based 

on about 55 .6OC (lOo°F) temperature rise through the receiver tubes. The 

Reynolds and the Prandtl numbers were 52,400 and 0.659, respectively. 

The convective heat transfer coefficient was then calculated as 
2 580 Btu/hr°F ft . For different helium flow rates, the convective 

2 
coefficient (H) , in ~tu/hrOF ft , is written in the form 

where If is the flow rate in lb/hr inside the receiver tubes and H is the 
convective coefficient between the helium gas and the tubes in the 

example receiver. 

4.2.6 Fluid Convection 

The flow direction matrix (MASFLO) was developed as in 

Table 4-10. The closed fluid loop (only one in this example) was 

considered to go from nodes 31-22-23-24-25-26-21-28-29-31. Either zero 

or 1 is entered to identify the flow direction. In 'fable 4-11, 

variations of the mass flow rate (MFM) with time (HRIN) were allowed. 

Only one value of the flow rate was imposed in the fluid loop (92.9 lb/hr 

in Table 4-11) and was assumed to remain constant thereafter. Table 4-11 

was completed by entering the fixed temperature for source/sink nodes 

SSTEM(1) and SSTEM(2). Note the two sources/sink nodes in this example 



Table 4-10. [MASFLO] Matrix 

Node 



were t h e  ambient temperature (node 32) and t he  i n l e t  f l u i d  (node 31), 

respectively.  

Table 4-11. SSTEM(l), SSTEM(2) and MFM 

4.2.7 Flux Dis t r ibut ion 

HRIN 

SSTEM 

(1) 

SSTEM 

(2) 

MFM 

The so l a r  f l ux  d i s t r i bu t i on  i n  Table 4-12 was predetermined 

using an opt ics  computer program developed fo r  t h e  on-going solar-thermal 

power system analyses. The i n t ens i t y  concentration r a t i o  (c) divided by 

t he  parabolic mirror r e f l e c t i v i t y  (p) is given i n  Figure 4-3 together 

with a sketch of t h e  cav i ty  receiver  made t o  f i t  t he  op t ics  program. 

Table 4-13 was used t o  determine t he  so l a r  f l ux  on nodes 3, 8 ,  19, 20, 

21, and 30 i n  terms of t h e  values given i n  Figure 4-3. 

The t o t a l  s o l a r  energy re ta ined ins ide  t h e  cavi ty  receiver was 

found from a previous calorimeter t e s t  t o  range from 4.097 kW 
t 

1 2  

77 

652 

92.9 

(13,983.7 Btulhr) t o  4.47 kWt (15,256.1 ~ t u / h r ) .  Arb i t r a r i l y  taking the  

3 4 5 6 7 8 9 1 0 1 1  

lower end of t he  sca le ,  t he  equivalent so l a r  i n t ens i t y  f a l l i n g  on the  
2 

mirror surface would be 13,983.7183.07 o r  168.3 B t u l h r f t  . Note t ha t  

t h e  l a t t e r  is  always l e s s  than the  ac tua l  so l a r  i n t ens i t y  f a l l i n g  on 

t h e  mirror t o  allow f o r  t h e  receiver  in te rcep t  fac to r  caused by t he  

energy spil l-over from the  l imited receiver  aper ture  s i ze .  The l a s t  



Table 4-12. Solar Flux [IFLUX] 

NDIN 
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Table 4-13. Solar Flux Distribution 
. . 

Node c / P C*ASOL IF LUX'^) c (1) ASOL (2) 

2 
~ t u / h r  ft 

2 
ft 

Total 83.07 

(1) Assuming a mirror reflectivity (p) of 0.9 

(2) Taken from Table 4-3 

(3) Product of (C) column multiplied by 168.3 Btu/hrft 
2 



column i n  Table 4-13 i s  thus  completed and t h e  d a t a  entered hack i n t o  

Table 4-12. Again, i n  Table 4.12, on ly  one column i s  used corresponding 

t o  one s e t  of s o l a r  f l u x  'va lues  which remain cons tan t  t h e r e a f t e r .  The 

u s e r  has  t h e  op t ion  of completing Table 4-12 f o r  a  t r a n s i e n t  s o l u t i o n  by 

r epea t ing  t h i s  procedure a t  p re se l ec t ed  time i n t e r v a l s  dur ing  t h e  s o l a r  

day. 

4.2.8 Nodal Coordinates  

I n  Table 4-14, t h e  a x i a l  and r a d i a l  coordinntca of each node 

w e r e  given based on a  r e f e rence  po in t  taken a r b i t r a r i l y  a t  t h e  c a v i t y  

a p e r t u r e  c e n t e r  wi th  t h e  Z-direct ion taken along t h e  r e c e i v e r  c e n t e r l i n e .  

Each node i n  t h e  c a v i t y  i n t e r i o r  i s  represented  by two bounding c i r cu l a r  

r i n g s .  Therefore,  fou r  coo rd ina t e s  ( r l ,  r 2 ,  Z1, and Z ) a r e  needed. 
2  

Only axisymmetric nodes t h a t  exchange hea t  by r a d i a t i o n  need t o  be con- 

s i d e r e d  t o  make use of t h e  s p e c i a l  view-factor subrout ine  embedded i n  

t h e  code. For example, nodes 5 ,  6 ,  7 ,  22-29, and 31 were assumed no t  

exchanging h e a t  by r a d i a t i o n  t o  neighboring nodes and t h e i r  coord ina tes  

were en t e red  a s  zero .  

Af t e r  completing t h e  input  d a t a  t a b l e s ,  (LOAD) t h e  [FIRSTPART] 

t o  e n t e r  t h e  d a t a ,  t hen  (MERGE) t h e  [LASTPART] of t h e  program and t h e  

program i s  ready f o r  execut ion  us ing  t h e  (RUN) command. 

4 .3  ANALYSIS OF PROGRAM RESULTS 

A copy of t h e  program r e s u l t s  i s  shown i n  F igures  4-4 and 4-5. 

The output  f o r  t h e  s t eady  s t a t e ' s o l u t i o n  s t a r t s  by a  l i s t  of t h e  r a d i a t i o n  

view f a c t o r s  . ( i f  reques ted  by the u s e r ) ,  a check on t h e  summation r u l e  of 

t h e  r a d i a t i o n  view f a c t o r s ,  t h e  accumulated thermal  energy e x t r a c t e d  by 

t h e  r e c e i v e r ,  t he  accumulated s o l a r  energy inc iden t  on t h e  r e c e i v e r  

i n t e r i o r ,  t h e  r e c e i v e r  e f f i c i e n c y ,  and t h e  nodal  r e s i d u a l  energy. The 

use r  may r e p e a t  t h i s  e x e r c i s e  u s ing  d i f f e r e n t  va lues  f o r  t h e  r e c e i v e r  

parameters  f o r  t h e  performance eva lua t ion ,  t h e  t r a n s i e n t  s o l u t i o n  and 

t h e  s e n s i t i v i t y  a n a l y s i s .  



T a b l e  4-14 .. Nodal Coord ina tes  

R a d i a l  A x i a l  
Coord ina tes  Coord ina tes  

Node r r 2 
z 

1 1 2 



ENTER ZERO FOR TRRNSIENT HNRLYSIS OR ENTER 1 FOR QIJRSI STERDY STRTE ONE: 1 

ENTER NUMBER OF NODES::32 

ENTER NUMBER OF SOURCE-S INK NODES: 2 

ENTER NO OF TIME DEPENDENT DRTR POINTS:l, 

ENTER ZERO I F  THERE I S  NO RRDIRTION EXCHHNGE ELSE ENTER 1:l 

ENTER ZERO I F  THERE I S  NO CONDUCTION ELSE ENTER 1:l 

ENTEd ZERO I F  THERE I S  NO CONVECTION ELSE ENTER 1 : l  

ENTER ZERO I F  THERE I S  NO FLUID  FLOW ELSE ENTER 1 : l  

ENTER 1 TO PRINT VIEU FWT0R:S ELSE ENTER 0: 1 
NUN-ZERO ELEMENTS OF THE VIEW FACTOR MATRIX ARE : 
FC 1 9  I ) =  . 130.35L>6 
F (  1 9  2)= . 2:34:3749 1 
F (  19 3 ) =  .85010817E- I l l  
F ( 1. 8:1= ,6994744r jE-01 
F C 1 9 19) = .69776:3:35E-02 
FC 1 9  SO)= . 1924146E-01 
FC 1 9  2 1 > =  .43644969E- 0 1 
FC 1 9  :3Z>= .40995018  

F i g u r e  4-4. Program Output  f o r  S teady-S ta te  S o l u t i o n  
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C:HECF: ON S?IMWHTION RIJLE OF F 
1 . 9933393g 1 1 0 
0 1 1 1 1 
1 1 1 1 1 
1 1 1 [I [I 

0 0 [I 0 0 
!:I 1 

T 1 ME (HR':, fiCC EN5'f EETR R(BTIJ:u AIZC SOL EN57 IN<BTIJ':, REC'IR EFF 
0 0 [I U 

NODE NO NODE TEMP, F 
1 -- 

#' 4' 

- - - 
( 0 '  

3 7 7 
4 7 7  i I 

C - - 
I' ,' 

6 7 - 
I' i - 7 7 

.=, '-. -- 
4' 8' 

3 7 - 
i 0' 

10 - - 
C C  

11 - 7 C i 

12 - 7 i i 

13 7 7 
14 77 i 0 . 
15 - - 

( C  

1 iJ --. 
4' ,' 

17 -- 
4' 

1 :=: 7 7 

13 - - 
C C 

2 [I - 7 C 0' 

z 1 - -. 
C C  

'3 > 
L L 

- 7 C i 

2 3 7 7 
2 4 - - 

I I' 

2 5 - - 
t 'C 

2 b (.' ,,' 
2 7 -- 

0' 0' 

2:s - - ,',' 
> 9 
L > 

-- 
( C  

3 0 77 
3 1 652 
3 2 - - 

C !' 

Figure 4-4. Program Output for Steady-State Solution (Cont'd) 

4-2s 



TI ME l:H!?':t eCC: Et16'1' EXTR <BTI-I:, ~ I Z C :  SOL E~.II;'.( 1 f.( C':Tg:, i ; :EC:vR EFF 
1 1 1  I:I(I~. 5 2 1  1:;3:33. 5.73 . 7:3709:2(1:~ -- . -0 

NODE NO NOnE TEMPlF 
1 1331.1556 
L 1413 . L n  27:-.=, L-. - - - -  

1 42Esk:[5f 
1 ,345. -8 ,. 3r. 9 
c 3~11 . ::I 1:199 
0 :35,. lG,CI&37 
-. 747.33626 

. .:, 0.. .:. 1 . 5 :: 5 9  
.3 -4,2 .- - -I,-- ' . jbl. ?,. 

