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This document p re sen t s  two IBM-7040 For t r an  Programs, Numbers 4-1 and 

4-2, f o r  t he  a n a l y s i s  o f  s t e a d y - s t a t e  l i q u i d  h e a t  exchange systems composed 

of duc t s  and extended s u r f a c e s  ( f i n s ) .  The system exchanges hea t  w i th  i t s  

environment by r a d i a t i o n ,  convect ion o r  both,  under condi t ions  where the  

environment parameters are i n v a r i e n t  wi th  p o s i t i o n  along the  tube o r  d u c t .  

The programs c a l c u l a t e  hea t  exchanged, f l u i d  and duc t  temperatures ,  f r i c t i o n  

pressure drop  and a number of hea t  exchange parameters.  Common input  d a t a  

inc lude  system dimensions, m a t e r i a l  and l i q u i d  p r o p e r t i e s ,  flow r a t e ,  and 

environmental  cond i t ions .  

Program 4-1 i s  app l i cab le  t o  environments where a s  many a s  th ree  ex- 

t e r n a l  bodies  may be p re sen t  t o  e f f e c t  t he  r a d i a t i o n  hea t  t r a n s f e r ,  One Gf 

t hese  bodies  i s  assumed t o  be t h e  sun. The system conf igu ra t ion  i s  l imi t ed  

t o  round tubes and symmetrical f i n s .  

Program 4-2 i s  app l i cab le  t o  innumerable geometric conf igu ra t ions  

inc luding  non-c i rcu lar  d u c t s ,  i r r e g u l a r  shaped f i n s  and f i n  spacing.  Each 

f i n  can  have i t s  ind iv idua l  m a t e r i a l  p r o p e r t i e s  and environment. However, 

f i n  performance information has t o  be e s t a b l i s h e d  by techniques which a r e  

no t  included i n  Program 4-2. 
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INTRODUCTION 

This  s tudy i s  a n a t u r a l  follow-up of t h e  work presented i n  Ref. 1 i n  

which programs us ing  numerical  i n t e g r a t i o n  r o u t i n e s  are presented f o r  calcu-  

l a t i n g  t h e  combined r a d i a t i v e  and convect ive h e a t  t r a n s f e r  from extended 

su r faces  ( f i n s ) .  Techniques have a l r eady  been developed f o r  p red ic t ing  the  

performance of extended su r face  hea t  exchangers lo s ing  hea t  s o l e l y  by r a d i a -  

t i o n .  This s tudy ,  however, con ta ins  the  f i r s t  programs capable  of analyzing 

convect ive and r a d i a t i v e  hea t  exchangers,  where a f l u i d  i s  e i t h e r  heated or  

cooled.  

I n  the  r a d i a t i v e  cases  i t  ~7as observed t h a t  t he  l eng th  of  duc t  re- 

quired t o  cool  a f l u i d  could be e s t a b l i s h e d  us ing  an  e f f e c t i v e  (or equiva len t )  

l ength  f o r  t h e  f i n s  and duc t  system. The equ iva len t  length  of a f i n  i s  the  

length  which an imaginary s t r i p  perpendicular  t o  the  a x i s  of t he  duct  would 

have i f  i t  t r a n s f e r r e d  the  same amount of hea t  as t h e  a c t u a l  s t r i p  length  

bu t  had a cons tan t  temperature equal  t o  the  duc t  r o o t  temperature.  The 

t o t a l  hea t  exchanged i s  the  sum of t h a t  exchanged from t h e  duc t  and f i n s .  

The f i n  equiva len t  l eng th  w a s  observed t o  change l i t t l e  wi th  a change i n  

r o o t  temperature and would the re fo re  remain almost cons tan t  along the  duc t .  

I n  Ref. 2 ,  duct  length  c l a c u l a t i o n s  were made us ing  an a r i t h m e t i c  average 

equiva len t  length .  However, i t  w a s  found i n  t h i s  s tudy t h a t  an  a l t e r n a t e  

method would g ive  increased  accuracy, as a r e s u l t  some of t he  procedures 

were modified . 
Two programs are presented ,  4-1 and 4 - 2 .  The f i r s t  i s  l imi t ed  t o  t h e  

case of c i r c u l a r  tubes and symmetrical f i n s .  The maximum complexity f o r  the  

r a d i a t i v e  environment i s  as i l l u s t r a t e d  i n  Fig.  1. Program 4-2 i s  very 
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gene ra l  t o  make poss ib l e  the  s o l u t i o n  of a l a r g e  v a r i e t y  of problems. It 

w i l l  no t  c a l c u l a t e  f i n  equ iva len t  length .  However, t h i s  information can be 

obtained by us ing  the  programs given i n  Ref.  1. F i n i t e  d i f f e r e n c e  programs 

may a l s o  be used.  I n  Program 4-2 the  duc t  conf igu ra t ion  i s  s p e c i f i e d  by the  

c ros s - sec t iona l  area and per imeter  i n  order  t h a t  non-c i rcu lar  duc t s  can be 

analyzed. By sepa ra t ing  the  f i n  performance from the  duc t  l eng th  c a l c u l a t i o n s ,  

innumerable conf igu ra t ions  can be analyzed. The f i n s  can be of s i n g l e  or  

mul t i s ec t ion  shapes,  of unsymmetrical design,  of d i f f e r e n t  materials, and even 

i n  d i f f e r e n t  environments.  These programs should f i n d  wide a p p l i c a t i o n  i n  

so lv ing  a hos t  of hea t  t r a n s f e r  problems which have here tofore  been considered 

momentarily imprac t i ca l  or  phys i ca l ly  impossible t o  so lve  accu ra t e ly .  

The s o l u t i o n s  t o  pure ly  r a d i a t i v e  problems of Ref.  2 were s impl i f i ed  

by us ing  dimensionless parameters t o  spec i fy  the  environment and tk f i n  

conf igu ra t ion .  Numerical i n t e g r a t i o n  w a s  used t o  o b t a i n  the  f i n  e f f e c t i v e n e s s  

i n  terms of t he  parameters.  Curve f i t t i n g  techniques w e r e  employed t o  co r re -  

l a t e  the  numerical ly  ca l cu la t ed  d a t a  so  t h a t  t h e  programs contained only  

systems of equat ions  t o  c a l c u l a t e  f i n  performance and the  duc t  lengths .  No 

comparable set of equat ions  i s  a v a i l a b l e  f o r  c a l c u l a t i n g  the  e f f e c t i v e n e s s  of 

f i n s  i n  a combination r a d i a t i v e  and convect ive environment. Therefore ,  numer- 

i c a l  i n t e g r a t i o n s  are used, e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  t o  o b t a i n  the  f i n  

performance . 
Considerable machine t i m e  i s  saved by  us ing  the  i n t e g r a t i o n  r o u t i n e s  

as l i t t l e  as poss ib l e .  Approximate w a l l  temperatures  are e s t ab l i shed  a t  

each end of t he  d u c t .  Af t e r  these  temperatures are se t ,  t h e  h e a t  t r a n s f e r  

equat ion  i s  i n t e g r a t e d  a t  each end t o  determine t h e  e f f e c t i v e  f i n  lengths .  
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Following these  i n t e g r a t i o n  s t e p s ,  tests are made t o  determine t h e  change i n  

the  va lue  of t h e  equ iva len t  l eng ths ,  Le. I f  less than  a t e n  per  c e n t  change 

has taken p l ace ,  a l i n e a r  equat ion  r e l a t i n g  L and T i s  der ived  t o  pass  

through the  two e s t a b l i s h e d  p o i n t s .  I f  a g r e a t e r  change has taken place, a 

t h i r d  i n t e g r a t i o n  i s  made a t  a temperature midway between the  i n l e t  and e x i t  

w a l l  temperatures .  A polynomial curve f i t  i s  then  made through the  t h r e e  

p o i n t s .  The f i n  equiva len t  l eng th  equat ion  i s  used t o  c a l c u l a t e  t he  s e c t i o n  

lengths  and the  temperature condi t ions  along the  duc t .  

e W 

The manner of spec i fy ing  problem condi t ions  i n  Program 4-1 may seem 

odd a t  the  o u t s e t .  The normally expected condi t ions  (tube s i z e ,  f l u i d  flow 

ra te ,  and f i n  geometry) are of course r equ i r ed .  However, the  duc t  length  

and duc t  s e c t i o n  lengths  are e s t a b l i s h e d  by the  program. The t ang ib le  con- 

t r o l  over t hese  i t e m s  i s  the  hea t  exchanger e f f e c t i v e n e s s ,  ( E ) ,  and the  mesh 

(number of d i v i s i o n s  t o  be used) .  The exchanger e f f e c t i v e n e s s  i s  def ined  i n  

the  same way as i n  convent ional  hea t  exchanger o r  b o i l e r s ,  i . e .  t he  a c t u a l  

temperature change d iv ided  by the  maximum poss ib l e  temperature change. I n  

t h i s  case the  l i m i t  of maximum hea t ing  o r  cool ing  i s  e s t a b l i s h e d  by the  

e f f e c t i v e  environmental  temperature.  Since t h e  environment i s  composed of 

both convect ive and r a d i a t i v e  i tems,  the  exac t  e f f e c t i v e  temperature may not  

be r e a d i l y  a t t a i n a b l e  nor i s  it necessary i n  most cases. Furthermore, t he  

machine uses  approximations f o r  ob ta in ing  the  e x i t  w a l l  temperatures and from 

t h i s  r e c a l c u l a t e s  t he  e x i t  f l u i d  temperature.  Also,  t he  a c t u a l  e f f e c t i v e -  

ness  w i l l  d i f f e r  from the  va lue  of 8 s p e c i f i e d  by the  u s e r .  

l a rge  temperature d i f f e rence (h igh  va lue  f o r  E)  can be p red ic t ed ,  and the  

duct  length  c a l c u l a t e d  f o r  approximately t h i s  condi t ion .  Since the  machine 

A s u f f i c i e n t l y  
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can c a l c u l a t e  the  cond i t ions  i n  a duc t  of cons iderable  e x t r a  length  and f o r  

a l a r g e  number of i n t e r v a l s  i n  l i t t l e  t i m e ,  t h e  l eng th  of duc t  a c t u a l l y  

needed can be taken e i t h e r  a t  one of t he  s e c t i o n  po in t s  ca l cu la t ed  o r  by 

i n t e r p o l a t i n g  between po in t s .  

n e i t h e r  the  i n l e t  nor t he  o u t l e t  f l u i d  condi t ions  a r e  s p e c i f i c a l l y  known 

u n t i l  t he  system performance has been e s t a b l i s h e d .  I n  these  cases  a wider 

spread i n  temperature than needed i s  submitted t o  the  machine s i n c e  the  re- 

qui red  condi t ions  can be e s t a b l i s h e d  by p l o t t i n g  the  output  d a t a  and s e l e c t -  

ing  a midsect ion from the  curve.  Two advantages a r e  obtained by spec i fy ing  

the  inpu t  d a t a  i n  t h i s  way. (1) the  programming i s  s t r a igh t fo rward  so  t h a t  

a minimum of machine time i s  used,  and (2)  the  l i ke l ihood  of t he  u s e r ' s  

spec i fy ing  condi t ions  which a r e  impossible  t o  so lve  i s  g r e a t l y  reduced. 

The author  has observed t h a t  i n  many cases  

The "AICH" subrout ine  used i n  Ref.  2 f o r  c a l c u l a t i n g  the  i n t e r n a l  

hea t  t r a n s f e r  c o e f f i c i e n t  employed s e v e r a l  equat ions  t o  cover the  laminar,  

t r a n s i t i o n  and tu rbu len t  regimes.  I n  passing from one regime t o  the  next ,  an 

abrupt  and u n r e a l i s t i c  d i f f e r e n c e  i n  hea t  t r a n s f e r  c o e f f i c i e n t  was p red ic t ed .  

Also t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  the  laminar r eg ion  was higher than  c a l -  

cu la t ed  using t h e  popular Nussel t  number. A new subrout ine  w a s  w r i t t e n  t o  use 

Nussel t  number i n  the  laminar r eg ion  and equat ions  from Ref. 4 i n  t h e  t u r -  

b u l e n t  reg ion .  