1 (1 694. 05 167  
1 1  .. - - =, ,, :z; ::; 2 (I:!; 5 
1 - " Sil:l . .%"-- .- ,' I' ::,. 
1 3 C?1..17Ojl  
1 4  i91:I. '3(1'3i 
1 5  727 

0 L,  .10'36 
1 6 735.3". 241 
17  743.5:3135 
1 :3 746.33315 
1 '3 - .- ,,01.43443 
2 CI 773. 15872 
2 1 7 .- i .34.41502 - - -. -. .- L E861:1. 3'52 - - -. -. 
i -* 571.7715 
'4 531:1.&74.39 
2 5 --- , ,d , .  35152 
-, .. - - 
L 

- - ,, 35.71 6 3 2  
2 7 744.1555'37 
- - ,. , ; .=, 747.546 (15 - - 
-8 .4 
L -. 747.54605 
3 1:1 7 ,- 

4 .35.71452 
3 1 6 5 2  
.:. =. -. L 7 7 

,Figure 4-4. program' Output for steady-state Solution (Cont Id )  



ENTER ZERO FOR TFFHISIENT RNRLYSIS OR ENTER 1 FOR BURS1 STERDY STRTE 0NE:O 

ENTER NUMBER OF NODES:32 

ENTER NUMBER OF SOURCE-SINK NODES:2 

ENTER NO OF TIME DEPENDENT DRTR PO1NTS:l 

ENTER ZERO I F  THERE I S  NO RRDIRTION EXCHRNGE ELSE ENTER 1:l 

ENTER ZERO I F  THERE I S  NO CONDUCTION ELSE ENTER 1:l 

ENTER ZERO I F  THERE I S  NO CONVECTION ELSE ENTER 1:1 

ENTER ZERO I F  THERE I S  NO FLUID FLOW ELSE ENTER 1:l 

ENTER 1 TO PRINT VIEU FRCTORS ELSE ENTER 0:0 
CHECK ON SUMRRTION RULE OF F 

1 .99999999 1 1 
0 1 1 1 
1 1 1 1 
1 1 1 0 
0 0 0 0 
0 1 

NODE NO NODFtL N I N  DTFHR 
1 .8766495E-01 
2 .85966027E-01 
3 .23613223 
4 . I 9 6 0 1  015 
5 .242 1535 1 
6 ,93385603E-01 
7 ,10989373 
8 .17551506E-03 
9 .17326226E-03 
1 0  .17621335E-03 
11 .17553484E-03 
1 2  . I 8 3 4 1  399E-03 
1 3  . I 7 6 5 2  056E-03 
14 . I 6 5 1  0813E-03 
1 5  .17690475E-03 
1 6  .17791599E-03 
1 7  .17614825E-03 
1 8  .18354969E-03 
19 -18303406E-03 
2 0 -1763045%-03 
2 1 .1865441lE-03 
2 2  .55415151E-06 
2 3  .61659528E-06 
e4 ' . 4 3 7 6 5 3 7 3 ~ - - o e  
2 5  -4443376E-06 
2 6  .31132801E-06 
2 7  .49406243E-06 
2 8  .4626648 1 E-06 . 
2 9  .72794322E-06 
3 0 .9760572 lE-01 
3 1 .59863752E-06 
3 2  .126757%-05 

Figure 4-5. Program Output for Trans ien t  Solu t ion  



WIN TIRE INCREMENT I N  SECONDS I S  60 

NODE NO 
1 
2 
.3 
4 

. 5  
6 - 
:3 
-3 
10 
11 
12 
13 . 
14 
15 
16 
17 
18 
19 
2 0 
2 1 
22 
E 3 
2 4 
2 5 
2 6 
27 
z B 
23 

.30 
3 1 
3 2 

HCC ENGY EXTR (BTU:) HI:I: :SOL. ENGY 1 N <ETU> RECVR EFF 
0 O O 

NODE TEMPrF 
77 -- 
0' ( 

77 
77 
77 
77 
77 
77 
77 
77 
77 
7- 
i C 

77 
77 
77 
77 ' 
7 7 
7 7 
77 
77 
77 
7 7 
77 
77 
77 
77 
77 
11 
i 1 

77 
77 
652 
77 

Figure 4-5. Program Output f o r  Trans ien t  So lu t ion  (Cont'd) 



ACE ENIYY ESTR CETl-I j AI:II: 'SOL ENGS.r'- IN o::BTl-I) REC'IR EFF 
463. 51 51:s 633. 1:3I;ij4 . i.iJ233 141 

NODE TEMPrF 
116.45512 
213. 65:307 
334. 9&.:397 
1:31.55168 
7 .- d. 6,,127.1E. 
7 - i / . 15 0.396 
:so. 461253 
:356.15227 
719. 162'34 
6:31.11226 
669. g93;344 
65:3. 06,344 
665. 943 15 
6:311. 04:375 
713.51:1502 - .- 0*21.4521'3 
729. 1467.3 
7 -0 .=, 
i . 2 ~ .  10132 
744.54955 
756.7545'3 - .- - , >~ : j .  490'3.3 
657. 6 0997 
665.61797 
679. 3:32;r'l 
71:3.71&8:3 
721.75096 
9,- - , ,2~. 55602 
-.- - (32.569.34 
-. 
; .3P. 56976 
97.477:31 
s52 - - ,' f 

Figure 4-5: Program Output for Transient Solution (Cont'd) 



ACE ENCY EXTR (BTI-I::a eCC: S O L  ENG'Y I N  r:BTU> REC:'.'R E F F  
q"q s,q-.-- - L _  . _ C  (b (  1:Zf3!3. ,367'3 . 66476i.47 

Figure 4-5. Program Output for Transient Solution (Cont'd) 
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APPENDIX A 

PROGRAM FLOW CHART 



a DEFINE/ INITIALIZE 
PARAMETERS 

STEADY STATE/ 
TRANSIENT FLAG 

a N O .  OF NODES 

a N O .  OF DATA POINTS 

SOLAR/IR FLAG 

CONVECTION FLAG 

CONDUCTION FLAG , 

FLOW FLAG 

I DEFINE AND INITIALIZE 
ALL ARRAYS 

ENTER ALL DATA A 



COMPLETE SYMMETRICAL 
MATRICES 

I CONVERT TEMPERATURES 
TO ABSOLUTE I 

( CONDUC = 0 > 

SET K = 1, SSK = 1 
ENEX = 0, SEIN = 0 
EFF = 0 . INTER = 0 



SET C L O C K  = 
Y E S  H R l N  (K) e 

IJO 
t - 

TIME-DEPENO.  
AND 

STABILITY 
S U B R O U T I N E  

Y E S  NO 

r 1 1 

C L O C K  - H R O U T  
PRINT,  H R O U T  S E l N ,  E N E X  

EFF, T ~ M  

U P D A T E  H R O U T  
H R O U T  " U O U T  + D T c U T  I 

ASSIGN 
E N E X l  - E N E X  

vF.5 m T M l -  TW 
I N T E R  - I 
C L O C K  I - C L O C K  

S E I N  1 - S E l N  





COMPUTE ACCUMULATED 
ENERGY AND EFFICIENCY 

ENEX 
SElN 
EFF 

GOSUB 
INTERPOLATION 
SUBROUTINE 

- 
N O  

CLOCK r FTlME 

NO 

END 



INTERPOLATION SUBROUTINE 

GOSUB (7 
COMPUTE 
TEMlN 
ENEXIN 
SEl N l N 
EFF 

PRINT HROUT, ENEXIN, 

SEININ, .EFF 

NN, TEMlN 
s 

I 
UPDATE HROUT 
HROUT = HROUT + DTOUT . 

. . I 

SET INTER = 0 . . 

T 

RETURN 0 



I ASSIGN SOURCE/SINK 
TEMPERATURES I 

SET ZCNI, ZCN TO ZERO 0 
YES 

CALCULATE FLUX 
SOLOCON 
LIREXC 

J 

A 
FLOW = 0 

COMPUTE FLO MATRIX 

I-J 







APPENDIX B 

LIST OF VARIABLES 



. . ---. 
NAME DESCRIPTION D IMEN S;TON UNITS 

A View f a c t o r  parameter  - - - - 

*AD J ADJ (I ,  J )  i s  conduction/convection (NNxNN) - - 
t h 

i d e n t i f i e r  between i and j 
t h  

nodes such t h a t  

ADJ(1, J )  = 1 means t h a t  nodes i, j , 
a r e  exchanging hea t  
by conduct ion .  

ADJ(I,J) = 2 means t h a t  nodes i , j  
are .exchanging hea t  by 
convect ion 

ma t r ix  

*AMBNN The n11rnhe.r of nodes r e p r e ~ e n t i n g  - - 
ambient a i r  

*ASOL ASOL ( i )  is  t h e  ith node s u r f a c e  (NN) 
a r e a  between nodes i , j  f o r  vec to r  
r a d i a t i o n  h e a t  t r a n s f e r  on ly .  

*ASRF ASRF(i, j )  is  t h e  su r f ace  a r e a  between (NNxNN) 
nodes i , j  f o r  conduct ion/convect ion mat r ix  
h e a t  t r a n s f e r  on ly .  

= 0 diagonal ly  
= 0 for '  2 non-adjacent nodes 

ASRF is  only  given i f .  t h e  problem 
con ta ins  conduction o r  convection. 

B V i e w  f a c t o r  parameter -- -- 

C APV CAPV(i) i s  t h e  thermal capac i tance  (NN) B ~ U / ' F  

f o r  the. ith node. v e c t o r  

CLOCK Main program t ime counter .  Clock Sca la r  
i s  incremented a f t e r  each i n t e r v a l .  

CTIOCK1 Tilue cvuntcr  f o r  in t e rpo la t io l i  sub- Sca lar  
r o u t i n e .  

CONDC CONDC(i, j) i s  t h e  conductance'  ( NNxNN) 
m a t r i x  between nodes i, j f o r  
conduct ion h e a t  t r a n s f e r  

*CONDUC F lag  f o r  conduction hea t  t r a n s f e r  -- . - - 
i n  s o l u t i o n  

"Variables  t h a t  must be given by t h e  u s e r  a s  input  d a t a .  



NAME DESCRIPTION . . . .  DIMENSION UNITS 

CONVC CONVC(i, j )  i s  t h e  conductance f o r  ( NNxNN) ~ t u / h r O F  
nodes i , j  exchanging hea t  by 
convect ion 

*CONVEC Flag f o r  convect ion hea t  t r a n s f e r  i n  -- 
s o l u t i o n  

CONVEC = 0 No convect ion 
= 1 Solu t ion  inc ludes  con- 

vec t ion  

DDF Disc-to-disc view vec to r  f o r  ax i -  . ( 4 )  
symmetric con f igu ra t ion  f a c t o r  v e c t o r  
subrout ine  

*DEN DEN(i) is  t h e  d e n s i t y  of t h e  i t h  
(NN) 

node m a t e r i a l  vec to r  

DTAU Minimum t ime s t e p  ( A T )  f o r  t r a n s i e n t  Sca l a r  
s o l u t i o n .  Also used a s  t h e  t ime s t e p  
f o r  quasi-s teady s t a t e  s o l u t i o n .  

DTAUV DTAW(i) i s  t h e  minimum time s t e p  of , (NN) 
t h  vec to r  

t h e  i . node, ca l cu la t ed  from 
s t a b i l i t y  subrout ine .  Applicable  
t o  t r a n s i e n t  s o l u t i o n  only.  

DTEM 
t h  

DTEM(i) i s  t h e  i node new 
temperature a t  (T+AT) vec to r  

*DTOUT Time i n t e r v a l  t o  p r i n t  ou t  r e s u l t s .  Sca l a r  h r  

EFF Accumulated r ece ive r  e f f i c i e n c y  
f r u m  starklng time t i l l  t ime ( ' r ) .  

*EIR EIR(i)  i s  t h e  inf ra - red  emi t tance  (NN) -- 
vec to r  

of t h e  ith node su r f ace .  

ENEX Accumulated energy e x t r a c t e d  from Sca la r  ' Btu 
t h e  r e c e i v e r ,  from starting t i m e  
t i l l  t ime (T)  

ENEXIN Accumulated energy e x t r a c t e d  from Sca la r  Btu 
t h e  r e c e i v e r ,  used f o r  i n t e r p o l a t i o n  
subrout ine .  