Duct l eng th  c a l c u l a t i o n s  i n  these  programs use  an i t e r a t i v e  method i n  

l i e u  of t he  parametric procedure used i n  Ref.  2 .  This dec i s ion  r e s u l t e d  from 

the  f a c t  t h a t  d i sc repanc ie s  as high a s  15 per c e n t  w e r e  observed i n  sample 

problems when comparing t h e  lengths  ca l cu la t ed  by the  two methods. The e r r o r  

appeared t o  l i e  i n  the  use  of a n  average e f f e c t i v e  l eng th  f o r  t h e  f i n s .  



5 

Mathematical procedures us ing  v a r i a b l e  e f f e c t i v e  lengths  would have been 

t i m e  consuming. I n  the  i n t e r e s t  of machine and programming t i m e  they 

were abandoned before  being completely developed even though they have 

m e r i t  . 
Since t h i s  work fol lows and i s  i n  p a r a l l e l  w i t h  t h a t  presented i n  

Ref.  1, i t  w i l l  be assumed t h a t  t h e  reader  has access  t o  Ref. 1. There- 

f o r e ,  l i t t l e  of t he  d a t a  presented i n  t h a t  document w i l l  be reproduced 

h e r e i n .  It w i l l  a l s o  be assumed t h a t  t h e  reader  i s  acquainted wi th  Newton's 

i t e r a t i o n  method and l i n e a r  techniques f o r  ob ta in ing  s o l u t i o n s  t o  complex 

equat ions .  Linear and polynomial curve f i t t i n g s  a r e  made t o  r ep resen t  t he  

d a t a  e x t r a c t e d  from an  a r r a y  of equat ion .  These techniques a r e  assumed t o  

be se l f - exp lana to ry .  

t u r e .  The source of t he  equat ion  and s p e c i f i c  l o c a t i o n  a r e  given i n  parentheses  

fol lowing the  equat ion .  

A number of equat ions have been taken from t h e  l i t e r a -  

The b a s i c  assumptions made f o r  t hese  programs inc lude  the  following: 

1. Steady s t a t e  condi t ions  have been reached. 

2 .  No  hea t  i s  t r a n s f e r r e d  from the  outeredges of t he  f i n s  

( co r rec t ions  can be made f o r  t h i s  i t e m  i n  the second program i f  t he  user  wishes 

t o  expend the  e x t r a  e f f o r t  t o  do so ,  bu t  normally the  accuracy of t he  problem 

does no t  warran t  such re f inement ) .  

3 .  No hea t  i s  t r a n s f e r r e d  i n  the  d i r e c t i o n  p a r a l l e l  t o  t he  duc t .  

(The temperature g rad ien t  i n  t h i s  d i r e c t i o n  i s  normally small enough t h a t  

i t s  e f f e c t  does no t  m a t e r i a l l y  degrade t h e  p red ic t ed  performance.) 

4 .  The environment remains cons t an t  a long a f i n  and throughout t he  

l eng th  of the  d u c t .  
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5. The ma te r i a l  p r o p e r t i e s  of t he  duc t  and f i n  are no t  a f f e c t e d  

by temperature o r  p o s i t i o n  i n  the  sys t em.  
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b 
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K 
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C 
P 

C1 

BB-BBB 

BD 

BIGE 

CKH 

CKO, ..., CK5 

CP 

c1 

7 

NOMENCLATURE 

Definition 

Equation Constants 

Duct cross sectional area for fluid 
flow, sq ftlduct 

Absorptivity of surface facing sun, 
nondimensional 

Absorptivity of surface away from sun, 
nondimensiona 1 

Plan form area exchanging heat with the 
environment. (Heat may be exchanged 
from both sides of the extended surface), 
sq ft 

Equation constants 

Constant (see Eq. 1-23) 

Heat exchanger effectiveness, non- 
dimensional 

Subscripted constants 

Equation constant (Eq. 1-24) 

Nusselt number, nondimensional 

Heat transfer constants, (see Eq. 2-21  to 
2-26) 

Subscripted constant in Runge-Kutta-Gill 
integration routine 

Fluid specific heat, Btu/lb R 

Radiative constant, o(ca + c,), 
Btu/hr sq ft R4 



a 

Computer 
Equations Program 

c2 c2 

DELTAH 'h 

DI Di 

DO 
DO 

DP 

DPSUM 

DZO DZO 

DZW DZW 

Definition 

Radiative constant, C1 for fin (L), 
Btu/hr sq ft R4 

Radiative constant, C1, for duct 

section (I), Btu/hr s q  ft R4 

Radiative constant, heat received from 
environment by both surfaces of a unit 
of fin area, Btu/hr sq ft 

Radiative constant C2 for duct section 

(I), Btu/hr sq ft 

Radiative constant C2 for fin (L), 
Btu/hr sq ft 

Environmental parameter , C,/C, Tw4 
nondimensional 

Thickness of root or attachment end of 
extended surface, ft 

Duct inside diameter (or effective 
diameter) ft 

Tube outside diameter, ft 

Fluid pressure change in section, 
lb/sq ft 

Accumulated sum of pressure drop, 
lb/sq ft 

(dZ/dw), for a previous attempt at con- 

vergence where heat transfer was low 

(dZ/dw), for a previous attempt at con- 
vergence where heat transfer was high 

Initial value of (dZ/dw) to start integra- 
tion routine, nondimensional 

Initial value of (dZ/dw) at the root of 
the first section, nondimensional 
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Equations 

d2 Z 

dw2 
- 

R 
C 

R r 

LC 

Le 

Le f 

Computer 
Program 

D2Z 

EFC 

EFR 

ELC 

ELE 

ELEEND 

ELE (L) 

ELEF (L) 

ELEMID 

Les (L) ELES (L) 

E L E l  Le s 

L w s  

ELW 

ELWSUM 

D e f i n i t i o n  

Function s ta tement ,  nondimensional 

F l a t  p l a t e  convect ive e f f e c t i v e n e s s ,  
nondimensional 

F l a t  p l a t e  r a d i a t i v e  e f f e c t i v e n e s s  
(approximate), nondimensional 

Duct width f o r  convect ive hea t  t r a n s f e r ,  
f t  

Equivalent  length  of a f i n ,  f t  

Equivalent  length  of f i n  a t  condi t ions  
approximating the  end of duc t  
(Program 4 - l ) ,  f t  

Equivalent  length  f o r  f i n  (L),  f t  

Equivalent length  f o r  f i n  (L) a t  condi- 
t i o n s  approximating the  end of duc t ,  o r  
a t  temperature T f t  wf’ 

Equivalent  l eng th  f o r  f i n  a t  w a l l  temper-  
a t u r e  in te rmedia te  between en t rance  and 
e x i t  (Program 4 - l ) ,  f t  

Equivalent  length  f o r  f i n  (L) a t  condi t ions  
approximating the  en t rance  t o  duc t  or  a t  
temperature,  f t  

T W s  , 

Equivalent  length  f o r  f i n  a t  condi t ions  
approximating en t rance  t o  duc t  (Pro- 
gram 4 - l ) ,  f t  

Duct s e c t i o n  length ,  f t  

Tota l  duc t  l eng th  measured from i n l e t ,  f t  

Subscr ipted cons tan ts ,  see Eq.(2-17) 



10 

Computer 
Program Definition E qua tions 

N 

E a 

ENT Number of ducts in heat exchanger 

Emissivity of extended surface facing 
sun, nondimensional 

EPSA 

b E EPSB Emissivity of extended surface away 
from sun, nondimensional 

Emissivity of body "m", nondimensional EPSM E m 

E 
X 

Emissivity of external body, "x", non- 
dimensional 

EPSX 

'a ETAA Area effectiveness, ideal/actual, non- 
dimensional 

Fa FA Radiative form factor between heat 
exchanger and body, "m", for surface 
facing sun, nondimensional 

Environmental convective parameter, 
nondimensional Fah 

Fax 

FAH 

FAX Radiative form factor between the heat 
exchanger surface facing the sun and a 
second surface near the heat exchanger, 
nondimensional 

Fb FB Radiative form factor between heat ex- 
changer and body I'm" for surface away 
from sun, nondimensional 

Radiative form factor between the heat 
exchanger surface away from sun and a 
second surface near the exchanger, non- 
dimensional 

Fbx FBX 

Variable used in Newton's iteration 
procedure 

Fluid friction factor, nondimensional 

Fe 

f 

FE 

FF 

FFL Friction factor for laminar flow, non- 
dimensional 

FFT Friction factor for turbulent flow, non- 
dimensional 
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Computer 
Equat ions Program 

FH Fh 

FINLH Lh 
F INTH &h 

m FM 

NS 

k 

ha 

hat 

hb 

FME SH 

FNK 

HA 

HAT 

HB 

D e f i n i t i o n  

Extended s u r f a c e  convect ive parameter,  
nondimensional 

Extended su r face  length  of s e c t i o n ,  f t  

Thickness of extended su r face  a t  r o o t  
edge, f t  

Constant ,  see Eq. (1-22) 

Number of s e c t i o n s  i n  which the  duc t  
length  i s  d iv ided ,  nondimensional 

Thermal conduc t iv i ty  of f i n  material, 
Btu/hr f t  R 

Subscr ipted i n t e g r a t i o n  increment 

Variable  used i n  l i n e a r  convergence 
process 

Constants f o r  duc t  

Subscr ipted cons t an t s  

Subscr ipted cons t an t s  

Convective hea t  t r a n s f e r  c o e f f i c i e n t  
from duct  f l u i d  t o  w a l l ,  Btu/hr sq  f t  R 

Convective hea t  t r a n s f e r  c o e f f i c i e n t  on 
the s i d e  f ac ing  the  sun ( i f  app l i cab le )  
Btu/hr s q  f t  R 

Convective h e a t  t r a n s f e r  c o e f f i c i e n t  t o  
the  environment f o r  s i d e  "a1' of f i n  (L),  
Btu/hr sq f t  R 

(haTaa +hbTab) ' Sum of convect ive t e r m s ,  

Btu/hr sq  f t  

Convective hea t  t r a n s f e r  c o e f f i c i e n t  on 
the  s i d e  away from the  sun ( i f  app l i cab le ) ,  
Btu/hr sq f t  R 
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Computer 
Equations Program 

Lh 

bt 

w 

P 

N 
P r  

HL 

HT 

IS0 

I sw 

ITER 

ITLT 

OMEGA 

P 

PERIM 

PRN 

Q 

QS 

Def in i t i on  

Convective hea t  t r a n s f e r  c o e f f i c i e n t  t o  
the  environment from side"b" of f i n  (L) ,  
Btu/hr sq  f t  R 

Convective hea t  t r a n s f e r  c o e f f i c i e n t  t o  
environment from duct  s e c t i o n  (I) , 
Btu/hr sq f t  R 

Extended su r face  length ,  f t  

Sum of convect ive hea t  t r a n s f e r  c o e f f i -  
c i e n t s ,  (ha + hb) ,  Btu/hr sq f t  R 

Switch t o  s i g n a l  a zero  condi t ion  has 
been encountered 

Switch t o  s i g n a l  a w i l t  condi t ion  has 
been encountered 

The number of a t tempts  f o r  a s t a r t i n g  
va lue  of dZ/dw 

Maximum number of i t e r a t i o n s  allowed t o  
revise i n i t i a l  dZ/dm 

Ra t io ,  L/L where L r e p r e s e n t s  d i s t ance  

t h a t  the hea t  has t r ave led  along the  f i n  
and Lh r e p r e s e n t s  t he  t o t a l  l ength ,  non- 

dimensional 

h 

Pressure ,  l b / s q  f t  

Duct i n t e r n a l  per imeter ,  f t  

P rand t l  number computed by hea t  t r a n s f e r  
c o e f f i c i e n t  subrout ine  AICH,  nondimensional 

Heat exchanged wi th  environment, Btulhr  per 
tube 

H e a t  t r a n s f e r  t o  the  environment from a 
u n i t  of duc t  length ,  Btu/hr 

System h e a t  exchanged wi th  environment, 
Btu/hr 
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Equations 

Nr e 

P 

'av 

pf 

'm 

'd 

pX 

T 

Computer 
Program 

RE 

REAV 

RHO 

RHOAV 

RHOFM 

RHOM 

RHOTM 

RHOX 

Definition 

Reynolds number, nondimensional 

Average Reynolds number, nondimensional 

Fluid density, lb/cu ft 

Average fluid density, lb/cu ft 

Density of fin material, lb/cu ft 

Surface reflectivity of body "m"y non- 
dimensional 

Density of duct material, lb/cu ft 

Reflectivity of second surface, x, 
nondimensional 

Solar heat, Btu/hr sq  ft 

Peripheral duct length for convective 
heat transfer from section (I), ft 

Effective peripheral duct length for 
radiative heat transfer from section 
(1) Y ft 

Temperature at any point on an extended 
surface, R 

Ambient fluid temperature on side "a", 
R 

Ambient environmental temperature for 
side ''a'' of fin (L) , R 

Ambient fluid temperature on side "b", 
R 

Ambient environmental temperature for 
side "b" of fin (L), R 

Ambient environmental temperature for 
duct section (I), R 
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Computer 
Program D e f i n i t i o n  Equations 

Tb TB Bulk (mixed) f l u i d  temperature f o r  
AICH subrout ine ,  R 

e T TE E f f e c t i v e  environmental  temperature ,  
see E q .  (1-5) t o  (1-7), R 

Tf TF 

TFEND 

TF1 

THETAM 

Temperature of f l u i d  i n  duc t ,  R 

Tf end 

Tf l  

F lu id  ex i t  temperature ,  T 

F lu id  i n l e t  temperature,R 

m 
8 Angle between sun ' s  r a y s  and normal 

t o  body 'lm" su r f ace ,  degrees  

8 
P 

THETAP Angle between sun ' s  r ays  and normal t o  
f i n  su r face ,  degrees  

X 
8 THETAX Angle between s u n ' s  r ays  and normal t o  

second su r face ,  degrees  

Surface temperature of body "m", R m T TM 

TS 
TS 

Duct wa l l  temperature f o r  AICH sub- 
r o u t i n e ,  R 

T* TSTAR Temperature used f o r  c a l c u l a t i n g  N and 
N i n  AICH subrout ine ,  R 

Duct w a l l  temperature ,  R 

re  
P r  

T 
W 

Duct temperature a t  r o o t  of f i n  (L) f o r  
condi t ions  approximating the  e x i t  of duc t ,  
and used t o  c a l c u l a t e ,  Lef(L),  R 

Duct temperature a t  r o o t  of f i n  (L) f o r  
condi t ions  approximating the  en t rance  of 
duc t ,  and used t o  c a l c u l a t e  L (L),  R 

Surface temperature of body "XI', R 

es 

X 
T 

Ex i s t ing  va lue  of w, nondimensional 

dw Increment of w used f o r  c a l c u l a t i o n s ,  
nondimensiona 1 

Z Value of T/Tw, nondimensional 
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Computer 
Equations Program 

dZ/dw T(5) 

V V 

VAV av V 

6 

'd 

Wt  

Y 

Z 

a 

av 

b 

VISC 

WALTH 

WD 

WDOT 

WDOTD 

WF 

WILT 

WL 

WT 

Y 

Z 

ZETAP 

D e f i n i t i o n  

dZldw, nondimensional 

F lu id  v e l o c i t y ,  f t / s e c  

Ari thmetic  mean of i n l e t  and o u t l e t  
v e l o c i t y ,  f t l s e c  

Viscos i ty  of f l u i d ,  l b / h r  f t  

Duct w a l l  th ickness ,  f t  

Weight of a tube,  l b  

To ta l  f l u i d  weight flow, l b / h r  

F lu id  weight flow i n  a d u c t ,  l b / h r  

Weight of extended s u r f a c e s  a t tached  
t o  a tube,  l b  

Value of (dZ/dw) used f o r  t h e  previous 

i t e r a t i o n ,  nondimensional 
1 

Weight of t h e  l i q u i d  t rapped i n  a s e c t i o n  
of d u c t ,  l b  

To ta l  weight of h e a t  exchanger inc luding  
f l u i d ,  l b  

Heat t r a n s f e r  r a t e  a t  f i n  r o o t  tempera- 
t u r e ,  Btu/hr sq  f t  

Temperature r a t i o  TIT f o r  i n t e g r a t i o n  

r o u t i n e ,  nondimensional 
W 

P r o f i l e  number f o r  r e c t a n g u l a r  p lan  
extended s u r f a c e ,  nondimensional 

SUBSCRIPTS 

Surface f a c i n g  t h e  sun ( i f  a p p l i c a b l e )  

Ari thmetic  average 

Surface i n  shade ( i f  appl icable)  
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1 

2 

Compu t er 
Program D e f i n i t i o n  

Duct s e c t i o n  "I" 

F i n  "L" 

Denotes en t rance  t o  duc t  s e c t i o n  
( i f  a p p l i c a b l e )  

Denotes e x i t  from duct  s e c t i o n  
( i f  a p p l i c a b l e )  



1 7  

PROGRAM 4- 1 DESCRIPTION 

This program i s  adapted t o  systems having the  geometry shown i n  F ig .  1, 

and i t  i s  descr ibed  below i n  d e t a i l .  

t h e  two programs and the  overlapping po r t ions  w i l l  no t  be repea ted .  

Much of t he  work presented i s  common t o  

The hea t  t r a n s f e r  from an  element of f i n  su r face  depic ted  i n  F ig .  2 

i n  a r a d i a t i v e  and convect ive environment can be w r i t t e n  as 

dq =[C1T4 - C2 + ha(T - Taa) + hb(T - Tab)]dAp. (1.1) 

This equat ion  i s  used t o  c a l c u l a t e  the  approximate e f f e c t i v e  environ- 

mental temperature .  It i s  app l i cab le  t o  an element of f i n  or  duc t  su r f ace ,  

bu t  t he  two su r faces  may have d i f f e r e n t  temperatures .  Since the  f i n  i s  

assumed t o  be the  c o n t r o l l i n g  hea t  exchange member, the  environmental  tem- 

pe ra tu re  f o r  t h i s  su r f ace  i s  taken as the  one f o r  t he  system. Calcu la t ion  

of t he  t r u e  system environmental  temperature d id  not  seem worth the  e x t r a  

e f f o r t  t o  o b t a i n  i t .  The f i n  environmental  temperature i s  obtained by assum- 

ing  i n  E q . ( l . l )  t h a t  dq = 0 and T = T . Therefore ,  e 

4 - (C2 + hat) = 0 + htTe F = CITe e 

where 

h = h  + h  
t a b  

and 

I f  t he  convect ive h e a t  t r a n s f e r  c o e f f i c i e n t s  h = hat = 0,  t 
1 - 

T e =(;): 
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I f  t he  r a d i a t i v e  hea t  t r a n s f e r  i s  ze ro  C 1  = C 2  = 0, 

- hat - -  
Te ht 

If both  modes of h e a t  t r a n s f e r  are p resen t ,  Newton's method i s  used 

f o r  ob ta in ing  T . For t h e s e  c a l c u l a t i o n s  e 

T = T  ' - F e / c l t  - e e 

where 

3 - -  dFe - 4C1Te + ht . 
e dT 

(1 .7)  

For t h e  f i r s t  approximation T ' i s  taken equal  t o  t h e  average va lue  c a l c u l a t e d  

from Eqs. (1.5) and (1 .6 ) .  

e 

The cons t an t s  C1 and C, f o r  t h e  environment of F ig .  1 are 

C1  = (Ea + 8 b )o = ( 8  a i- sb)O.1713~10-* (1.9) 

[Ref. 1, Eq. 21 

and 

+ Fbabpm cos 8 
X m C2 = Sc(aa COS 8 + FaQaP, COS em + FaxWaPx COS 8 

P 

+- Fbxa,,px cos ex) + 0 . 1 7 1 3 ~ 1 0 - ~ [ ( F ~ 8 ~  f FbGb)EmTm 4 

+ (Faxex + Fbeb)ExTx + O . O 1 ( E a  -I- eb) .  "1 
[Ref.  1, Eq. 31 

(1.10 

The hea t  t r a n s f e r  from an element of f i n  shown i n  F ig .  1 can be wr i t ten  

as 



19 

-k6hTw 

Lh 
- (E) dL = yL h a  17 dL = yLedL dqf - 

where 

4 
y 7 CITw - Cz + Twht hat 

L 

Lh 
u ) = -  

(1.11) 

(1 .12)  

(1 .13)  

and 

(1.14) T 
T '  

z = -  
W 

Thus y i s  the  hea t  exchanged per  hour per u n i t  area a t  t he  w a l l  temperature.  

The hea t  t r a n s f e r  from an  element of duc t  can be obtained by adding 

the  amounts r e s u l t i n g  from both r a d i a t i o n  and convect ion.  However, i n  t h i s  

program each mode of hea t  t r a n s f e r  i s  c a l c u l a t e d  d i f f e r e n t l y .  A s  explained 

i n  Ref.  2 ,  t h e  hea t  t r a n s f e r r e d  by r a d i a t i o n  from a f i n  and tube system can 

be r e a d i l y  eva lua ted  wi th  e x c e l l e n t  accuracy us ing  the  pro jec ted  area of the  

tube.  I n  t h i s  program the  hea t  t r a n s f e r r e d  by convect ion i s  assumed t o  take 

p lace  from t h e  exposed area of t h e  tube.  With these  areas the  hea t  t r a n s f e r  

i s  

where 

dL (1.15) 

(1.16) 

The equiva len t  l eng th  f o r  t h e  f i n  i s  equal  t o  the  product of t h e  f i n  length ,  

Lh, and the  area e f f e c t i v e n e s s ,  o r  

(1 .17)  
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This  equat ion  can a l s o  be expressed i n  terms of t h e  dimensionless 

temperature g r a d i e n t ,  (dZ/dw)l, a t  the  f i n  r o o t ,  and 

(1.18) 

[Ref .  1, Eq. 311 

(modified s l i g h t l y )  

and (dZ/dw)l a t  the  Tws Approximate va lues  f o r  t h e  wa l l  temperature ,  

duct  en t rance  a r e  obtained by us ing  the  method of Ref.  2 .  However, the  

apprQximate equat ions  (14 )  through (17)  of Ref.  1 are used f o r  c a l c u l a t i n g  the  

f i n  performance. The ac tua l  va lue  of (dZ/dw)l i s  then obtained a t  the  approx- 

imate w a l l  temperature by the  numerical  i n t e g r a t i o n  procedures descr ibed i n  

Ref.  1, Eqs. ( 4 )  through ( 2 3 ) .  

It i s  a l s o  necessary  t o  e s t a b l i s h  the numerical  va lue  f o r  the  equiv- 

a l e n t  f i n  length  a t  the  end of the  duct and, f o r  c e r t a i n  cond i t ions ,  a t  an 

in te rmedia te  p o i n t ,  depending upon problem condi t ions .  F ig .  3 i s  presented 

t o  d e p i c t  the  sequence of  events  and the  procedure.  Steps (1) and (2) have 

been explained above. S tep  ( 3 )  i s  q u i t e  obvious. The f l u i d  temperature 

ca l cu la t ed  f o r  s t e p  ( 4 )  f o r  both cool ing and hea t ing  i s  

(I-. 19)  - Tf end - Tfl  - Wfl - Te> .  

The exit  (end) w a l l  temperature i s  e s t a b l i s h e d  by assuming (T -T ) 
f l  w s  

remains cons t an t .  

l i n e ,  a more appropr i a t e  w a l l  temperature i s  a r b i t r a r i l y  taken wherein 

I n  the  event  t h a t  t he  p red ic t ed  Twf curve crossed the  T 
e 

Twf - - Tfend - 0'8(Te - Tfend) '  (1.20) 

This  w a l l  temperature i s  used i n  r e c a l c u l a t i n g  t h e  f l u i d  temperature 

a t  t he  e x i t  cond i t ions .  