ENEXl . .  Accumulated energy e x t r a c t e d  from Sca la r  Btu 
t h e  r e c e i v e r  a t t i m e  (T ) 1 

*Variables  t h a t  must be  given by t h e  u s e r  a s  i npu t  d a t a .  



NAME DESCRIPTION DIMENSION UNITS 

EQVL Equivalent l eng th  f o r  view Sca la r  
f a c t o r  c a l c u l a t i o n .  

*ESOL . ESOL(i) i s  t h e  emi t tance  of t h e  (NN) -- 
t h  vec to r  

i node i n  t h e  s o l a r  r a d i a t i o n  
band 

E l ,  E2, E3 Parameters f o r  view f a c t o r  sub- - - 
E 4 ,  E5, E6 r o u t i n e  a t  v  = 2. 

*F F ( i , j )  i s  t h e  view ( o r  config-  ( NNxNN) 
u r a t i o n )  f a c t o r  between nodes mat r ix  
i, j  t h a t  "see" each o t h e r .  

FCF F C F ( ~ , ~ )  is  t o t a l  view f a c t o r  ( NNxNN) 
mat r ix  ($) between nodes i , . j  ma t r ix  
f o r  t h e  i n f r a r e d  r a d i a t i o n  
exchange. 

FCFST FCFST(i,j) t o t a l  view f a c t o r  ( NNxNN) 
mat r ix  (I?*) f o r  s o l a r  r a d i a t i o n  mat r ix  
exchange between nodes i , j .  

n o  FLO(i , j )  i s  t h e  f lu . id  conductance (NNxNN) ~ t u / h r O F  
between nodes i, j . matr ix  

*FLOW Flag f o r  f l u i d  flow i n  s o l u t i o n  . -- -- 

Flow = 0 No f l u i d  flow 
= 1 Flu id  energy i s  

considered i n  
sol.ution 

FLUX FLUX(i) , d i r e c t  s o l a r  f l u x  
. . 

(NN) 

i n c i d e n t  on ith node. vec to r  

*FND I N  Number of node which r e p r e s e n t s  -- 
t h e  f l u i d  i n l e t  s e c t i o n  of 
r e c e i v e r  

*FNDOT Number of node which r e p r e s e n t s  -- 
t h e  f l u i d  o u t l e t  s e c t i o n  of 
r e c e i v e r .  

*FTIME F i n a l  c lock  o r  run time Sca la r  

*Variables  t h a t  must be  given by t h e  use r  a s  i npu t  d a t a .  



- - 

NAME DESCRIPTION DIMENS ION UNITS 

FU FU(i) i s  t h e  sum of view f a c t o r  (NN) -- 
from node ( i )  t o  a l l  o t h e r  nodes vec to r  
i n  enc losure  = C F ( i , j )  

j 
F1 Transfer  mat r ix  between e x c i t a t i o n  (NNxNN) -- 

and response v e c t o r s  f o r  I R  mat r ix  
r a d i a t i o n  

F1 S  Transfer  matr ix.  between e x c i t a t i o n  (NNxNN) 
and response v e c t o r s  f o r  s o l a r  mat r ix  
r a d i a t i o n  exchange 

HEAP Heat ~ n e r ~ y  Analysis  Program t i t l e  -- - - 

*HCONV HCONV(i,j) is  t h e  convect ive h e a t  (NNxNN) Btu/hr  f t 2  OF 

t r a n s f e r  c o e f f i c i e n t  between mat r ix  
ad j acen t  nodes i, j  exchanging 
hea t  by convection 

HRIN(k) i s  t h e  t ime i n .  h r  co r r e s -  (NDIN) h r  

ponding t o  t h e  kth inpu t  t r a n s i e n t  
d a t a .  

*HROUT S t a r t i n g  time f o r  p r i n t i n g  ou t  Sca l a r  
program r e s u l t s  

I,II,II . Index -- - - 

IDN' ~ d e n ' t i t y  mat r ix  (Kronecker 
d e l t a  of s i z e  NN) 

(NNxNN) 
ma t r ix  

IFLUX(i,k) i s  t h e  input  s o l a r  (NNxNDIN) Btu/hr  f t  
2 I n u x  

f l u x  i n c i d e n t  on the -  

ith node a t  t h e  kth t ime i n t e r v a l  

I N R  Inner  . r ad ius  f o r  view f a c t o r  Sca l a r  f t  
c a l c u l a t i o n  

INTER Flag  f o r  i n t e r p o l a t i o n  subrout ine  Sca l a r  f t  

IREXC(i,j) i s  t h e  in f r a - r ed  ( NNxNN) f  t 
2 

IREXC 
r a d i a t i o n  exchange c o e f f i c i e n t  ma t r ix  
between nodes i , j  

Spec ia l  mat r ix  formed from IREXC ( NNxNN) f t  
2 

IREXCl 
. . 

mat r ix  

-- 

*Variables  t h a t  mus t  be given by the use r  as inpu t  data. 



NAME DESCRIPTION DIMENSION UNITS 

J ,J l ,JJ  Index - - - - 

J A C  

KOST 

Jacobian ma t r ix  f o r  s teady  s t a t e  
s o l u t i o n  i t e r a t i o n  

Index 

KCOND(i) , conduct iv i ty  of i t h 
nndp  m a t e r i a l  

Kroencker d e l t a  ( i d e n t i t y  mat r ix)  

Parameter f o r  view f a c t o r  sub- 
r o u t i n e  

(NNxNN) BtuI0F 
ma t r ix  

(NN) Btu lhr  f t ° F  
vcc t o r  

( NNxNN) 
mat r ix  

L, LL Index -- -- 

LIREXC ,Linear ized  mat r ix  c o e f f i c i e n t  (NNxNN) Btu/hr°F 
IREXC t o  s u i t  t h e  s t a b i l i t y  ma t r ix  ' 

sub rou t ine  

*LNGTH LNGTH(i,j) i s  t h e  d i s t a n c e  (NNxNN) f t  
between nodes i , j exchanging ma t r ix  
h e a t  by conduction measured 
from c e n t e r  of node i t o  
s e p a r a t i n g  su r f ace  between i , j  

LR Parameter f o r  view f a c t o r  sub- Sca l a r  
r o u t i n e  

*MASFLO MASFLO(i,j) i s  t h e  flow d i r e c t i o n  (NNxNN) 
i d e n t i f i e r  between nodes i , , j  .matr ix  

. .  . = 0 No f l u i d  exchange 
h 

5 1 Flow i s  from node j t o  
node i f o r  a s i n g l e  
f l u i d  loop 

= Mass flow r a t e  from node j 
t o  node i. f o r  more than 
one f l u i d  loop 

"Variable  t h a t  must be  g iven .by  t h e  u s e r  a s  i npu t  d a t a .  



NAME DESCRIPTION DIMENSION UNITS 

MINDTU Minimum t ime  i n t e r v a l  bel'ow 'which S c a l a r  h r  
nodes' a r e  consi 'dered ze ro-capac i ty .  
For t r a n s i e n t  s o l u t i o n s .  

*PlFM The Mass f low r a t e  (assuming one (NDIN) l b  / h r  
f l u i d "  c i r c u i t  i n  t h e  r e c e i v e r )  a t  v e c t o r  

t h  
t h e  k t i m e  i n t e r v a l .  For more 
t h a n  one f l u i d  l o o p ,  ME'M i s  t a k e n  
a s  1. 

*MNIT Maximum number of i t e r a t i o n s  i n  -- 
Newton-Raphson method. 

N Index -- 

* N D I N  - Number o f  d a t a  p o i n t s  i n  t i m e  - - 
v a r y i n g  i n p u t  o r  dimension o f  
HR.IN v e c t o r ,  

NE Number o f  e q u i l i b r i u m  nodes  - - 
NE = NN-SS 

*NN T o t a l  number of nodes -- 

OTR Parameter  f o r  v i e w  f a c t o r  sub- S c a l a r  
r o u t i n e  

PHI1 Parameter  f o r  view f a c t o r  sub- S c a l a r  
r o u t i n e  . 

PHIJ Parameter  f o r  view f a c t o r  sub- S c a l a r  
r o u t i n e .  

P I  The number IT = 3.1416 - - 

*POWR POWR(i), i n t e r n a l  h e a t  g e n e r a t e d  i n  (NN) 
t h  

i node,  by e l e c t r i c a l  r e s i s t a n c e ,  v e c t o r  
n u c l e a r  r e a c t i o n ,  e t c .  

* k R a d i a l  c o o r d i n a t e s  f o r  node (2*NN) 
s u r f a c e s  exchanging r a d i a t i o n ,  v e c t o r  

b 

RES t h RES( i ) ,  r e s i d u a l  of i node ,  o r  (NN) 

sum of h e a t  i n p u t  t o  ith node 
v e c t o r  

( f o r  quas i - s t eady  s t a t e  s o l u t i o n )  

+;Variables t h a t  must b e  g iven  by t h e  u s e r  a s  i n p u t  d a t a .  

r a d i a n  

r a d i a n  



NAME DESCRIPTION 
- 

DIMENSION UNITS 

RHO 

RHOST 

.Rad ius  of h i g h e r  d i s c  ( o r  r i n g )  
forming t h e  s u r f a c e  o f  t h e  a x i -  
symmetric node i n  DDF view f a c t o r .  

RHO(i) , s p e c t r a l  r e f l e c t i v i t y  of 

ith node i n  t h e  i n f r a r e d  r a d i a t i o n  
spectrum 

RHOST(i), s p e c t r a l  r e f l e c t i v i t y  o f  
t h  

i node i n  t h e  s o l a r  r a d i a t i o n  
band 

Radius  o f  lower d i s c  ( o r  r i n g )  
forming t h e  s u r f a c e  o f  t h e  a x i -  
symmetric node i n  DDF view f a c t o r .  

Pa ramete r  f o r  view f a c t o r  
s u b r o u t i n e .  

Height  between h i g h e r  d i s c  and 
lower  d i s c  i n  DDF view f a c t o r .  

F l a g  f o r  s o l a r  and i n f r a r e d  
r a d i a t i o n  e x i s t e n c e  i n  s o l u t i o n .  

(4)  f t  
v e c t o r  

(NN) -- 
v e c t o r  

(NN) -- 
vecror 

(4)' f t  
v e c t o r  

S c a l a r  f t  

(4 f t  
v e c t o r  

SAIRR =. 0  no  r a d i a t i o n  
= 1 s o l a r  & IR 

exchange a r e  p r e s e n t .  

SEIN Accumulated s o l a r  energy  i n c i d e n t  S c a l a r  Btu 
on r e c e i v e r  from s t a r t  t o  t i m e  (T). 

SEININ Accumulated s o l a r  energy  i n c i d e n t  S c a l a r  Btu 
on r e c e i v e r  used f o r  i n t e r p o l a t i o n  
s u b r o u t i n e .  

SEINl Accumulated s o l a r  energy  i n c i d e n t  S c a l a r  Btu 
on r e c e i v e r  from s t a r t  up t o  (T ) .  

1 

*SIGMA Stefan-Boltzman r a d i a t i o n  c o n s t a n t  S c a l a r  B t u / h r f t Z o 4 ~ )  

1 .714 X lo-' 

SOLCON SOLCON(i), n e t  s o l a r  r a d i a t i o n  (NN) B ~ U / ~ Y  

exchange by ith node. v e c t o r  

"SORS I N  Source / s ink  node i d e n t i f i e r  (NN) - - 
SORSIN(i) = 0  e q u i l i b r i u m  node v e c t o r  

= 1 s o u r c e / s i n k  node 

*Var iab les  t h a t  must be g iven  by t h e  u s e r  a s  i n p u t  d a t a .  