2 1  

The end w a l l  temperature is  used t o  c a l c u l a t e  t he  equ iva len t  length  

(Lef) f o r  t he  f i n s  a t  the  end. 

c a l  t o  t he  one used a t  the  duc t  en t rance .  

Les from the  en t rance  t o  L 

The i n t e g r a t i o n  procedure i s  almost i d e n t i -  

The magnitude of t h e  change i n  

a t  t he  end i s  then  c a l c u l a t e d .  I f  less than  a e f  

10% change has occurred a l i n e a r  equat ion  i s  der ived  t o  pass  through the  

po in t s  determined by the  two temperatures and t h e  two equiva len t  l eng ths .  

For t h i s  case 

L = m T  i b  (1 .21)  e W 

where 

Lef - Les 

Twf w s  
m =  - T  

and 

b = Les - mTws . 

(1.22) 

(1.23) 

I f  more than  a t e n  per  c e n t  change takes  p lace ,  the  equiva len t  l eng th  L a t  e m  

a temperature T midway between T and T i s  c a l c u l a t e d .  A polynomial 

curve f i t  i s  then used wherein 

wm w s  wf 

L = Tw(TwAa + Bb) + Cc (1.24) e 

and where Aa, Bb,  and C 

and f i n i s h .  Since the  machine c a l c u l a t e s  the  c o e f f i c i e n t s  f o r  only one case  

(m and b w i l l  be ze ro  i f  t he  polynomial f i t  i s  used and Aa = Bb - Cc = 0 i f  

a linear f i t  i s  used) ,  t he  equat ion  f o r  L can be w r i t t e n  as 

are computed from the  t h r e e  po in t s :  s ta r t ,  midpoint,  
C 

- 

e 

L = Tw(Tw Aa + Bb) + Cc + mTw + b . e (1.25) 
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The convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  between the  duc t  f l u i d  and 

t h e  duc t  w a l l  i s  c a l c u l a t e d  by t h e  "AICH" subrout ine .  Two methods are used 

depending upon the  va lue  of Reynolds number. This number i s  

DiVP DiGd - - - = -  
Nre p Ad' 

(1.26) 

I f  Nre < 2000, t h e  flow i s  considered laminar.  I f  Nre > 2000, t he  flow i s  

considered tu rbu len t .  I n  t h e  laminar reg ion  the  c o e f f i c i e n t  i s  ca l cu la t ed  

from Nussel t  number, which i s  p a r t  of the  inpu t  da t a .  A t a b l e  of va lues  

f a r  c i r c u l a r  and o the r  shaped duc t s  given i n  Ref .  3 ,  p 103. From the  Nussel t  

number the  f l u i d  convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  i s  ca l cu la t ed  o r  

nu k N  
h = -  

Di 
(1.27 

[Ref.  4 ,  E q .  7-301 

I n  the  tu rbu len t  reg ion  a set of equat ions  i s  used, wherein 

0. O384GdC (Nre) -1/4 

A d [ l  + 1.5(N ) -1/6 (Nre)-'/*(NPr - 111 h =  

P r  

[Ref.  4 ,  E q .  8.141 

where P rand t l  number , 

(1.28) 

(1.29) 

Both Praqdt l  and Reynolds numbers are eva lua ted  a t  the  r e fe rence  tempera- 

t u r e  
( .01 N + 40)(Tb - Ts) 

(N + 72) T* = Tb - 
pr  

(1.30) 

[Ref.  4 E q .  (9.16)l 
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The convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  between the  duc t  f l u i d  and 

the  duc t  w a l l  i s  c a l c u l a t e d  by t h e  "AICH" subrout ine .  Two methods are used 

depending upon the  va lue  of Reynolds number. This number i s  

DiVP DiGd 
= - -  - -  

Ad' Nre ~1 (1.26) 

I f  Nre < 2000, t he  flow i s  considered laminar .  I f  Nre > 2000, t h e  flow i s  

considered tu rbu len t .  I n  the  laminar r eg ion  the  c o e f f i c i e n t  i s  c a l c u l a t e d  

from Nussel t  number, wnich i s  p a r t  of the  inpu t  d a t a .  A t a b l e  of va lues  

f o r  c i r c u l a r  and o the r  shaped duc t s  given i n  Ref.  3 ,  p 103. From t h e  Nussel t  

number the  f l u i d  convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  o r  

h = -  (1.27 

[Ref. 4 ,  Eq. 7-301 

I n  the  tu rbu len t  reg ion  a set  of equat ions  i s  used, wherein 

0. O384GdC (Nre) -114 

A d [ l  + l.S(N ) -1/6 (Nre)-'''(Npr - 111 h =  

P r  

[Ref .  4 ,  Eq. 8.141 

where P rand t l  number, 

6 '  
N =-E 

p r  k ' 

(1.28) 

(1.29) 

Both Prandt l  and Reynolds numbers are eva lua ted  a t  the  r e fe rence  tempera- 

t u r e  
(.OI N + 40) (Tb - Ts) 

T* = Tb - 
(Npr + 72) 

(1.30) 

[Ref.  4 Eq. (9.16)] 
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The temperature  r e l a t i o n s h i p  between the  f l u i d  and t h e  w a l l  i s  e s t ab -  

From the  f l u i d  l i s h e d  by equat ing  the  i n t e r n a l  and e x t e r n a l  hea t  exchange. 

t o  the  w a l l ,  

dq = hp(Tf - Tw)dLw . (1.31) 

From the  e x t e r n a l  su r f ace  t o  t h e  environment, 

where 

(1.32) 

= 2y[Tw(Tw Aa + Bb) + Cc + mTw + Bl + Do(CITw 4 - C Z )  + Lc(htTw - hat) .  
4s  

(1.33) 

When Eqs. (1.31) and (1.32) a r e  combined: 

F = 4, - hP(Tf - Tw) (1.34) 
W 

where F i s  a term which approaches ze ro  i n  the  convergence processes .  
W 

Eq. (1.34) i s  employed i n  s e v e r a l  ways depending upon the  known condi- 

t i o n s .  A t  t he  duc t  en t rance  the  f l u i d  temperature i s  known. The w a l l  temper- 

a t u r e  i s  ca l cu la t ed  i n  a l i n e a r  i n t e r p o l a t i o n  loop followed by Ai tken ' s  

method as descr ibed  i n  Ref. 5 ,  pp 136 t o  153. The i n p u t  f l u i d  temperature 

Te3 
and the  environmental  temperature ,  

temperature po in t s  i n  the  i n t e r p o l a t i o n  loop. The w a l l  temperature l ies be- 

tween these  two extremes. One o r  the  o the r  temperature po in t s  i s  he ld  dur ing  

the  i n t e r p o l a t i o n  process  depending upon whether the  duc t  f l u i d  i s  being 

heated o r  cooled.  

set the  i n i t i a l  va lues  f o r  t he  

Ai tken ' s  method speeds up t h e  otherwise s l o w  convergence 
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when the  t r u e  w a l l  temperature  i s  approached. A t  o the r  s t a t i o n s  along the  

duc t  t he  w a l l  temperatures  are known and the  a s soc ia t ed  f l u i d  temperatures 

are i t e r a t i v e l y  c a l c u l a t e d  us ing  v a r i a b l e  f l u i d  p r o p e r t i e s  w i th  Eq. (1 .34 ) .  

The duc t  l eng th  requi red  t o  cause t h e  change i n  the  w a l l  temperature,  

and the  a s soc ia t ed  change i n  the  f l u i d  temperature i s  ca l cu la t ed  from b a s i c  

h e a t  t r a n s f e r  equat ions .  The h e a t  t r a n s f e r r e d  from the duc t  f l u i d  i n  passing 

through an element i s  

dq = -8 C dTf 
d P  

Combining Eqs. (1.31) and (1 .35 )  

-Gd c dTf - dLw - hp(Tfp- Tw) ' 

(1 .35 )  

(1.36) 

t h i s  equat ion  i s  modified t o  apply  t o  a f i n i t e  l eng th  of duc t .  For the  hea t  

t r a n s f e r  c o e f f i c i e n t  an  a r i t h m e t i c  average i s  used and 

h i  + ha 

2 h =  av (1 .37 )  

For the  temperature d i f f e r e n c e  between t h e  f l u i d  and the  w a l l  an  a r i t h m e t i c  

average i s  used i f  t he  change i n  ( T f i  - Twl)  and (Tfz - Tw2) i s  less than 

f i v e  degrees  i n  a s e c t i o n ,  or 

I f  more than  f i v e  degrees  of change are ca l cu la t ed ,  a log  mean temper-  

a t u r e  d i f f e r e n c e  i s  used, o r  

(1.39) 
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For a f i n i t e  s e c t i o n  l eng th  the  f l u i d  temperature  change i s  

dTf = Tf2 - T f l  . 
wi th  these  modi f ica t ions  Eq. (136) becomes 

(1.40) 

(1.41) 

The weight of l i q u i d  t rapped i n  a tube i s  the  sum of t h a t  trapped i n  each 

s e c t i o n  o r  

(1.42) av Ad Lw w = Cp L 

The duc t  weight i s  

The weight of a f i n  i s  

and the  t o t a l  weight i s  

W = (W + Wd + 2Wf)N . t L 

The p l an  a r e a  of t h e  system i s ,  

A = (D + 2Lh)N Lws . P 0 

(1.43) 

(1.44) 

(1.45) 

(1.46) 
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Program 4-2 Descr ip t ion  

This program i s  set  up t o  handle a v a r i e t y  of duc t  and f i n  configura-  

t i o n s  as i l l u s t r a t e d  by Fig .  4 .  In  order  t o  make i t  f l e x i b l e  t h e  number of 

extended su r faces  a t t ached  t o  the  duc t  and the  d i v i s i o n s  of t h e  duc t  circum- 

fe rence  are s p e c i f i e d  by the  inpu t  d a t a .  The h e a t  t r a n s f e r  t o  t h e  extended 

su r face  i s  c a l c u l a t e d  f o r  each su r face  from i t s  equiva len t  lengths .  The 

h e a t  t r a n s f e r  from t h e  duc t  i s  obtained by adding t h e  r a d i a t i v e  and convec- 

t i v e  hea t  t r a n s f e r  from each of t h e  s e c t i o n s .  The temperature i s  assumed 

cons t an t  around the  per iphery f o r  a l l  s e c t i o n s .  

When the  hea t  t r a n s f e r  t o  the  environment from agiven extended su r face  

i s  independent of t he  o the r  extended su r faces ,  t he  programs i n  Ref. 1 can be 

used t o  c a l c u l a t e  the  equ iva len t  length  f o r  t h e  su r face .  Unfortunately,  when 

the  extended su r faces  are o r i en ted  i n  such a way t h a t  they  can "see" each 

o t h e r ,  t he  hea t  t r a n s f e r  by r a d i a t i o n  t o  the  environment i s  r e s t r i c t e d  and 

no known programs are a v a i l a b l e  f o r  c a l c u l a t i n g  the  equiva len t  length .  A t  

p resent  the  use r  w i l l  have t o  approximate the  r educ t ion  i n  hea t  t r a n s f e r  and 

a d j u s t  the  va lues  of L accordingly.  The approximations w i l l  be q u i t e  accu- 

r a t e  i f  t he  i n t e r f e r i n g  su r faces  a r e  i n s u l a t e d ,  o r  i f  t he  ambient f l u i d  i s  

opaque t o  r a d i a t i o n .  

e 

The c ross  s e c t i o n a l  flow area f o r  t he  duc t  can be ca l cu la t ed  i f  t he  

duc t  i s  c i r c u l a r .  I f  n o t ,  t he  area and duc t  per imeter  must be included i n  

the  inpu t  d a t a .  The e f f e c t i v e  i n t e r n a l  diameter f o r  a non-c i rcu lar  duc t  i s  

4Ad = -  
Di P * 



For c i r c u l a r  duc t s  

2 
Di 

4 .  Ad = - 
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and 

p = n D i  . ( 2 . 3 )  

To account f o r  t he  two modes of hea t  t r a n s f e r ,  t h e  c a l c u l a t i o n s  f o r  a s e c t i o n  

of duc t  circumference are d iv ided  i n t o  two p a r t s ,  convect ion and r a d i a t i o n .  

The d i v i s i o n  i s  necessary  because of t he  use  of pro jec ted  areas ( i f  app l i cab le )  

f o r  c a l c u l a t i n g  r a d i a t i v e  h e a t  t r a n s f e r .  Also i t  i s  assumed t h a t  the  duc t  

i t s e l f  might be of a complicated conf igu ra t ion  r e q u i r i n g  several s e c t i o n s  t o  

r ep resen t  t h e  hea t  t r a n s f e r .  For any s e c t i o n ,  t he  hea t  t r a n s f e r  can  be 

w r i t t e n  as 

The e f f e c t i v e  s e c t i o n  lengths  S r ( I )  and Sc ( I )  a r e  thus  chosen independently.  

I n  some cases, f o r  example, a duc t  without  f i n s ,  equa l  va lues  f o r  S (I) and r 

Sc ( I )  should be s p e c i f i e d .  

fe rence  i s  

The hea t  t r a n s f e r  from an element of duc t  circum- 
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and 

For an  extended su r face  t h e  hea t  t r a n s f e r  i s  

(2.10) 

and 

Data f o r  f i n  No. 1 and Eq.  (2.12) are used wi th  Newton's method f o r  

S e t t i n g ,  dq = 0 and e s t a b l i s h i n g  the  e f f e c t i v e  environmental  temperature .  

Te = Tw 

and 

T e = T e ' - Fe/$ . 
e 

(2.13) 

(2.14) 

(2.15) 



29 

The o u t l e t  f l u i d  temperatures  Tfz i s  used as the  f i r s t  approximation 

f o r  T ' .  The va lue  of T i s  accepted when e e 

Fe .001 . (2.16) 

Should t h e  system have no f i n s ,  t he  d a t a  f o r  duc t  No. 1 and Eq. (2.4) i s  

s u b s t i t u t e d  f o r  Eq. (2.12) above. 

The va lue  of L a t  any po in t  along the  duc t  i s  evaluated from the  e 

w a l l  temperature a t  t h a t  po in t .  Approximate w a l l  temperatures  T 

a t  the  duc t  en t rance  and ex i t ,  r e s p e c t i v e l y , a r e  used i n  e s t a b l i s h i n g  the  

va lues  f o r  Les, and Lef.  A l i n e a r  equat ion  i s  der ived  which passes  through 

the  po in t s  e s t a b l i s h e d  by the  two lengths  and the  two temperatures .  The 

s lope  of t h e  l i n e ,  

and Twf w s  

The i n t e r c e p t  

(2 .17)  

(2 .18)  

The equat ion  f o r  Le(L) i s  

Le(L) = m(L)Tw + b(L) . (2.19) 

The o the r  extended su r faces  are handled as i l l u s t r a t e d  f o r  su r face  (L) 

above. 

The r e l a t i o n s h i p  between t h e  f l u i d  and w a l l  temperatures is  obtained 

from t h e  system hea t  t r a n s f e r  equat ions .  The hea t  from an  element of duc t  
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l e n g t h  can be obtained by adding t h e  h e a t  from t h e  extended s u r f a c e s  and t h e  

d u c t  o r  

dq = qsdL. (2.20) 

Where 

= KO + KITw + K2Tw 2 + K4Tw 4 + &Tw 5 . 
4, (2.21) 

n '  
m 

L= 1 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

and 

n '= number of f i n s  a t tached  t o  a d u c t .  

To c a l c u l a t e  t h e  w a l l  temperature from a given f l u i d  temperature 

Eq. (1.35) i s  combined wi th  Eq. (2.20) and 

- 
Fw - 4, - hP(Tf - T,> * 

where Fw -, 0 i n  t h e  i t e r a t i o n  processes .  

(2.27) 
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I n  t h i s  program, the  f l u i d  tempera.tures are s p e c i f i e d  a t  i n l e t  and 

o u t l e t  of t he  duc t .  The corresponding w a l l  temperatures  are c a l c u l a t e d  

by subrout ine  ”TWALL” which uses  a l i n e a r  i n t e r p o l a t i o n  loop followed by 

Aitken’s  method. 

E q .  ( 1 . 3 5 )  a t  t h e  duc t  i n l e t  i n  Program 4.1. 

This  procedure i s  s imi la r  t o  t h e  method used w i t h  

The w a l l  temperature  change i n  a s e c t i o n  i s  ca l cu la t ed  from the  

o v e r a l l  change and t h e  number of s e c t i o n s  o r  

Thus equal  temperature drops are taken f o r  each s e c t i o n .  

Sec t ion  lengths  and h e a t  t r a n s f e r  q u a n t i t i e s  are ca l cu la t ed  as i n  

Program 4.1. 

f i n  lengths  are no t  used by the  program, t h e r e f o r e ,  t he  weights  of t he  duc t  

and f i n s  are no t  c a l c u l a t e d .  

I n  t h i s  case t h e  duc t s  may be of i r r e g u l a r  shape and t h e  a c t u a l  
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CONCLUSIONS AND RECOmNDATIONS 

These programs can be used t o  so lve  a myriad of h e a t  exchanger problems. 

While they  have been s p e c i f i c a l l y  designed f o r  problems where t h e  hea t  ex- 

change wi th  t h e  environment i s  by the  combination of convect ion and r a d i a t i o n ,  

they can be used where the  t r a n s f e r  i s  r e s t r i c t e d  t o  e i t h e r  one o r  the  o the r .  

Problems envolving only convect ion environments are a l s o  so lvable  by conven- 

t i o n a l  approaches and such a program would be more economical w i th  machine 

t i m e .  

The r igo rous  mathematical  t rea tment  of t h e  combined e f f e c t s  of r a d i a -  

t i o n  and convect ion h e a t  exchange systems has been avoided i n  t h e  pas t  be- 

cause of t h e  d i f f i c u l t i e s  i n  so lv ing  the  nonl inear  d i f f e r e n t i a l  equat ions .  

These d i f f i c u l t i e s  are made acu te  by the  l a rge  number of v a r i a b l e s  which 

inf luence  the  exchanger performance. Radia t ive  exchange problems have been 

g r e a t l y  s impl i f i ed  by t h e  use  of dimensionless  parameters.  Comparable s t u d i e s  

w i t h  the  combined e f f e c t s  of r a d i a t i o n  and convection are s o r e l y  needed. 

Performance curves o r  c h a r t s  would a i d  i n  t h e  understanding of problems and 

i n  i n t e r p r e t i n g  the  r e s u l t s  ob ta ined  f o r  a given case. The programs presented 

h e r e i n  combined w i t h  those of Ref. 1 should provide i n t e r e s t e d  p a r t i e s  w i th  

t h e  b a s i c  t o o l s  f o r  making such a s tudy.  

Temperature drops i n  t h e  duc t  w a l l s  and temperature v a r i a t i o n  e f f e c t s  

around the  duc t  per iphery  have been neglec ted .  These e f f e c t s  could be taken 

i n t o  account i n  program 4-2 i f  d e s i r e d .  

r e s i s t a n c e  t o  o b t a i n  a t o t a l  r e s i s t a n c e .  The o v e r a l l  e f f e c t  can be approxi- 

mated by mul t ip ly ing  the  f l u i d  thermal conduct iv i ty  by the  r a t i o  of f l u i d  

r e s i s t a n c e  t o  t o t a l  r e s i s t a n c e .  The p e r i p h e r a l  temperature d i s t r i b u t i o n  

Wall r e s i s t a n c e  can be added t o  f i l m  
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e f f e c t s  can  taken i n t o  account by ad jus t ing  the  va lues  used f o r  S (I) and 

Sc ( I ) .  

'be neglec ted .  

r 

However, under normal cond i t ions  these  e f f e c t s  are small enough t o  

I n t e r - r a d i a t i o n  e f f e c t s  between f i n s  which "see" each o the r  w i l l  

in t roduce  e r r o r s  which are d i f f i c u l t  t o  approximate. Very l i t t l e  work 

has  been done i n  t h i s  f i e l d .  

A number of problems such as those involving condensing o r  evaporat ing 

f l u i d s  o r  w i t h  cool ing  o r  hea t ing  gases  can n o t  be s a t i s f a c t o r i l y  solved wi th  

these  programs. However, t he  modi f ica t ions  t o  make them so lvable  are no t  

ex tens ive  and t h e r e f o r e  a cont inua t ion  of work i n  t h i s  f i e l d  i s  recommended. 
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Surface (a) 
f ac ing  sun / r 

r a d i a t o r  sur face  

Temperature, T 
X 

Normal su r face  t o 4  (m) "i; 

Fig .  1. Program 4-1 Heat Exchanger Radia t ive  Environment 
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.ow 

0 Entrance 

@ Exi t  

Fig.  2 .  Program 4-1 Heat Exchanger Configurat ion 
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2 Approx. w a l l  
temperature,  

T w s  

TEMPERATURE 

@ Appr ox.  w a  11 
temperature,  

t 

T f l  1 
(Input Data) 

\ 
\ \ Tw\  

made on t h i s  
po in t  t o  i n -  
s u r e  a g a i n s t  
c r o s s i n g  T (. rnni .~Nc e 

\ "VVYIL." 

@Ti OT ,--,-_e----- 

HEATING 

AT used t o  c a l c u l a t e  
s e c t i o n  l eng ths  

/ 

c Length r equ i r ed  t o  g e t  i n p u t  E - 

,@F uid tempera- 
t u r e  change 
us ing  e f f e c -  
t i v e n e s s ,  E: 

Tota l  length  c a l c u l a t e d  by program - 
Fig.  3 .  Program 4-1 Ca lcu la t ion  Sequence 
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--/ Duct f 2 /t- 
Sur f  ace 

I 

Fin # 3 

Fig* 4 .  Program 4-2 Representative Configuration 
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APPENDIX A 

PROGRAM INFORMATION 

Included i n  t h i s  Appendix a r e  flow diagram, deck se tup ,  compiled 

l i s t i n g  of the  main program, and subrout ines  f o r  Programs 4.1 (Figs .  A - 1  

through A-6) and 4.2 (Figs.  A-7 through A - 1 2 ) .  

The following subrout ines  a r e  common t o  both programs and a r e  

i l l u s t r a t e d  only once.  

Subroutine ENTERP (Fig.  A-13) 

Subroutine DECRD (Fig.  A-14) 

Subroutine "DECRD" g ives  i n s t r u c t i o n s  f o r  en te r ing  inpu t  d a t a .  

However, t he  a c t u a l  d a t a  numbers a r e  given along w i t h  the  problem input  

da t a  i n  Appendix B. 
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CONSTANTS a 
PRINT INPUT 

F ig .  A - 1  Program 4-1 Flow Diagram 
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I 

COMPUTE FE n 
NO 

FINS AT 

ENTGRT 

EFFECT. LENGTH 



A-4 

OUTLET TF 

COMP'UTE OUTLET 
RAD. EFFECT. 

F ig .  A-1 Program 4-1 Flow Diagram (cont.) 
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EFFECT. LENGTH 
AT MIDPOINT 

COMPUTE 
PARABOLIC F IT  

FACTORS 

INCREMENT 
LOOP 

COUNTER 

I 
L 

I 

COMPUTE u 
I 

SET N E W  
TRIAL Tw 



(AICH) 4 SMALL? 

COMPUTE : 
AVERAGES 

SMALL? ARITHMETIC 
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SET I N U T  
VALUES TO 
OUTLl3T FOR 
NEW SECTION 

> 

SECTION? 