NAME DESCRIPTION DIMENSION UNITS 

*TEM 

TEMIN 

SPHT(i) , specific heat of ith node , (NN) Btu/lb°F 
material. vector 

Number of source/sink nodes -- -- 

Steady state index to stop -- -- 
temperature calculation when 
input data no longer changes. 

Flag for transient and steady state -- 
solutions identifier. 

SST = 1 steady state 
= 0 transient 

Source/sink temperature profile ( S SxNDIN) OR 
matrix 

Index - - -- 

t h 
TEM(i) is the temperature of i (NN) OR 
node vector 

Nodal temperature vector used for (NN) OR 
interpolat ion subroutine vector 

TEMNEW TEMNEW(i) , updated temperature for (NN) OR 

ith node. at (r + AT). vector. 

TEMl '~odal temperature vector at end (NN) OR 
of time (r ) .  vector 

1 

UNM Matrix with all elements = 1 ( NNxNN) - - 
matrlx 

UNV Vector with all elements = 1 (NN) -- 
vector 

V(i, j) is a 'radiation exchange 
flag between nodes i , j 

(NNxNN) -- 

V(i, j) = 0 nodes i, j do not "see" each other 
= I interior cone surface (i) to 

interior cone surface (j) 
= 2 interior cone surface (1) to 

exterior cone surface (j). 
= 3 asymmetric node F values to 

.be entered by the user 
= 4 nodes i, j to be calculated 
using summation rule 

*Variables that must be given by the user as input data. 



- - 

NAME DESCRIPTION D IMENS I O N  UNITS 

*VOL 
t h  

VOL(i) , volume of i node (NN) f t  
3 

v e c t o r  

*VPRNT F l a g  f o r  v iew f a c t o r  m a t r i x  - - 
p r i n t i n g  

X Paramete r  v e c t o r  f o r  DDF . ( 4 )  -- 
c a l c u l a t i o n  2  v e c t o r  

ZCN 

Z C N l  

Parameter  f o r  r a d i a t i o n  s u b r o u t i n e  Scalar f t  

A x i a l  c o o r d i n a t e s  of lower  and ( 2XNN) f t  
h i g h e r  d i s c s  forming node ( f o r  v e c t o r  
axisymmetr ic  view f a c t o r  s u b r o u t i n e )  

Zero-capac i ty  node f l a g .  ZCN i s  1 (NN) . -- 
f o r  a z e r o - c a p a c i t y  node;  else v e c t o r  
ZCN(i) i s  0. 

Zero-capac i ty  nodes  i d e n t i f i e r  i n  -- 
t r a n s i e n t  s o l u t i o n .  

*Var iab les  t h a t  must b e  g i v e n  by t h e  u s e r  a s  i n p u t  d a t a .  

B-10 



APPENDIX C 

INPUT DATA TABLES 



F l a g  f o r  s o l a r - i n f r a r e d  r a d i a t i o n  h e a t  t r a n s f e r  

SAIRR = 0 i f  problem does  n o t  i n c l u d e  nodes  
exchanging s o l a r  & i n f r a r e d  
r a d i a t i o n  

e l s e  SAIRR = 1 

CONVEC 

F l a g  f o r  conduc t ion  h e a t  t r a n s f e r  

CONDUC = 0 i f  problem does  n o t  i n c l u d e  nodes 
exchanging h e a t  by conduc t ion  

e l s e  CONDUC = 1 

F l a g  f o r  the rmal  convec t ion  h e a t  t r a n s f e r  

CONDUC 

CONVEC = 0 i f  problem does  n o t  i n c l u d e  nodes 
exchanging h e a t  by c o n v e c t i o n  

1 

e l s e  CONVEC = 1 

FLOW 

F l a g  f o r  f low convec t ion  

FLOW = 0 if problem does  n n t  i n r l ~ ~ d e  
f l u i d  nodes f lowing  from one 
node t o  a n o t h e r  

e l s e  FLOW = 1 



Flag f o r  t r a n s i e n t l s t e a d y  s t a t e  s o l u t i o n s  

SST = 1 For s teady  s t a t e  s o l u t i o n  

SST = 0  For t r a n s i e n t  s o l u t i o n  

AMBNN 

Number of node r ep resen t ing  t h e  ambient a i r  

VPRNT 

Flag f o r  p r i n t i n g  t h e  view f a c t o r  mat r ix  

VPRNT = 1 t h e  program w i l l  p r i n t  t h e  
view f a c t o r  mat r ix  

e l s e  VPRNT = 0 ,  No p r i n t i n g  

F ina l  c lock  o r  run time of program 
s imula t ion ,  i n  hours  

MINDTU 

Minimum time i n t e r v a l  ( AT ) i n  hours  
below which nodes a r e  considered zero- 
capac i ty  nodes. MINDTU i s  only requi red  
i n  t r a n s i e n t  s o l u t i o n s  (SST = 0 ) .  10/3600 
could be used a s  a  f i r s t  t r i a l .  



Total number of nodes in the problem including 
sourcelsink nodes and equilibrium nodes 

Number of data elements entered in IIRIlJ table, 
or dimension of HRIN .vector 

Number, of source/sink nodes in problem. These 
nodes can gain or lose any amount of heat without 
affecting their temperature 

MNIT 

Maximum number of Newton-Raphson iterations 
required. Usually not less than 6 is recommended. 
Accuracy of computations may not be affected very 
much with increasing MNIT. 



HROUT 

S t a r t i n g  t i m e  ( i n  hours)  a t  which program r e s u l t s  
a r e  p r i n t e d  

DTOUT 

Time i n t e r v a l  ( i n  hours )  f o r  p r i n t i ng ' p rog ram 
r e s u l t s  

Number of node r e p r e s e n t i n g  t h e  f l u i d  i n l e t  
s e c t i o n .  I f  no f l u i d  c i r c u i t  i s  present:, e n t e r  
z e r o  

FNDOT 

Number o f  node r e p r e s e n t i n g  t h e  f l u i d  o u t l e t  
s e c t i o n .  I f  no f l u i d  c i r c u i t  i s  p r e s e n t ,  e n t e r  
z e r o  



Table C-1. SORSIN 

Source/si.nk, node i d e n t i . f i e r .  S O R S I N  s h a l l ,  h e  either zero nr 1.. 
according to the following : 

SORSIN = O For an equilibrium mode 

NODE 

z - 
V) 

5 
V) 

SORSIN = 1 For a sourcelsink node 

Nodes that represent ambient air, constant temperature or a phase 
changing process are examples. 

Table C-2. TEM 

1 2 3  

Initial temperature nodes in OF. The temperature vector is 
used as an initial estimate for iteration in steady-state 
solutions or as an initial value for transient solutions. 
Default value is 77OF for all the nodes. If the initial 
temperature of certain node(s) are different from 77"F, the 
user shall enter the new value(s). 

. 
NODE 

z 
W 
I- 

4  

1 

5  

2  

6 7  

3  5  4  

8  

6  

9 11 

7 8 

i 

10 12 1 3 1 4 1 5 1 6 1 7 1 8  1 9 2 0  

9 1011 12 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0  



Table C-3. E I R  

The semi-grey emis s iv i ty  of each node i n  t h e  i n f r a r e d  reg ion  
extending approximately from a wavelength of 4 microns (4000 A) 
t o  i n f i n i t y .  For nodes where t h e  e m i s s i v i t y  i s  unknown, too  
sma l l ,  o r  does n o t  exchange h e a t  by r a d i a t i o n ,  a va lue  of ze ro  
s h a l l  be  en t e red .  

Table C-4. ESOL 

NODE 

Qi - 
W 

The semi-grey e m i s s i v i t y  of each node i n  t h e  s h o r t  wave ( s o l a r )  
reg ion  below 4 micrdns (4000 A) wavelength. For nodes where 
t h e  e m i s s i v i t y  i s  unknown, t o o  sma l l ,  o r  does n o t  exchange hea t  
by r a d i a t i o n ,  a va lue  of zero  s h a l l  be en t e red ,  

11 1 3 1 4 1 5 1 6  12 1 

. 

2  1718 3  

16 

1 9 2 0  

NODE 

0' 
V) 
w 

-- 

10 4 8 

17 3  9  

9  

11 10 1 

- 

5  

18 4 2 

6  

19 5  12 

7 

20 

. 

14 13 15 6 7  8 



Table C-5. POWR 

I n t e r n a l  power generated i n  each node i n  ~ t u / h r , . d u e  t o  
chemical r e a c t i o n ,  nuc lea r  e x c i t a t i o n  o r . h e a t  generated by 
e l e c t r i c a l  r e s i s t a n c e s .  Defaul t  va lue  i s  zero  f o r  each 
element.  

Table C-6. SPHT 

NODE 

: 
0 
P 

2  1 

0 The s p e c i f i c  h e a t  of each node m a t e r i a l  is  i n  Btu / lb  I?. Defaul t  
va lue  i s  zero f o r  each element.  

3  

- 
NODE 

I- 

B 
cn 

3  1  

4 

2 4 

5  7 

5 

6 9  8  10 

6 

11 

1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0  7 9 8  1 0 1 1  

12 

12 

13 1 4 1 5 1 6  1718 1 9 2 0  



Table C-7. DEN 

The d e n s i t y  of each node m a t e r i a l  i n  l b / f t 3 .  DEN i s  only  
needed f o r  t r a n s i e n t  s o l u t i o n s .  For s teady  s t a t e  s o l u t i o n s ,  
DEN t a b l e  s h a l l  be  l e f t  blank.  Defaul t  va lue  i s  zero f o r  
each element.  

Table C-8. KCOND 

13 NODE 

z 
W 
P 

The thermal  conduc t iv i ty  of node m a t e r i a l ,  i n  Btu/hr  f t ° F .  
Defaul t  va lue  is  zero f o r  a l l  nodes. 

8  1 4 1 5 1 6  1 

7 

1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0  

17'18 2  9  

12 NODE 

n 
z 
0 
V 
Y 

1 9 2 0  11 10 12 3  4 

4  3  1 2  5 

7 5 6 

6 7 

-- 

8  9  1 0 1 1  



Table C-9. VOL 

The volume of each node m a t e r i a l  i n  f t 3 .  VOL i s  needed f o r  
t r a n s i e n t  s o l u t i o n s  only.  Defaul t  va lue  f o r  each element i s  
zero .  Source/s ink nodes s h a l l  be ass igned  an  . a r b i t r a r y  
volume, e .g . ,  1 f t 3 .  

Table C-10. ASOL 

NODE 

6 > 

3  

Surface a r e a  i n  f t 2  of a node s u b j e c t  t o  h e a t  t r a n s f e r  by 
r a d i a t i o n  wi th  o t h e r  neighboring nodes, o r  a node r ece iv ing  
d i r e c t  s o l a r  r a d i a t i o n .  The ASOL w i l l  be  i n t e r n a l l y  computed 
by HEAP when t h e  axisymmetric view factor s u h r n ~ ~ t i n ~  i s  used .  
Utherwise, t h e  u s e r  s h a l l  e n t e r  t h e  va lues  of ASOL. For nodes 
t h a t  do no t  exchange hea t  by r a d i a t i o n  completely,  a zero  
va lue  s h a l l  be  entered.. 

1 

NODE 

0' 
2 

2  4 5 

1  

6 

3  

- - 

2  

- - 

8  7 9 

4 

- - 

5  

- - 

10 

6 8  7  

11 

I 

9  

12 1 4 1 5 1 6  13 

1011  

1718  

12 

1 9 2 0  

1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0  

. 



Table C-11. V i e w  Factor Flag [V] 

NODE 

View f a c t o r  f l a g  [V] is an in teger  t o  i d e n t i f y  the  viewing configurat ion 
h ~ t w ~ e n  any two nodes. Only ha l f  a£ t h e  IV1 matrix (hatched area)  s h a l l  
be entered t o  include t h e  diagonal elements. The f l a g  element V ( i , j )  
r epresen ts  how t h e  ith node "sees" t h e  jth node a s  follows: 

V ( i , j )  = 0 Nodes ( i )  and (j) do not  "see" each o ther  e i t h e r  d i r e c t l y  
o r  because of shading o r  obs t ruc t ion  by o ther  nodes. 

V ( i , j )  = 1 Node ( i )  i s  t h e  i n t e r i o r  of a conical  r i n g ,  exchanging 
r a d i a t i o n  with node ( j ) ,  which is  t h e  i n t e r i o r  of a 
conical  r ing .  

V ( i , j )  = 2 Node ( i )  i s  t h e  i n t e r i o r  of a conical  r i n g ,  exchanging 
rad ia t ion  with node ( j ) ,  which i s  t h e  e x t e r i o r  of a 
conir.al ring. 

V ( i , j )  = -2 Node (k) is t h e  e x t e r i o r  of a con ica l  r i n g  exchanging 
rad ia t ion  with node ( j )  which is  the  i n t e r i o r  of a 
conical  r ing .  

V ( i , j )  = 3 Nodes ( i )  and ( j )  do not f i t  an axisymmetric model 
described above i n  V = 0,  1, 2 ,  o r  -2 and have a given 
view fac tor .  

V ( i , j )  - 11 U ~ e r s  f r e e  choice node-node where view f a c t o r  w i l l  hp 
determined by t h e  summation r u l e .  Each row i n  t h e  
hatched [V] ha l f  matrix s h a l l  contain one node only 
with V = 4.  



Table C-12. View Factor Matrix [F] 

NODE 

V i e w  factor F ( i ,  j) between nodes ( i )  and ( j )  i s  only entered whenever 
the f l a g  V ( i , j )  is  3; the case of two nodes where the view factor i s  
not determined by l1l3Al1 subroutines. Only elements in tile haLc11ed area 
need to  be entered. Non-applicable cases s h a l l  be l e f t  blank. 



Table C-13. ADJ 

NODE 

ADJ i s  a "flag1' matrix t o  i d e n t i f y  t h e  type o$ heat  t r a n s f e r  between 
adjacent  and non-adjacent nodes. ADJ is  an i n t e g e r  t h a t  can be as 
follows : 

Blank o r  0 For non-adjacent nodes 

1 For two adjacent  nodes exchanging heat  by conduction 

2 For two adjacent  nodes exchanging heat  by convection 

Only hal f  of t h e  matrix needs t o  be entered ( t h e  hatched area)  because of 
symmetry. Diagonal elements s h a l l  be l e f t  blank. Default value i s  
zero f o r  each element. 



Tahle C-14. ASRF 

NODE 

Contact surface area between two adjacent nodes (in ft2) that exchange ' 

heat by conduction (ABJ = 1) ar convection (ADJ = 2). Default value 
is zefo. Won-applicable boxes oholl L ~ I  left hlank. Qnly half of the 
matrix (shaded area) shall be entered with blank diagonal elements. 



Table C-15. LNGTH 

NODE 

The heat transfer average path length between two adjacent nodes 
exchanging heat by conduction. LNGTH is entered in  f t  for nodes with 
ADJ = 1 only. LNGTH ( i , j )  i s  measured from the center of node ( i )  t o  
separating surface between nodes (i) and (j) . 



NODE 

Coefficient of heat transfer by convection i n  Btu/hr f t°F.  HCONV is 
entered for nodes exchanging heat by convection only ( M J  =2). Wly 
half of the matrix, excluding the diagonal elements, shal l  be entered. 
Non-applicable boxes shal l  be l e f t  blank. Default value is  zero for 
a l l  elements. 



Table C-17. MASFLO 

NODE 

MASFLO' ( i ,  j )  is an i d e n t i f i e r  f o r  t h e  d i r e c t i o n  of flow between nodes 
( i )  and ( j )  i f  a  s i n g l e  f l u i d  loop is  present  i n  t h e  receiver .  MASFLO 
( i , j )  is a l s o  an i d e n t i f i e r  fo r  both t h e  d i r e c t i o n  and mass flow r a t e  
i f  t h e  receiver  includes more than one f l u i d  loop. For a s i n g l e  f l u i d  
loop, MASF'LO ( i , j )  i s  entered a s  1 i f  t h e  flow d i r e c t i o n  is  from node 
( j )  t o  node ( i )  and zero i f  t h e  flow d i r e c t i o n  is  from node ( i )  t o  node 
( j ) .  For a s i n g l e  f l u i d  loop, MFM (Table C-18) w i l l  be t h e  mass flow 
r a t e  i n  l b l h r .  For rece ive rs  with more than one f l u i d  loop, t h e  a c t u a l  
mass flow r a t e  i n  l b / h r  w i l l  be entered i n  MASFLO ( i ,  j )  i f  t h e  f l u i d  
flow d i r e c t i o n  i s  from node (j) t o  node ( i )  , and zero otherwise. I n  
t h e  l a t t e r  case, MFM s h a l l  be entered a s  1. 



Table C-18. HRIN, SSTEM and MF'M 

HRIN Time domain da ta ,  giving t h e  sequence of clock t i m e s  (not 
necessa r i ly  of equal  i n t e r v a l s )  when some var iab les  change 
o r  are not  t o  be re-specif ied by t h e  user .  

SSTEM Source/sink temperature v a r i a t i o n s  with t i m e  domain, entered 
i n  OF. SSTEM (1) gives t h e  temperature of t h e  ambient node, 
and SSTEM (2) gives t h e  temperature of t h e  inlet- to-receiver 
f l u i d  node. Both t h e  ambient node and inlet- to-receiver node 
a r e  considered source/sink nodes here ,  but could be changed 
i n  t h e  program s t ruc tu re .  

101112131415161718192021222324 

A 

MFM Mass flow m u l t i p l i e r  i n  l b / h r .  This i s  t h e  mass flow r a t e  of 
t h e  working f l u i d  i n s i d e  t h e  s i n g l e  rece ive r  loop. Variat ions 
of MFM with t i m e  a r e  entered accordfng t o  t h e  number of da ta  
points  i n  t h e  t i m e  domain. For rece ive rs  with more than one 
loop,  t h e  number 1 should be entered a s  a flow base l ine  and 
v a r i a t i o n s  of flow r a t e s  with t i m e  should be entered a s  the  
r a t i o  of new flow r a t e  t o  t h e  base l i n e .  Tables C-17 and 
C-18 should be completed simultaneously. For rece ive rs  with 
more than one f l u i d  loop, t h e  mass flow r a t e  of each loop is  
assumed t o  vary simultaneously with t i m e  s o  t h a t  t h e i r  r a t i o s  
remain unchanged. 

2 

5 4 3 HRIN 

SSTEM 
(1) 

SSTEM 
(2) 

MFM 

6 .I 7 2 8 9 



Table C-19. IFT.,UX 

NODE 

Solar radiat ion in tens i ty  i n  Btu/hr f t 2 .  Variations of I F L U X  with time 
in te rva ls  a r e  provided i n  the tables .  The values from 1 t o  24 i n  the 
HRIN row a r e  time intervals .  



Table C-20. Nodal Coordinates 

COORDINATES 

This nodal coordinates t a b l e  i s  needed only when t h e  view fac to r  matrix 
is calcula ted  using t h e  axisymmetric node subroutine. Each axisymmetric 
node (whe ther i t  i s a  conical  o r  c y l i n d r i c a l  r i n g ,  o r  a planar d i sc )  i s  
defined by four  coordinates:  (rl,Z1) f o r  t h e  bottom boundary, and (r3,Z2) 
t o r  t h e  top boundary where Z2 > Z1 .  The r a d i a l  d i s t ance  r is  measured 
from an a r b i t r a r y  datum. For nodes t h a t  a r e  not exchanging hea t  by 
rad ia t ion ,  t h e  coordinates s h a l l  be l e f t  blank. Default value is  zero 
f o r  each coordinate. A l l  va lues  a r e  entered i n  f t .  

SURFACE NORMAL 

INTERIOR NODE (PLANE RING) 
FACING DOWNWARD 

SURFACE NORMAL 

t ,.I 

INTERIOR NODE (PLANE RING) 
FACl NG UPWARD 





FILE 1 

[ FIRSTPART I 



1 0 0 INPUT US INS CHAR C 1 3  I +'ENTER ZERO FOR TRANS I ENT ANALYSIS 
OR ENTER 1 FOP DUASI STEADY STATE ONE:::/:ZST 

l Z 0  I NPIJT IJSI NS CHAR C 13) +'ENTER NUMBER .OF NODES: ::' : NN 
140 INPIJT US INS CHHR C I  3) +'ENTER NUMBER OF SOIJRCE-SINK NODES: ::' : SS 
160 INPUT USING CHARClB>+'ENTER NO OF TIME DEPENDENT DATA PDINTS:::':NDIN 
180 INPUT USING CHAR (13) +'ENTER 7ERO 1.F THERE I S  NO RADIATION EXCHANGE 
ELSE ENTER 1 : ::' : SRIRR 

2 00 INPUT US INS CHAR ( 1 3 3  +'ENTER ZERO I F  THERE I T  NO CONDUCTION 
ELSF ENTER 1 : ::' : CONDUC 

220  INPUT IJSINS CHHR (1 33 +'ENTER ZERO I F  THFRE I S  NO CONVECTION 
ELSE ENTER 1:c':CONVEC 

240  INPUT USING CHHRClSS+"ENTER ZERO I F  THERE I S  NO F t U I D  FLOW 
ELSE ENTER 1 : ::' : FLOW 

260 INPUT USING CHAR C13>+/ENTER 1 TO PRINT VIEW FACTORS ELSE ENTER 0:::':VpRNT 
280  CLOCK=Ot SIS.MA=1.714E-0'3 
300  ! DIMENSION AND I N I T I A L I Z E  ALL ARPAYS 

32 O REAL ASRF CNN- NNb r E I R  CNN? . ESOL CNN> r F CNN I NN) r FCF CNNr NN3 r FCFST CNNr NN:) 1 

RHO CNN) . RHOST CNN) . IREXC CNNr NN) r IREXC1 CNNr NN) 9 LIREXC CNNr NN) 9 

POUR CNN) r CONDC CNNr NN.) 9 HCDNV fNN. NNN> 7 UNM CNNq NNI =l r KD CNN, NN> /I DN CNN) 1 7  

LNSTH CNN- NN) r KCOND CNNI 
340  REAL CONVC CNNI NN) r F 1  CNN9 NNI s F1:S CNN* NN'I . TEN CNN') 1 TEMNEIAI CNti? r DTEM CNNb * 

TEMl CNN) 9 TEMIN CNN) t MASFLO CNNI NN> r FL 0 CNNr NN) r CRPV CNN> r SPHT CNN> r 
VOL CNN) . DEN CNN) r ADJ CNNr NN) I SOLCON CNN) I ASOL CNN:) 1 DTRUV CNNb 9 

IFLUX CNNr NDIN.3 r SSTEM CSSr NDIN) I FLUX CNNhHRIN CNDIN> 9 MFM CNDIN) 
3 6  0 REAL k (4) r RH (41 r RL (4.) r S (4) 9 DDF (4) I P C2*NN) 9 7 C2eNN.y 7 FU CNN) 9 .JAC CNN 9 NN) r 

V CNN 9 NN) 1 1JNV CNNI = 1 r SORS I N f N N , r Z C N  t'NN1 
380  TEMCI)=77 FOR 1-1 TO NN 
400  ! THE FOLLOWING SPACE I S  FOR ENTERING DATA 

CHECK THE PROGRAM MANUAL 

4 2 0  HROUT=0,DTOUT=lrFNDIN=31~AMBNN=32rFNDOT=29 
440  MNIT=6rFTIME=l 
460  MINDTU=1'%0 
480  8ORSINC3l)rSORSINc32,=1 
500  TEMC31)=652 , 

5 2 0  REAL E1R~32:~~'.75~.75r.75~.75~0r.5'~.5~.S~.5~.5~.5~.5r.5r.5m.51.5~.5r.5~ 
.59 .Tr .5 r  0109 0r 09 t3. 01 o.0- .59 03 I./ 

5 4 0  REHL ESOL 1:'32'>...'. 156,. 1569. 156,. 1515.13- .5r  .5r  .Fir .Fir . 5 i  .59 -59 .5, .SF .5 r  
.ST .Sr .5r  .5 r  .5r  . 5 .  01 0, CII 11, C IS  09 (19 131 - 5 1  C I *  I,...' 