O=-Q 
COMPUTE 

WEIGHTS AND 
AREA 

PRINT 
FINAL OUTPUT 

Fig. A - 1  P r o g r a m  4-1 Flow D i a g r a m  (cont . )  
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Var iab le  Case 
Decimal Data 
Requires  (-) 
I n  Column 1 of 
L a s t  Card of 
Every Case 

Last  Card of 
Mat e r i a  1 
Proper t i es  
Data Requires 
A (-) i n  
Column 1 

------,-.- 
D e c i m a l  Data Change 

Case "N" T i t l e  Card --- - -- - - - 
CASE 2 DECIMAL DATA 
CASE 2 TITLE CARD 

c 
I- - - - - - - - ------------ 

Mult ip le  Case Runs 

/ D e c i m a l  Data 

T i t l e  Card --------- 
VARIABU CASE DATA I 

I -------- -- ------ /----- 300 F l u i d  Density Lb/cu f t  vs .  T ,  R 
1 / 200 Flu id  Conductivity,  Btu/hr R vs. T, R 

LOC 100 Visc ( cen t ipo i se )  vs.  T, R 

--------- c 
0 

INPUT DECIMAL DATA I 
L ----------- 

7 I------------ 

---------- Example of 
Table Format 
LOC 
100 Number of Pairs 

-4 
PERMANENT HOUERITH DATA 

c I 

Main Program & Subrout ines  

COMPOSITE DECK 

of x, Y 
101 XI = Temp R 
102 y l  = Visc 

X n 

Yn 

When u-sing a c o n s t a n t  
i n s t e a d  of a curve 
e n t e r  i n  f i r s t  
l o c a t i o n  of Table as a 
nega t ive  

100 -VISC 

F ig .  A-2 Composite Deck Setup Program 4-1 
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Fig. A-3 Program 4-1 Listing 
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BP=o e 

C 3 M I L G O .  
ZETAPM=O 
FHMIWO. 
FAHMID=O e 
ELEMIDZO 
PRINT 3002rTfTLE 

3002  FORMAT ( l H l r 1 6 A 5 / / / )  
PRINT F ~ ~ ( J P D A ( J ) v  J = 1 ~ 4 1 )  
C1=r1713€=8*(EPSA+EPS~) 
C2= SC *(ALPHAA*COS(THETAP*rOl745329)+FA*ALPHAA*RHOM*COS(T~ETA~* 

V*O1745329)+FAX*ALPHAA*Rt~~X*COS(THETA~*~Ol74~329)+F6*ALPHAB*RHO~ 
V*COS(THETAM*.01745329)+F8X*ALPHAB~RHOX*COS~THETAX*~Ol~4532~~~+ 
VEPSM*~M**~*r1713E~8*~FA*~~SA+FB*E~~B)+EPSX*TX**4*~1713€~8~~FAX* 
VEPSA+FBX*EPSb)+*Ol*(EPSA+EPSB) 

C COMPUTE ENVIRONMENTAL TEMPERATURE 
I F ( C 1 ) 1 0 l r 1 0 3 r 1 0 1  

101 IF(HA)104r102r104 
1 0 2  TE=SQRT(SQRT(C2/Cl)) 

GO TO 109 
1 0 3  TE=HAT/HT 

GO TO 109 
104 LCl=O 

TE=eS*(SQRT(SQRT(CZ/C1))+HAT/HT) 
1 0 5  LCl=LCI+l 

L F ( L C 1 ~ 2 5 ) 1 0 7 r l O 7 r 1 0 6  
106 PRINT F2rTE 

GO TU 0 0  
107 FE=Cl*lE**4-C2+nA*(TE-TAA)+~6*(TE-TAB) 

108 DFEDTE=4r*Cl*TE**3+HT 
I F ~ A B S ~ F E ) ~ ~ O O l ~ 1 0 9 ~ ~ O ~ ~ 1 0 8  

TE=TE-FE/DFEDTE 
GO TO 105 

C COMPUTE APPROXIMATE INLET WALL TEMPERATURE 
109 TW1=TF1-.2*(TFl0TE) 

PERIM=PI*RI 
1c2=0 

115 LC2=1C2+1 
I F ( L C 2 ~ 2 5 ) 1 2 1 r 1 2 1 r 1 2 0  

120 PRINT F3rTW1~ZETAP1rC31rFHl~FAHl 
GO TO 80 

121 CSl=C2/(Cl*TWl**4) 
ZETAP~=C~*TW~**~*ELH**~/(FNK*FINTH) 
FHl=(ELH**2*HT)/(FNK*FINTH) 
FAH~=(ELH**~*HAT)/(FNK*FINTH*TWI) 
IF(ZETAPl-10Oe)126r12~rl25 

60 TO 127 
125 NAG3 

126 I F ( Z E T A P 1 ) 1 2 8 1 1 2 7 r l 2 8  
128 NA=2e+ALOGIO(ZETAPl) 

IF (NA.LT.~)  NAZI  
127 EFR1=(1e~C32)*(ZETAPIr(ZElAPl*A(NA)+B(NA))+C(NA))  

EFCI=TANH(FHL**eS)/FHl**e5 
DZDW~=-ZETAP~*EFR~-(FH~~FAH~)*EFC~ 
FH=FH1 
FAHZFAH1 
ZETAP=ZETAPI 
C 3 = C 3 1  
ELE1=~~ELH*DZDW1)/(ZETAPl*(le°C31)+FH-FAH) 

Fig .  A - 3  Program 4-1 L i s t i n g  (cont . )  
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TB=TFl 
TS=TWl 
RHO=ENTERP(TFlrDA(300)) 
HHOlZRHO 
C A L L  A I C H  
ACWl=ACH 
REl=KE 
v1=u 
Y=Cl*TWl**4-C2+TW 14HT'HAT 
FE=2.*Y*ELEl+DO*(C1*TWl**4~C2)+EL~*(~T*TWl~HAT)oPERIM*ACHl* 

TF(A~S(FE)-.001)150,15O,140 
V(TF1-TWi) 

140 D F E D ~ ~ = ( 4 . * C l ~ T W 1 ~ * 3 + H T ~ * 2 ~ * E L E l + ~ ~ * C l * D O * T W ~ * * 3 ~ E L C * H T + A C H l * P E R I ~  
TWl=Tkl-FE/OFEDTW 
GO TO 115 

C COMPUTE EFFECTIVE LENGTH 
150 T(S)=DZDWl 

C A L L  ENTGRT 
DZDW 1=OZd. 
ELEl=(~EL~~*DZ~Wl)/(ZETAPl*(l~~C31)+FHIFAH) 

TFEND=TFl-BIGE* (TFL-TE) 

F W . 8  
L F ~ A ~ S ~ T F ~ ~ T ~ E N D ~ - A ~ S ~ T F ~ - T E ~ ~ ~ ~ ~ , ~ ~ ~ P ~ ~ ~  

C COMPUTE OUTLET END CONDITIONS 

TWEND=TFE~@-(TF~-TW~) 

161 TWEND=TFEND+FN*(TE-TFO~O) 
162 C3END=C2/ (Cl*TWEND**'+) 

Z E T A P E = C ~ * T W E N D * * ~ * E ~ H * * ~ / ( F N K ~ F I ~ T H )  
FHENQ=(ELH**2*HT)/(FNK*FINTH) 
FAHENQ=(ELH**~*HAT)/(FNK*FINTH*TWEND) 
IF(ZETAPE-100,) 1 8 1 ~ 1 8 0 ~ 1 8 0  

GO TO 183 
180 NA=3 

181 IF(ZETAPE)184,183,184 

IF(NAeLT.1) NA=1 

EFCEIJD=TAIvH 4 FHENO** 9 5) /FHEND** 5 

I F ( ( ( ~ Z ~ ~ ~ + D Z ~ W E ) / D Z O W ~ ) ~ ~ o ) ~ ~ O ~ 1 9 0 ~ 1 9 2  

IF(Fk.EQeOe) GO TO 191 

184 NA=2o+ALOG10(ZETAPE) 

183 EFREND=(l.-C3END)*(ZETAPE*(ZETAPE*A(NA)+~(NA)~+C(NA)) 

DZDWE=-ZETAPE*EFREND-(FHEMD'FAHEN~)*EFCE~D 

190 FW=FM-*1 

GO TO 161 
191 PRINT F9 

GO TO 80 
192 T(5)'- DZDWE 

ZETAP=ZETAPE 
C3zC3END 
FWFHEND 
FAHZFAHEND 
C A L L  ENTGRT 
DZDW E=DZ 1 
ELEEND=(-ELH*DZDWE)/(ZETAP€4(loaC~ENU)+FHENO~FAHENO) 
I F  ~ A B S ~ ~ E L E E N D - E L E ~ ~ ~ E L E ~ ) - . ~ ~ ~  200~200~201 

200 FM=(ELEENDoELE1)/(TWEND-7U1) 
BP=ELEl-FM*TWl 
GO TO 325 

C3MIO=C2/  (Cl*TWMID**4) 
201 TWMID=eS*(TWEND+TWl) 

F i g .  A-3 Program Lis t ine :  (cant.) 
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ZETAPM=C~*TWMID**~*ELH**~/(FNK*FINTH) 
FHMID=(ELH**~*HT)/(FNK*FI~TH) 
FAHMID=(ELH**Z*HAT)/(FN~*~INTH*TW~ID) 
IF(ZETAPM-100~)301~30~~300 

GO TO 303 
300 NA=3 

301 ~f(ZETAPM)304,303,304 
304 NA=2r+ALOG1O(ZETAPM) 

IF(NA.LT.~) NA=1 
303 EFRMID=(l.-C3MID)*(ZETAPM+(ZETAPM*A(NA)+~(NA))+C(~A)) 

EFCMID=TANH(FHMID**rS)/FHMID***S 

T(5)=DZDWM 
ZETAPtZETAPM 
C 3=C 3M IO 
FHZFHMID 

CALL ENTGRT 
DZDWW=DZ 1 
E L E H I ~ = ( ~ ~ L H * D Z D W ~ ) / ( Z E T A P M * ~ l ~ ~ C 3 M I D ) + F H ~ I D ~ ~ A H M I D ~  

ZZ~=(ELEMID-ELEEND)/(TWMIO-TWEND) 
AA=(ZZl-ZZ2)/(TWl-TWEND) 
BB=ZZl-AA*(TWl+TWHIO) 
CC=ELEl-AA*TW1**2-BB*TWl 

DZDWM=-ZEYAPM*EFRMID-(FHMID‘FAHMIK))*EFCMID 

FAH=FAHMID 

zZ~=(ELE~-ELEMID)/(TWI-TWMID) 

C COMPUTE ENTRANCE WALL TERMPERATURE 
325 I F  ((TF1-TELLT.O.0) GO TO 310 

XH=TE 

GO TO 320 

TW (1 1 =TE 

Yl=Cl*XH**4mC2+XH*HT-HAT 

I F  (LC3-25) 322~322,323 

TW (1 )=TF 1 

310 XH=Tfl 

320 LC3=0 

321 LC3=LC3+1  

323 PRINT 6 0 0 0 t T W l ~ T S  
6000 FORMAT (//3XWTWO =E15.$/3XbHTS =ElSr8/3X17HTWl NOT CONVERGED 

GO TO 89 
322 TS=Tld(l) 

CALL A I C H  
WACH 
FWH=Z.*Yl*(XHa(XH*AA+BB)+CC+FM*XH+BP)+DO*(Cl*~H**4mC2)+ELC*(HT* 

L=o 

L=L+1 
Y2(K=-l)=Cl*TW (K-l)**UmC2+TW(K’l)*HTIHAT 
F G ~ K ~ 1 ~ ~ 2 e * Y 2 ~ K ~ 1 ) * ~ T W ~ K - 1 ) + ~ ~ W ~ K ~ l ~ * A A + B B ~ + C C + F M * Y W ~ K ~ l ~ + ~ P ~ + D O *  

V (Cl*TW(K-l)**Y-C2) + E L C * ( H T * T W ( K - ~ ) - H A T ) - ( H + P E R I M ) * ( T F ~ - T ~ ( K ~ ~ ) )  

v XH-HAT)-(H*PERIM)*(TF~-XH) 
20 DO 10 K=2t4 

10 T W ( K ) = ( X H ~ F G ( K - ~ ) - T W ( K - ~ ) * F W H ) / ( F G ( K - ~ ) - F W H )  
IF (L.LT.20) GO TO 25 
PRINT 5 0 t  T W ( ~ ) , T W ( ~ ) P T W ( ~ ) P T W ( ~ ) , ~ W H ~ F G ( ~ ) P F G ( ~ ) ~ F G ( ~ )  