5 6 0  REHL SPHT ('3;3/. 12. .:316r .:3169 .316. .Pe .2.. 1Pr.  12,. 129.12,. 12,. 12, 
. 1 2 ~ . 1 2 ~ . 1 2 r . 1 2 ~ . 1 % ~ 1 . 1 2 ~ . 1 2 ~ . 1 P ~ . 1 2 ~ 1 . 2 4 r 1 . 2 4 ~ 1 . 2 4 ~ 1 . 2 4 ~ 1 . 2 4 ~  
1.24, 1.2491.,24,. l ? r  1.24, .24..,' 

c -ton .-. REHL llEN<'i!2) ,511.lA0.14Ctm 14CIp 119 11 151 1151 1141 lg '511 q S l l ~ 5 1 1 9 ~ 1 1 r  
511rSllr511,511r511~~11~511~511~. CIt3611. 0'?&1,. Cl'3611. C1°?J619. CI836l* . 0961 9 .  0961 9 .  0'361 9 5 1  1 9  . 0'361 I . 075..-5 

6ClO REHL KCONDc3E">/h.S, .A39 .eE:3e .:3:>r, Cl41. 04w6.51EE.59c, .5~E0.5,6.5,6.59 
h .516.5~6.596.596.596.5966596.59EEEJ~.  1457.. 14577.1457,. 1457, 
1 4 5 7 9 . 1 4 5 7 9 .  1457r.145796.5s.  14571. 015 ..." 

620  %)< l r2 '3  r t4cl . '3:~ 9s, tc l ,e j  ,'.)<19 19') lbo) i~ ,s(~ ' :~  , $ t ( l 9 z 1 : ~ = l  
640  V1:'1~32':1 , '~)(,28) 9$J('29 1.3') ,V(P,~I>'I r V I z . z l ' j = l  
6E.0 VCP.pz> ,V(q,'>g':~ r$'(lP, 151 9Vcl .>r  15) 94%2~!14, 13:1=1 
6Bl-J !)cl's.,?~rJ:t 96. ) r19rz l ' )  rl.,ta:1m3r'3il.) ro%/<19,:32:t .%f1:'209P1') 110)C~0.'30:~ , r ) ( ~ O 9 3 ~ ) = 1  
7 , vn - r)1:.p1, ~I:I:I , ~ 1 2 1 , : 3 ~ 3  , ~ r : 2 ~ 1 , 3 ~ : > = 1  
7 ~ 0  a,.tr'.=:. 1 0 ,  .l,t r.3, 111 , 1%) ~ 4 . q . : ~  (4. 10, , '4 (4, j 
740  Vt'12, 16:s g14<12. 173 r V i 1 2 9  j:33 ~'1)1:149 l F j >  9'sC1:]4~ 1 <..:I gs.$<l4, la.!=,? 
7 .- b1:I VC15r 16) rl.)I:'lYr 1 7 > = 2  
-7,- i , 3 ( ~  - ~ ( 1 . 1 : 1 . ~ . , ' c 2 . ~ ' : ~ , ~ c ~ 3 ~ ~ ~ ~ : 1 . ~ , ) 1 : ' ~ g .  19 ,  ,v(~o,,?o.:I . ~ , ) i ~ l s ~ l j  9 1 v 1 c ~ ~ ~ r = ; 2 : ~  91.)(S9:3'r 

v ~ ~ , ~ ? J : I  .veto.  I 0.:~ . v r l i 9  11-:I .$tc lz l  I?, 1'1)1:'1:31 1:3:1 94,tc14. i 4 :1  9l.)<iS9 15':1=4 
:315n V < l d .  1.15, ,%jC17. ]7:1 rV1:1!31 1S)=4r10)14.4'r q'$i=:C1r:3i1i=4 
:320 ',>(4. 1 l~ :1=P. ' . f ( ' 3~~ '3 '~ : ,=1  
:34O '*j1:'3.4:1 rV<2..3:~=:>.Ft:3,4')=, l rF (2 , :3 j= .  1 
: 3 y 1  8 -,- I I , , . ~ > = ? I F ( . > . ~ ? > = , ~ ~ A  " - 9  

;>SiI '*)I:l:=::. 1 6 1  r'a.t(l.3.j.7'1 .18)rl'29 18>=:3gF( j31 1 6 ' = .  IJ8'3.l- r l : j r  1,!>=.563rFi13r 18*1='. 1351 



300 R E R  R(641,. 0833.. 0833r.0833r. 1583r.1583r. 175.. 175r.1333r 01 Or Or 01 01 0, 
.14167*.0708*.141~7r.14167r.14167~.1333r.1333r.1333r.11667~.1125r 
.1L5*. 116~ir.125.. 125r.083339. 125~~0833~. 091667r.091667~. 0958339 
,095833~. 19. 083339. 08333r.075~. 08333r.0708r.075r 01 O r  Or Or 01 09 09 O r  
O~0t Or Or O r  Or Or Or. 08339 Dr Or Or Or . 0833N 

920 REFtL ZC64)jOr. 0333r.0333~. 1083rZ1083r.225r.225r.4458r0r0r0rOr0r0r 
.1458r.1458r.1458~.225r.225r.341667r.341667r.4458r.341667r 
.445B*.225r.341667r.l625r.225r.l625r.l625r.l625r.22Sr.225~ 
..341667~.341667r.4458r.341667r.44S8r.225r.341667r.l45~r.225r 
89 Or 09 Or Or O r  Or O r  09 Or O r  O r  Or Or Or Or.4458rr4458/ 

940 HD.J(lr2) rHDJClr5) rRD.JC2r3j rHDJ<2~53 rRDJC3r4) rRDJC3r5) rRDJC4r5>=1 
960 HDJC4.7~~HDJ~4~30~~~Rn.JC5r6~rRDDJC5~7~~RDJC7r3O~=l t 
980 HDJCI*32)=2 FOR I=1 TO 21 
1000 ADJC8-2S) sRPL13s24) ~RDJilOr23:~ rRDJ<llr22?rHDJi12~22> rRD.J<13~23>=2 
1020 HDJC14s2e r H D J t l 5 r 2 5 , r F I D J C 1 6 t 2 6 j s R D J C l i r 2 7 ~  rHDJCl8?28>rRDJCl9r28>=2 
1040 HBf C207E73 rRDJC21rP6) rRDJC29r30) rRDJC30r3lj rRDJC3Os32)=2 
1060 RDJ(29r 302 rRDJC3Ur31>=0 
3080 HDJCIs32)=0 FOR Is12 TO 18 
1100 R S R F C ~ ~ ~ ) ~ R ~ % R F C ~ ~ ~ ~ ~ = , ~ ~ ~ ~ ~ ~ ~ R S R F C ~ P ~ ? = . O ~ ~ ~ ~ C F + S R F C ~ C ~ ~ = . ~ ~ ~ ~ ~ R S R F <  

2rS)=. 09817rRSRFC2r32>=. 07592,F1SRFC3~4)=. 04014rRSRFC3rS>=. 15272 
1120 RSRFC3r.32)=.12217rRSRFC4r5)=.2018~F)=SRFC4r7)=.08727sRSRF<4r30>=.0805 
1140 H5RF C4r 32) =.222rRSRF C5~6:)=1.01459 RSRF C S r R F  C5r32>=. 3954 
1160 H.SRFC6r3Z>=2.598.36rHSRFC7r30~ff 10123wRSRFC7r32>=.~38rRSRFC3~25>r 

H%RF Car 32) =, 04723s RSRF (99 24) 9 RSRF (9s 32) z. 0715 
1130 RSRFClO~23>r~SRFC10r32~~.10079rHSRFCllr22~~R~RF<llr32~~.08727 
1200 HSRFC12r22) rRSRF C12r32j=. 072tFtSRF 413923) rFSSRf C13r32)a. 08857rRSRF<lCy 

24) rHSRFCl4r3Z>=. 05236rC).SRFCl5r25> rRSRFC15?32>=. 0273 
1220 RSRF C16r26) 9 RSRF (169 32) =. 03436rRSRFC17r27) FRSRF (17~32) =. 068729 

RSRFC18r28) rRSRF(18132>=. 06152rRSRFCl9r28j rRSRFCl9r32)=. 05236~ 
RSRFC2Or27)rR%RFC2Or32>=. 05803rRSRFC21r26) rHSRFC2lr32)=. 034369 
RSRFC29r30)=. 0206rRSf?FC30r31)=. 0206rRSRFf.30r32>=. 12% 

1240 LNGTHCl r 2>=. 0167rLNGTHC2r I>=- 037% LN6Tti<1~5>=. 0583rLNGTHCSr 1) =. 09179 
LNGTHC2r 3) =. 0375sLNGTHC3r2) =. 0583rLNGTHC2r 5?=. 0417rLNGTH<5s2>=. 09179 
LWCTH C37 4:) =. 0583 r LNGT 51 C 4 r  3) =. 1 125rLNGTH (39 5) =. 0208r LNGTH (59 3) =. 09179 
LNGTHC4r5:) =. 0269 LNGTH C5t 4) =. 0917rLPlGTHC4~7)=. 03337 LNGTHC7r 43 =. 0917~ 
LNGTHC5r6)=. ~ ~ ~ ~ Y L N G T H C ~ I S ) = .  0917 

1250 LNGTH CSr 73 =.2083r LHGTHC7r5)=. 0333s LNGTHC4r30) =. 11 O~;LNGTH<~Q~+) =. 0375, 
LNGTHCir 30'> =. 0333rLNGTHC30r 7) =. 0375 

1250 VFWC1)=92.9 
1280 H=l5.453*CHFMC1?*.8) 
1300 HCONVCI*32)=1 FOR I=l TO 4 
1320 HCOHVCIr32)=1 FOR I=$ TO 21 
1340 IKUNV C3r 32) r WONY C6r 321 r HCONV (7~32) r HCONY C30r 32) =2 . 
1360 I K ~ H V C ~ ~ ~ ~ ~ ~ H ~ = O N V C ~ ~ ~ ~ ' ~ ~ H C O N V C ~ ~ ~ ~ ~ ~ Z H C O N V C ~ ~ ~ ~ ~ > Y H C O N Y C ~ ~ ~ ~ ~ ~ ~  