50 FORMAT(//3X7HTW(l) = E15,8/3X7HTW(2) = €1508/3X7HTW(3) = E15.8/ 
V 3X7HTW(4) = ElSe8/3X5HFWH = E1508/3X7HFG(l)  2 €1508/3X7HFG(2) = 
V ElSe8/3X7HFG(3) = E15*8/3X21HTWALL CONVERGE FAILED 1 

STOP 
25 IF (ABS(T~(3 ) -TW(4) ) - .5 )  3 0 ~ 3 0 ~ 2 7  
27 TW(l)=TW(4) 

Fig .  A-3 Program L i s t i n g  (cont . )  
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GO TO 20 
30 T W ( l ) = T W ( 2 ) - ( T W ( 3 ) - T W ( 2 ) ) * * 2 ~ ( T ~ ( 4 ) + T W ( 2 ) ~ 2 * * T W ( 3 ) )  

I F  (ABS(TS-TW(l))-e2) 330,330,321 
330 ACHL=ACH 

TWl=TW (1) 
DELT=(TWl-TWEND)/FMESH 
ELEI=TW~~(TW~*AA+BB+FM) + CC + BP 
NCOUNT=FMESH 
QSUMZO e 
DPSUM=O 
ELWSUM=Oe 
WLSUIVI=O. 
DO 500 J=~vNCOUNT 
ACH2=ACHl 
TW2=fWl=DELT 
ELE~=TW~*(TW~*AA+BB+FM) + CC + BP 
YT=C1+TW2*44-C2+TW2*HT-HAT 

LC4=0 
QS=(2e*YT)*ELE2 + DO*(C1*TW2**4-C2) + ELC*(HT*TW2-HAT) 

335 Lc4=Lc4+1 
IF(LC4025)337,337'336 

336 PRINT F ~ v T F ~ P R E ~ P ~ R E ~  
GO TO 80 

337 TF2PZTF2 
RE2P=RE2 
TF2=TW2+QS/(ACH2*PERIM) 
T8=TF2 
TS=Tw2 
RHO=ENTERP(TFZ,OA(300)) 
HHO2=RHO 
C A L L  AICH 
ACH23ACH 
HEP=hE 
w 2=v 
IF(ABS(TFEP=TF2)-.25)34~,34~,335 

340 HAV=*5*(ACHl+ACH2) 
REAV=eS+(REl+HE2) 
VAV=*S*(VI+VZ) 
RHOAW=rS*(RH01+RHQZ) 
ABC=(TFl-TWl)-(TF2-TW2) 
IF (ABSIABC)-SeO) 400,4O0,401 

400 DELTM=(TFIDTWI+TF2-TW2)/2e0 
GO TO 402 

401 DELTM=ABC/ALOG((TFl-TW1)/(TF2-TW2)) 
402 W=CDOTO*CP*(TFl-TF2) 

ELW=W/(HAV*PERIM*DELTM) 
ELWSUM=ELkSUM+ELW 
QSUM=QSUM+Q*ENT 
C A L L  PROP 
DPSUM=DPSUM+DP 
v~L=RPIOAV*PI*OI**~/~.*ELW 
CLSUM=WLSUM+WL 
PRINT F 4 , J , T F l , T F 2 , T W l ~ T W 2 , E L E l ~ E ~ E 2 , A C H l ~ A C H 2 ~ H A V ~ R E A V ~ V A V ~ E L W ~  

w DPVU,RHOAV,WL 
TFl=TF2 

ACHl=ACH2 
HElZHE2 
v l=vL  

TWl=Th2 

Fig. A-3 Program Listing (cont.) 
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RHOl=RH02 
ELEl=ELE2 

500 CONTINUE 
WD=(PI+RHOTM*ELWSUM*(OO**2°DI**Z))/40 
WF= (RHOFM*ELH*ELWSUM*FINTH* (1 *+DELTAR) /20 
WT=(hL+WO+2r*WF)*ENT 
AP=(UO+2r*ELH)*ELWSUM*ENl 
PRINT F~~C~~,C~MID,C~END,ZETAP~~ZETAPM,ZETAPM,ZETAPE~FH~,FHMI~,FHENDP 

VELE~,ELEMID,ELEENDP~L~U~~,~D,WF,WT,TE,ELWSU~,DPSUM,QSUMPAP~C~IC~ 
VFAH~PFAHMIDIFAHENDP 

GO TO 80 
END 

Note: See fol lowing page f o r  permanent H o l l e r i t h  L i s t i n g .  

F i g .  A - 3  Program 4-1 L i s t i n g  ( con t . )  
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a41199999 ,00533150 a00002362 
-e87831999 w.09625650 -,OO406435 

1.OOOO0000 e6246049 a23347166 
(11H INPUT DATA//19,F15*5~22H OUTSIDE DIAMETER (FT)/19~FlSa5~21H INSIDE 
DIAMETER [FT)/I9tFlSa5~13H NO, OF TUBES/19,F15a5~21H WEIGHT FLOW (LBS/HR 
1/19@F15.5~16H FIN LENGTH (FT)/I9tF15.5~27I-i FIN THICKNESS AT ROOT (FT)/ 
19~F15.5~31H FIN THICKNESS AT FAR EDGE (FT)/19,F1505~36H DENSITY OF FIN 
MATERIAL (LBS/CU FT)/I9rF15*5~37H DENSITY OF TUBE MATERIAL (LBS/CU FT)/ 
19tF150Sr9H NOT USED /19tF15.5r32H THERM CON0 OF FIN (BTUIFT HR R)/19#Fl 
5.5~32H SPLCIFIC HEAT OF FLD (BTU/LB R)/I9,F15.5, 27H FLUID TEMP AT ENT 
RANCE (R)/IS~F1505~52ti HEAT TRANSFER COEFFICIENT SIOE A (HAP BTU/HR SQ F 
T)/fg,F15*5t52H HEAT TRANSFER COEFFICIENT SIDE B (HB* BTUIWR SQ FT)/191 
F15.5e24H AMBIENT TEMP SIDE A (R)/I9pF15.5,24H AMBIENT TEMP SIOE 6 (R)/ 
Iq,F15.5*7H ALPHAA/I9*FlSmS*fH ALPHAB/I9,F15.5,5H EPSA/I9eF15.5,5H EPSW 
I9rF15*5,5H EPSX/I9tF15,5t3H FA/I9,F1Sa5,4H FAX/I9,Fl5.5,3H FB/I9rF15.5~ 
4H FBX/19,FlSr5,5H RHOM/I9,FlSrS,SH RHOX/IS~F15r5~13H THETAP (DEG)/19r 
F15*5,13H THETAM (DEG)/I9*F15*5t13H THETAX ( D E G ) / I ~ ~ ~ F I ~ . S V ~ H  TM (R)/ 
I9,F15*5,7H TX (R)/19,F15*5,5H EfSM/I9,F15.5~16H ITERATION LIMIT/Igt 
F15*5*25H NO. OF INTEGRATION STEPS/I9,F15*5#30H SOLAR CONSTANT (BTU/HR S 
Q FT)/Ig,F15*5~29H HEAT EXCHANGER E F F E C T I V E N E S S / I ~ ~ F ~ ~ ~ ~ P ~ ~ H  NO. OF SUBS 
E C T I O N S / I ~ V F ~ ~ . ~ , ~ ~ H  PRESSURE (LBS/SQ FT)/XgtF15.5,12H NUSSELT NO.) 
(/34HOENVIHON TEMP CONVEHG. FAXLED. TE=E12.5) 
(41HOINITIAL INLET WALL TEMP CONVERG. FAILED*/SH TWl=E12*5~7H ZETAPZ 
E12r5~4H CS=E12*5tQH FH=E12*5,5H FAH=E12r5) 
(12H1SECTION N O . I ~ / / ~ H O I N L E T ~ ~ ~ X P ~ H  OUTLET/E12.5,6X,E12.S,15H FLUIO TEMP 
(R)/E12r5,6X,ElZ*SrlYH WALL TEMP (R)/E1205,6X,E12.5,23H FIN EFFECT LENG 

TH (FT) /E12s5r6XtE12*5r43H HEAT TRANSFER COEFFICIENT (BTU/HR FT SO R )  / 
/ /lSX~E12a5~47H HEAT TRANSFER COEFFI 
C E N T  AVG (BTU/hR FT SQ R)/18X~E12*5,17H REYNOLDS NO. AVG/18X,E12*5~22H 
VELOCITY AVG (FT/SEC)/laX,El2,5,2OH SECTION LENGTH (FT)/18X,El2,5,28H PR 
ESSURE CHANGE (LBS/SQ FT)/18X1E12*5,28H HEAT TRANSFER (BTU/HR TUBE)/lSX, 
E12a5~18H FLUIO DENSITY AVG/18X*E12*5,19H UT OF LIQUID (LBS)) 
(18H1FINAL OUTPUT DATA//6HOfNLET 12Xt9H MIDPOINT, 9X17H OUTLET/E12.5,6Xt 
E12.5,6X,E12.5~19H ENVSRON PARAM (C3) /E12.5,6X,E12.~*6X~€l2.5,12H PROFIL 
E N0./~12*5,6X,El2.5,4X,E12rS,22H CONVECTIVE PARAM (FH)/€12.5,6X~El2.5~ 
6X~E1205~23H CONVECTIVE PARAM (FAH)/E12a5~6X~El2a5,6X,E12.5,23H FIN EFFE 
CT LENGTH (FT)//  
1SX~E12*5~23H TOT WT OF LIQUID (LBS)/lSXeE12.5,21H WEIGHT OF DUCT (LBS)/ 

18X~E12*5,17H ENVIRON TEMP (R)/lSX,E12*5t18H TOTAL LENGTH (FT)/I.SX,EIZ.5 
18XtE12*5~21H WEIGHT OF FINS (LBS)/18X,El2*5~19H TOTAL WEIGHT (LBS)/ 

t32H TOTAL PRESSURE DROP (LBS/SQ FT)/18X~E12.!5*29H TOTAL HEAT TQANSFER ( 
BTU/HR)/l8X,E12,5,18H PLAN AREA (58 FT)/ 
10XtE12e5~24H RADIATION CONSTANT (Ci)/lSXtE12.5,24H RADIATION CONSTANT ( 
C 2 )  1 
(44HOFINAL INLET WALL TEMP CONVERG. FAILED. TWl=E12r5) 
(/38HOINTEGRATION CONVERGENCE FAILED. DZlA=E12*5,5H DZl=E12r5) 
(/36H FLUIO TEMP CONVERGENCE FAILED. T F ~ = E ~ ~ ~ ~ P ~ X V ~ H R E ~ P = E ~ ~ ~ ! ~ P ~ X , ~ H R E ~ =  
E12.5/) 

(/42ZHOHEAT EXCHANGER EFFECTIVENESS IS TOO LARGE) 

Note: This Hollerith Listing follows Subroutine Listings. See Fig. A - 2 .  