HCONVC13r23) rHCONVCl4r24'j rHCONVC15r25j rHCONVCl6r26j rHCONV<l?r27>=H 
1380 HCoNVil8~28)rHCONvC19~2Bj * H C D N Y < 2 0 ~ 2 7 ) r H < 2 9 r 3 0 > ~  

HCONV C30r31)=H 
1400 VftSFLO (22 r 3 1 ) 9 NftSFLO (23 r 22) r HASFLO C242 23) 9 MRSFLO C25 r 24) r 

MHSFLO C26 r 25:) r IIRSFLO (27 9 26) r HRSFLO C2Br 27) s PIF)SFLO (299 28) r NftSFLO (31 r 29) -1 
1420 IFLUX C3r 1)=45441 r IFLUXCBr 1~=121176~IFL!JX~20~ 1>=151+71 IFLLIXC2lp 1>=3Q294~ 

IFLUX (307 1)-30294 
1440 S S T E R C ~ ~ I ) = ~ ~ ~ S S T E H C ~ I ~ ~ = ~ ~ ~  
1460 HRIN<lt=D 
1480 RERL YOLC32~~~~6.2863rl0.234r8.793~2f..3056r245.36~397.41r36.624~ 

.136r.203r.291r.251r.216r.2557~.1414r. 079~.lr.l98r. 1847w.157r 
-1676~. 1059 1.668r2.O12rl1l87t1. 0219.79 1.352r1.216~1.216~27~9r 

l r l f  
1500 VOL<I>=VOLCI~~172# FOR 1=1 TO NN 
> 



FILE 2 

[ LASTPART ] 



3 0 0 0  ! CALCULATION OF THE VIEW FACTORS FOR AXISYMHETRIC NODES 
3 0 2 0  R?TOL cT3=PJ*cRCe*I-l~>+~C2+I>:>*sQR(C(R(e+I)-RC2+1-1)>**2)+ 

rr7r',=*1:1-~cp*1-l>>*+?.>:> FOR 1-1 TO NN 
3 0 4 0  FOR I=i TO NN 
3 0 6 0  FOR J = I  T D  NN 
3 0 5 0  I F  V ( I ? . - I > = O  OR V ( I , J > = 4  THEN 50 TO 35An 
3 1 0 0  I F  'V ( I , J>=3  THFN GO TO 3 5 8 0  
3 1 2 0  I F  HEX CVr 1, .J'> '> =2 THEN TO 3 3 2 0  
3 1 4 0  RF( (1') =R (2O.J-1) RH (2, =R (e*.J'> , R H  ( 3 )  =R (2+.J'> r RH (41 3 R  (e* J-1) 
3 1 6 0  RL C ~ > = R ( ~ * I : L ~ R L I ~ ~ : ) = R ~ . ~ + I ) ~ R L ( : ~ ' > ~ R ( ~ * I - ~ >  ,RL1.4>=R(2*1-1> 
3 1 8 0  S I : ' ~ , = Z C ? + . . I - ~ : ~ - Z ~ ~ * I ' I . S ( ~ > = Z C ~ + . J , - ~ ~ ~ * I ~ , ~ ( : ~ ) = Z C ~ + J ) - Z ~ ~ * I - ~ ) ,  

S (4) =?(Pa J -1 ) -Z (p* I -1 )  
'3200 >; (LL, =I+ C < p H  CLL:> ./RL t L  L:>) * *z '+  (E:S CLL) /RL (LL:)) **2> I F  P L  (LL):;fj 

FOR 1.L- I  TO 4 
3 ; F 0  DDF CLL) = cx ~LL::I ..~P'I.-';OR c ( ~ : w l  ~ L L >  - c (RH CLL) /RL FLL) ) *+2)) 

IF PL rLL:>::o FOR LL=I TO 4 
3 2 4 0  F ( I , . - I ~ = ~ P I ~ H ~ ~ O L C I > : ~ * C C ~ R C ~ * I > + + ~ ~ ~ + ~ ~ ~ F ~ ~ ~ - ~ ~ F ~ ~ > ~ I +  

< cR (2*I-l, **23 CDDF Cy3.3 -DDF (4.j j > j 

3 2 8 0  I F  FCII J ' > < 0  THEN Fr ' I r .J :>=O 
3 3 0 0  60 TO 3 5 8 0  
3 3 2 0  I F  'vr*!Ir.J>=-i? THEN It=.J. . . l l = I  E L S E  I ~ = I , . . I I = . J  
.% - .-, >4ts INR= CR CP*.JI~ +R ~2*..~1-11, ,/a OTR= (13 (;?+I 1, +R c2+11-1:>,>./2 
.-,.-, .- o > k O  E O ' V C = . S * C Z C ~ ? * I ~ : > + ? ~ ~ ~ . J 1 ' , - ~ Z C ~ + I ~ - 1 > + ~ C ~ * . . l 1 - ~ : ) ' > >  
3.380 :~::wl=.5*(~(~*.~1:~+~c2+.~1-1:~-(~ce+11>+r<2+1t-i>>> 
3 4 0 0  KOST= COTR-INR, ,./SOR 1: I' CnTR-INR> *+e.> + (:.!X++p:I > 7 PR=oTR./INR, LR=E@VL:/INR 
:342O H=- I+  CLP**P'> + (RH**2:> 9 B = i +  (LR**2> - CRR*+P> 
r. ,3440 E 1=SQR ( C CA+2:> *42) - (4*RR*RR> '> 9 E2=RCoSR (B.' <Rl?*R> ) ES=B*ASINR <l./RR:> 
3 4 6 0  E4=P I *A/,? r E5=AtXt";P (B.*'R'> 9 E 6 e l  c' i'FI *RR> 
3 4 8 n  P H I  ..J=ATNH ( I~R CZ*.J1-1'> -R 1:~*.-11>) ..' (Z (P* .ll> -3 (2*.J1-1':1 'j'j 

3 5 0 0  P H I I = H T N R ~ C R ~ . ~ O I I > - R C ? + I ~ - ~ ~ > > . / ( ~ ~ ~ ~ I ~ > - ~ ~ ~ ~ I ~ - ~ ' > > ' >  
352 0 F (1 1 J1 ? =KOST*COSR CFHI I + P H I  .JJ> I: C 1 ..sRRR> - (EG* (ES- C C (E 1+E2> +E3-E4> ,,, 

CP*LP'> r , '> , 
3 5 4 0  F ~ . J 1 , I 1 ~ = A % O L C I 1 j * F C I l r ~ l j > . ~ A S ~ L ~ . J 1 ~ >  I F  VCI,..l'>=-2 HPiD ASOLC.Ji)::O 
3 5 6 0  I F  F C I l r . J i ' >  ~ : 0  THEN F C T l  r J1 )=0  
3 5 8 0  NEXT .-I 
3 6 0 0  F IJ (L>=F( IqL :s  FOR L = l  TO NN 
3 6 2 0  FOR K = l  TO NN 
3 6 4 0  I F  V C J r K > = 4  THEN F(J,K>=1-CFIJ+IJNV> 
3 6 6 0  I F  F< I ,E> .<O THEN F I : I , K > = ~  
3 6 8 0  F *?Kr I > =F (1 , K'> *H'ZOL C I  > /A:?OL (K) I F  HSOL ( K i  ::0 AND K'> 1 
3 7 0 0  NEXT K 
3 7 2 0  NEXT I 
3 7 4 0  I F  VPRNT=l  THEN GO TO 3 7 6 0  E L S E  150 TO 3 9 0 0  
37613 P R I N T  '.NON-ZERO EL.EMENTS OF THE V I E l d  FACTOR MATRIX  ARE : ' 
3 7 8 0  FOR I=1  TO NN 
3 8 0 0  FOR J=l TO NN 
3:310 I F  F < I r . J > = O  THEN GO T n  9 8 4 0  
3 8 2 0  P R I N T  'Fr': I:',':.-I:'>= .':FCI,,J> 
3 8 4 0  NE:.IT ,I 
3 ~ 6 n  PRINT ,. ' 
3 8 8 0  NEXT I 
3 9 0 0  P R I N T  'CHEI-:K ON SIJNMRTION RIJL.E OF F' 
? - -  3'3ZIS P R I N T  F+IJNVv 
3 9 4 0  ! COMPLETE THE SECOND HHLF OF THE MATRICES 

AD -1-HSRF-HCONV 
3 9 6 0  AISJ-AD J+TRN (HU,I> . HSRF=RSRF+TRN ~ ~ S P F ' J  HcONV=HCON'$+TRN cHCoNv.> 
:3950 ! 
4 0 0 0  ! CON'V'ERT I N I T I H I .  TEMP I N  DEG.F TO DFS.RESOLLITE 
4 0 2 0  TEM=TEM+ :4f5 n*IJNV'> 
4 0 4 0  ! 
4 0 6 0  9 COMPUTE F CIRCUMFLEX MATRICES FOR- INFRARED R A D I A T I O N  AND SOLAR 
4 0 9 0  -TF TAIRR=O THFN 50 TO 4 2 6 0  
4 1 0 0  RHO- {UNV-E I R >  RHOST= iIIIN5)-EXlL> . 
4 1 2 0  F1 ~I..J'>=KDI:I, J ' > - ~ F  rI,.J> *RHD~I>) FOR I=I TO NN FOR j=1 TO NN 
4 1 4 0  F l S ( I , . J 3 = K D C I r . J : l - ( F < I t . J ' r * R H O % T ~ I ) )  FOR 1=1TO NN FOR .J=l TO NN 
4 1 6 0  FCF=F*INV (Fl'> FCF:ST=F+INV (F ISS> 
4 1 9 0 !  DETERMINE INFRARED EXCHHNGE C O E F F I C I E N T  
4 2 0 0  IREXI~~I~.J~=%IGNA*EIRC~I)*EIPC.J)*~~~L~I~~*FCF~~,.J) FOR I=l TO NN 

FOR .J=i TO NN 
4 2 2 0  I P E X C 1  =IREX17--< CIREXCeI INN> MlJL K D I  



4,?4i1 ! 
426,[1 1 F r OtirlCIC=il THEN 150 TO 436111 
428 i t  ! C nplF!lTE C ONDI.IC T 1 ON C nEFF I C IENTC FOR HD JRllENT SOL I D  NODES 
430 i t  I-nr4r11- '1 .  J t=A:PFt I I  J ~ + t l - n N n ~  Ii+KCONDr.J* 2 ~ ~ k C O N D ~ J i + L N I S T H i I . J j i +  

I ~ C ~ N D ~ I I + L N I ~ T H ~ J I I ? ~ ~  I F  H D J ~ I I J ' > = ~  FOR I=l TO NN 
FOP J = l  TO NN 

4320 CntiDl;=CDNDC- I I CONIII:+I INMj MlJL KDi 
4340 ! 
43E.O t = I  I I 1  = I .  ENE:,:=O. 5FIN=rJr INTEP=OrEFF=n 
4380 CHP1r.'=nEN MI-lL 's..'OL MIJL SPHT 
4400 I F  ;-T=l THEN 1-LOCC=HPIN*ki 
442 i l  I F  t NDIt i  THEN GO TO 4460 
4440 I F  CLOCP ' =HPTN I b 8 THEN 15OZl-IB 51412 
441513 I F  rLOCt!=HPoI_IT THEN PPINT TIME r HPi ' : TAB i 123 : 'RILIZ ENGY E:.<TR fBTlJj ' : 

T H B I ~ ~ I :  HCr 701- EN15.f INrBTU', : T H B I ~ ~ ~ : ' R E C V R  E F F ' ~ H R O L I T : T A ~ c l ~ j :  
Ft4EX:TPB1401 : IEIN:THBfEEe13 :EFF 

44-30 I F  C =HPOl-IT THEN PP INT x NnDE NO' : TAB 12% : ' NODE TEMP- F", 
~ C : T A B I ~ ~ " : T E M ~ ~ ! C ' I - ~ ~ C I  FOP FK=l  TO t i t i  

45  il (1 I F  C LUC C =HPOl-IT THEt4 HPOIJT=HROUT+nTOIIT 
4520 I F  HPOCIT CLUik+IITHlJ HNTI HROUT~CLOl?C 

THEti TEM~=TEMI~LOI~C~=ELOC)I :~ INTEP=~YENE>:~=FNFS* '~EINI=SEIN 
4540 ! COMPIJTE CHHNGE I N  TERFERHTLIPE HT ERCH NODE DURING THE 

TIME INTEPVAL DTHIJ ANO CHLCIJLHTE NElrl TEMP 
45<,0 I F  ::T=l FIND "%I\. . =f iDIN THEN 150 TO 'iil6O EL:€ I F  5 fT=1  HND 

T :k . NDIN THEN 6 0  TO 5300  
4580 ! TPANITENT TOI_UTIOr'l 
46,i113 I F  ZCNI=O THEN 130 TO 4640 
4e-20 3CN*I'8=1 I F  r~TAl-l$'cIi 'MTNDTIJ AND fOR.Z1N11,=il FOP 1=1 TO NN 
464i I  PET= 1 IPE:%'C 1+ I TEN MI-IL TEN MlJL TEN MlJL TEN1 1 +PCJIJ.IP+:OL CON+ 

1 1 FL fl+CONDC+COt4'4t> *f EM, 
46e60 TEMNEI,I=TEM+ I'[ITHU+PE~ D 1'4 I:FIPV\ 
4ea:30 150 TO 49ZU I F  ZCNI=il 
4700 DTEM=TEM 
4720 FOP J.I=1 TO MNIT 
474 i~ PE c= I I PFXC 14 I'DTEM MI-IL DTEM NIJL DTEM MUL DTFM a j +POIdP+?OL.CON+ 

I I FLO+C ONDC+CONVl- +DTEM 1 

476.0 J ~ I - t  1. JI=~J*TPEYI-I  1 I r  J I + I D T F M ' J > + + ~ I  i + F L O i I a  .II+ITONDC~I* J J +  
lI.Dtil-..'C I I J I FOP I =l TO NI.4 FOP J= l  TO NI.4 

4780 FOP J = l  TO NN 
4:3i11? PET I 1.1 = O  I F  ZCN I T I =i l  
4.320 . IHC~I.L t=i !  I F  F r N ~ I i = i l  OR ,'CNrL I = O  FOP L = l  TO NN 
4540 jAt-I I r 11 =1  I F  'CN I I? =I> 
4,360 tlE>'T I 
4:380 ~ITEM=[ITEM- I INV JHI: .I +PET E 

4 s  0 111 IiE'y'T .I -1 
492iI FOP I = l T O  Nti 
4340 TEMII I=DTFMII I  I F  :CNr11=1 
4sGl:l T E M I I I = T E M ~ ~ F I I I I I ~  I F  ?OPTINI I I=O RNTl = C I i ~ I r = l l  
49:F:O NE:'T I 
5000 CLOI-k =CLOCt +DTHl-I 
50213 150 TO 5 3 ~ n  
5 n j  1-1 ! ZTERrI'l' YTHTF -OI. I ITIEIN 
5UEsil FOP -1-l=l TO MNIT 
50.3n PE I = I wb'r I + I TEN MIJI- TFM MIJL TEM MI-11 TEN 1 9 +FOIIIP+ SOILII ON+ I FLU+ 

COI~DC +r oNvr j +TEM 3 

510i l  J A C ~ T ~ . I J = I ~ + I P E : : I - ~ ~ I , J ~ + I T F N I  J I + + ~ ~ ' I + F L ~ ~ I . . I J + C ~ N I I I - ~ I ~  J I+  
CINVC I r .I I FOP I,=1 1 0  Nti FOP .I=1 TO Fit4 

5120 FOP I = 1  Tn tit4 
514i1 P E I  I II=CI I F  - l lR: I f i t  1 i=1 
r -,2f.1] .IHI:~ I , L t = i l  I T  :nCSIpii I  1 ~ 1  nF! ZOP:IMIL~=~ FOP L = l  TO NN 

?tr3n -1w- l1~11=1 IF -UP;TN~I~=I 
= - a  - - ~c 1 1 1 1  t4F"T 1 
C-*  I - nc; IJ TEMzTEM- 1 I t i ' s 4  1 SAC *PET 
= rc4i l  -, NFm.'T JJ  
C I -  Jct 0 PET= * T PE: 'C 1 + f TFP1 MI-lL TEM MIJL TEM MI ll TFM 3 +FOIIIP+~OLC ON+ { 'FL O+ 

c o r t r ~ r  +r nNvl: I +TEN, 
5230 PPII4T . tfO11E ri0':TFtB11E'i:.tiOrlE RETTDUE.BTUH'-kt:THBilS*:PEZitb 1 

FOP ~ k - 1  TO rlr1 
C - t : , ~ ~ i ~  -. - C L ~ I : ~  = C l  OCY+nTWIIr :_fC=<Pt +1 



5 3 2 0  ! 
5 3 4 0  ! CALCLIL AFT ON OF ACCLIMULATEI) ENERGY 
536 0 I F  SST=O HND FND TN::O THFN ENEX=ENEX+ CnTAIJeMFM I K- 1 > e5PHT ~FN[I  I NI 

CTFM IFNnf lT)  -TFM t F N n l  N W  
5 3 8 n  I F  f S T = l  THEN ENEX=ENEX+RES (FNDINr 
5 4 0 0  SE IN=SE IN+ r DTAI-I* (UNV* (FL.U>C MUL ATOL3 1 > 
5 4 2 0  EFF=ENFXN:SEIN I F  3EIN::n 
5 4 4 0  I F  INTER=l  THEN GOSUB 55217 
5 4 6 0  I F  CLOCKr=FTIM€ THEN 150 TO 4 4 2 0  
5 4 8 0  END 

55 0 ! L I NEAR INTERPOL AT I ON TUBROIJT I NE FOR PRINT  OUT 
5 5 2 0  TEMIN=TENl+ {HROUT-CLOC:t:l> ./ (CLOCK-CLOCK 1.1 (TEM-TFMl') 
5 5 4 0  ENEX I N=FNFX1+ ( (HROI-IT-I=LDCKl i, (CLOCK-13. OCK 1 i i CENEX-ENEXl > 
5 5 6 0  T.EININ=GFINl+ C' {HROIJT-CLOCK13 / (CLOCK-CLOCKl) :> (SEIN-SEIN l ,  
5 5 8 0  EFF=ENEXIN*SEINTN I F  SEIN1N::O 
5 6 0 0  PRINT \ 'TIME (HRI -': T A R ( l 2 3  : 'HCC. ENI~Y E#TR (BTU'r ':TAB 1'34) : 

'.ACE 'SOL ENGY IN ~ETIJ, t TAB (55, : 'RECVR EFF'~..HROIIT: TAB r 19) : 
ENEXIN: TAR c40) : TEININ: TAB ( 6 0 ,  : EFF 

562'0 PR INT  '.."NODE NO':TARrlE'>: 'NODE TEWP.F'....KK:TAB(lP'> :TEMIN tKK>-460  
FOR KK=l  TO NN 

5 6 4 0  HROlJT=HROUT+DTf3lJT r INTERrt7 
5 6 6 0  PETIJRN 
568n ! 
5 7 0 0  ! 
5 7 2 0  ! T I M F  DEPFNDENT VAR I ABLES HND STHRI L I TY SClEROlJT I N E  
5 7 4 0  TFM (AMENNS =3STFM ( 1  . K.5 +415O. TEM t'FNItIN3 ='PP5:TFM I ' Z v  K3 +415 [I 
5 7 6 0  ?CNI=O 
5 7 8 0  ZCNCI)=O FOR 111 TO NN 
5 8 0 n  I F  SAIRR=0 THFN 60 TO 5 9 8 0  
5 8 Z 0  FL.IJ:? i . J I  =IFLI-IX *'.I. K3 FOR .J=1 TO NN 
5 8 4 0  ! 
5 8 6 0  ! COMPUTF CUN:?TAHT TEPM OF F I NRI VFCTOR EQIJPT 1 ON 

588 0 SOL CON=RSOL MI..IL ( CESOL VIAL CFI:FST* i:RHn.::T MUL FLILIX"I :I , + 
(FSOL MlJL FI- I.IXr 3 

5 9 0 0  LIREXC' ( I , . . I ' )= IREXCt I r  J > * ~ ( T E M ( J ' r * * P 3 + ( T F M C T ' * * ~ > > * ~ T E m ( J r + T E M < I ' r r  
FOR I=1 TO NN FOP J = l  TO NN 

5 9 2 0  1 I REXC=L. IREXC- ( (1. I RE:?l:*I,INM r MlJL KT13 
5 9 4 0  ! .  
5 9 6 0  ! DETERMINE CONVECTION AND FLOW MATRICFS 
5 9 Q 0  I F  CONBEC=O THEN GO TO 6 0 4 0  
6 0 0 0  C O N ' Y ' C C I ~ . J ' S = H ~ ~ O N V ~ I . . J ' F * H ' T R F C I ~ J : ~  I F  Hn. l< l . . l ' ,=s  FOR I t 1  TO HN 

6 0 2 0  I=ONVC=CONVC- 1:' r C'ONVC*I-INN r MlJL Kn:* 
6 0 4 0  I F  FLOW=O THFN I ~ C I  TO 6 1 0 0  
6 0 6 0  F L U  C I 9 J:] =MASFLO (1 I Jj *:SPHT I' 1 3  *MFM CKr FOR I= 1 TO NN FOR' ;I= 1 TO NN 
6 0 8 0  FL O=FLO- C' (Fl n*I INMI MI ll KD:> 
6 l O O  50 TO 6 2 8 0  I F  S:sT=f 
6 1 2 0  ! 
6 1 4 0  ! COMPI.ITE M I N  T IFIE INTERVAL DTAl l FOR STHRLE TRHNf I F N T  .?OLI.IT ION  
616n D T A U V ~ I ' > = - l * C : A P V ( I 3 ~ ~ F I - O ~ I r I ' > + C O N ~ C ~ J r T i + ~ ~ O N V ~ ~ C ~ ~ I > + ~ . I ~ ~ > ~ ~ ~ I . I : ~ ~ ~  

r n R  T=1' T n  Pit4 
61813 PP INT  '%...."NODE NO":THR<l23: "NODAL M I N  rIT.HR'~..KK:THHclP:i : [ITHI-IVI'YK:I 

FOR KK=1 TO NN 
62 0 0 DTAlJ= 1 . 
6 2 2 0  I lT f lU=DTH~V(L .L l  I F  DTftlJS ( L L l  (DTAIJ AND '%nR:?IN (LL', =a FOR I.L=l TO NN 
C24  0 I F  DTHU CM INDTU THFN DTRU=M INDTUr ZCN I =1 
6 2 6 0  PRINT 'MIN T IME  INCREMENT I N  SECONn:? 1's ': <IjTAIJ*:3+,iiO'j 
628n r F  C:?T=l AIJn K+1 e:=NllIN THEN DTAlJ= (HRIN CK+l') -HEIN (K)) ELSE I F  

.> .q -. ,T=1 THFN nTAl-I= 1 
631:10 K=K+ 1 
63P 11 RETIJRN 
3 