Fig. A-3 Program 4-1 Listing (cont.) 
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Fig. A-4 Subroutine AICH for  Program 4-2 
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F i g .  A-5 Subrout ine  PRDP 
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Fig .  A-6 Subrout ine ENTGRT 
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1235 OZO"-OZl 

1210 I ~ ~ ~ A B S ~ O Z W ~ ~ A B S ~ D Z O ~ ~ / A ~ S ~ T ~ ~ ~ ~ ~ o O O 2 ~ ~ 1 4 O O ~ l ~ ~ ~ ~ l 2 ~ ~  
1239 ISO=1 

T(5)=10104DZl 
IFIISW)1210~1239t1210 

IF(ITLT-ITER) 1125~1125~1050 
C4*** TEST FOR MILT 
1250 IF (ABS (WILT)-ABS ( T ( 5 ) ) )  1260, 1380~1380 
1260 IF(fS0)1278~1277v1278 
1277 T t 5 ) = 0 9 0 * D Z 1  

DZW=DZ1 
GO TO 1265 

1278 DZW=c)Zl, 

1265 I ~ ~ ~ A ~ S ~ O Z W ~ ~ A B S ~ D Z O ~ ~ / A & ~ ~ T ~ ~ ~ ~ ' . ~ ~ ~ ~ ~ ~ ~ O O P ~ ~ O O P ~ ~ ~ O  
127Q 1sw=1 

1380 WILT = T(5) 
1390 CONTfNUE 

1400 RETUREI 

T(S)=o5*(DZO+DZW) 

IF(ITLT-ITER) 112!jv1125~1050 

GO TO 1260 

EN0 

Fig .  A-6 Subroutine ENTGRT (cont . )  



A-20  

LF, CURVE FITS 

FOR CONSTANT 

ENVIRON TEMP 

Fig. A-7 Program 4-2 F l o w  Diagram 



DENSITY 
AT ENTRANCE 

YES FAILURE 

OEFF I C IENT 

I 
1 

DENSITY AT 

I 

I 

SET: XH=TFEND 
Tw=TE 

I 
F i g .  A-7 Program 4-2 

t Flow Diagram (cont . > 
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Y7 
I 

INCREMENT * LOOP COUN 

P R I N T  
m: FAILURE - MESSAGE c 

E X I T  WALL 

(TWALL) 

INCRl3MENT 

F ig .  A-7 Program 4-2 Flow Diagram (cont.) 
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COMPUTE 
DENSITY x (ENTERP) 

AT TRANSFE 

SET NEW 
INLET VALUES 
FOR NEXT 

F i e .  A-7  Proeram 6-7 Flnw n a i o r a m  ( r n n t  \ 
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P R I N T  
F I N A L  OUTPUT 

F i g .  A-7 P r o g r a m  4-2 Flow D i a g r a m  (cont.) 
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Var iab le  Case 
Decimal Data 
Requires  (-) 
I n  Column 1 of 
Last Card of 
Every Case 

L a s t  Card of 
Material 
P r o p e r t i e s  
Data Requires  
A (-) i n  
Column 1 

--------.-- 

/ Decimal Data Change 7 4' 
/ i  

Case "N" T i t l e  Card -------- 
CASE 2 DECIMAL DATA 
CASE 2 TITLE CARD J I 

L 
I-- ------- 
/-------- c 

Mul t ip l e  Case Runs 

D e c i m a l  Data 

/ 
/ 4' T i t l e  Card ------ -- - 

VARIABLE CASE DATA 4 I 
1 -- -- - -- - - - 

1 5 0 0  F l u i d  Visc ( cen t ipo i se )  vs.  T,  R 

LOC 400 F lu id  Densi ty  Lb/cu f t  v s .  T, R 

--------- c INPUT DECIMAL DATA I 
L ------- ------ 

/-------------7 

Example of  
Table Format 
LOC 
400 Number of  P a i r s  

-- - -- -- -- - - i l  
PERMANENT HOLLERITH DATA 

t I 

Main Program & Subrout ines  

COMPOSITE DECK 

of x, Y 
401 x1 = Temp R 
402 y1 = Densi ty  

X n 

Yn 

When us ing  a Constant 
i n s t e a d  of a curve 
e n t e r  i n  f i r s t  
l o c a t i o n  of  Table as a 
negat ive  

400 -RHO 

F ig .  A-8 Composite Deck Setup Program 4-2 



Fig .  A-9 Program 4-2 L i s t i n g  





8-28 
SUM2=SUM2+GZ(L)*E#(L) 
SUMY=SUW4+Cl(L)*B(L) 

500 SUMS=SUM5+Cl(L)*EM(L) 
CKO=-(GD3+SUMO) 
CKl=GD2+SUMl 
CK2=SUM2 
CK4=GDl+SUM4 
CKS=SUMS 

Lc=o 

640 LC=LC+l 

651 PRINT 6 5 2 ~ T E  
652 FORMAT(/32H INITILIZATION OF TE FAILED. TEzE12.8) 

GO TO 5 

FE=CT(1)*TE**4+62(1)~TE-G3(1) 

C COMPUTE ENVIRONMENT TEMP 

600 TE=TFl-lm2*(TFl-TFEND) 

IF (LC-25) 1001~1001~651 

1001  IF(ELE(1)mEQmOmO) GO TO 1020 

I F ( A $ S ( F E ) ~ ~ O O ~ ) ~ O O ~ P ~ O O ~ P ~ O O ~  
1002 OFEDT€=4mO*C1(1)*TE**~+G2(1) 

GO TO 1030 
1020 FE=SR(l)*(ClD(l)*TE**4 - C 2 0 ( 1 ) ) + S C ( l ) * H D ( l ) * ( T E ' T A ( l ) )  

I F ~ A B ~ ~ F E ) ~ ~ O ~ 1 ~ 1 ~ 0 3 ~ ~ O O 3 ~ 1 0 2 ~  
1021 DFEDTE=4.O*SR(l)*ClD(l)*TE **3+SC(l)*WD(l) 
1030 TEZTE-FEIDFEDTE 
1041 GO TO 640 

1003 RHO=ENTERP(TFl,DA(YOO)) 
C COMPUTE ENTRANCE WALL TEMP 

RHOl=RHO 
TB=TF1 
IF((TFl-TE),LT.O*O) GO TO 1004 
XW=TE 
TW (1) =TF1 
GO TO 1006 

TW (1) =TE 
1004 XH=TFl 

1006 LC2=0 
1007 LC2=LC2+1 

IF(LCZeLTm25) GO TO 1107 
PRINT 6000rTWlrTWlP 

GO TO 5 

TWlP=TW(1) 
CALL A I C h  
H=ACW 
CALL TWALL 
TW(~)=TWAL 

6000 FORMAT(//3X5HTW1 =E15*8/3X6HTWlP =E15*8/3X17WTWl NOT CONVERGED 1 

1107 TS=Tw(l) 

IF(ABS(TW~P-TWAL)~m2)1008,1008,1007 
1008 REl=RE 

ACHl=ACH 
v1=v 
TWl=TbAL 

RHO=t;NTERp (TFEND, # A  (400 1 1 
TBZTFEND 
IF((TFE~D-TE),LT.o,o) GO TO 1009 
XH=TE 
TW(l)=TFEhD 

C COMPUTE EXIT WALL TEMP 

F i g  A-9 Program 4-2 L i s t i n g  (cant.) 
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GO TO 1010 

TW (1 1 =TE 
1009 XHZTFEND 

LC3=0 

C A L L  TWALL 
Lc3=Lc3+1 
IF(LC3eLTe25) GO TO 7000 
PRINT ~OOO~TWENDITWENDP 

1010 TWENDP=TWAL 

8000 FORMAT(//3X7HTWEND =E15~8/3X7WTWENDP=E15*8//3Xl9HTWEND NOT CONVERG 
VED 1 

GO TO 5 
7000 TWENU=TWAL 

TW(l)=TWAL 
TS=TdEND 
C A L L  AICH 
H=ACH 
1 ~ ~ A B S ~ T W E N D P - T W E N D ~ ~ * ~ ~ 1 0 1 3 ~ ~ 0 1 3 ~ 1 0 1 0  

MESH=FMESH 

DPSUWO 
USUMZO 
WLSUM=O 

1013 DELT=(TWl-TWEND)/FMESH 

ELWSUMZO e 

DO 2000 I=l@MESH 
TWZ=Thl - DELT 
iC4=0 
H=ACMl 

1070 LC4=LC4+1 
IF(LC4=25)1075,1075elQ74 

1074 PRINT F ~ ~ P T F ~ P P T F ~ ~ R E ~ P V R E ~  
GO TO 5 

1075 TF2PSTF2 
RE2PZRE2 
TF2=TC2+(1*/(W*PERIM))*(~KO+CKl*TW2+~K2*TW2**2+C~4*TW2**4+ 

TB=TF2 
TSZTw2 
RHO=E~TERP(TF~VOA(~OO))  
RH02ZRHO 

H=ACH 
ACHPZACH 
RE2=HE 
v2=v 
1F(A6S(TF2P~TF2)~,25)108~~1080@1070 

ABC=(TFlmTW1)-(TF2-TW2) 

1400 D€LTM=(TFlDTkl+TF2-TW2)/2.0 

1500 DELTM=ABC/ALOC((TF1-TW1]/(TF2mTW2)) 
1700 Q=WDOTO*CP*(TFl-TF2) 

ELWSUM=ELkSUM+ELN 
QSUM=QSUM+Q*EtdT 

VCK5*TW2**5) 

C A L L  A I C H  

1080 HAV=*S*(ACHL+ACHZ) 

I F  (ABS(ABC)-5*0) 140011400~1S00 

GO TO 1700 

ELW=W/(HAV*PERIM*DELTM) 

REAV=*S*(REl+RE2) 
HHOAV=.~*(RHO~+RHQ~) 
V A V = e S * ( V 1 + V 2 )  

Fig. A-9 Program 4-2 Listing (corlt) 
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CALL PROP 
DPSUM=DPSUM+DP 
WL=RHOAV*AD*ELW 
WLSUM=WLSUM+WL 
PRINT F ~ ~ , I , T F ~ , T F ~ , T W ~ , T W ~ ~ A ~ H ~ ? A C H ~ , R E ~ ~ R E ~ , V A V P E L W , ~ ~ H ~ V P R E A ~ ~  

T F G T F 2  
TW1=TW2 
V 1 = V 2  
REl=RE2 
RHOl=RH02 
ACHlzACH2 

PRINT F~~ ,DPSUMFQSUM,~~SUM,TE~ELWSUM 
GO TO 5 
END 

V HHOAVPWLPDP 

2000 CONTINUE 

Note: See following page for permanent Hollerith Listing. 

Fig. A-9 Program 4-2 Listing (cont) 
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(28H ENVIRON TEMP CONVERG FAILEDI4H TE=E12,8t5H CKO=E12.8t5H CKl=E1208t 
5H CK2zE12.8t5H CK4=El2oBtSH CK5=E12.8) 
(34H ENTRANCE WALL TEMP CONVERG FAILED/SH TWl=El2.8tSH CKO=E12.8t 
5H CKl=E1208,5H CK2=E12*8tW CK4=E12*8tSH CK5=E12.8) 
(30H EXIT WALL TEMP CONVERG FAILED/7H TWEND=E12.8,5H CKO=E12*8t!jH CK1= 
E 1 2 0 8 ~ 5 H  Ct(2zE1208~5H CKY=E12odtSH CK5=E12.8) 

N S / I g @ F 1 5 * 8 ~ 2 8 H  DUCT PERIMETER (FT) *OPTION/I9tF15r8t26H DUCT AREA (SO F 
T I  * O P T I O N / I ~ P F ~ ~ . ~ ~ ~ ~ H  EFFECTIVE DIAMETER (FT) *OPTION/I9tF15.8t9H NOT 

LB/HR)/ I9*F15*8t20H WALL THICKNESS ( F T ) / I S t F l S r 8 t 1 3 H  NO, OF DUCTS/Igt 
F1508 t34H SPECIFIC HEAT OF FLUID (BTUILB R ) / 1 9 t F 1 5 r 8 ~ 2 7 H  FLUID TEMP AT E 
NTRANCE. ( R ) / I g t F 1 5 * 8 ~ 2 3 H  FLUID TEMP AT EXIT ( R ) / I g t F l S e 8 t 1 9 H  NO. O F  SUBS 
ECTIONS/X9tF15.8~13H NUSSELTS NO.) 

(11H INPUT DATA/XStF 5 0 8 t 2 1 H  NO, O F  DUCT SECTIONS/I9~F15r8t12H NO. OF F I  

USED/I9tF1508t22H OUTSIDE DIAMETER ( F T ) / I 9 t F 1 5 0 8 t 2 6 H  TOTAL WEIGHT FLOW ( 

( / / l 8 H  INPUT DUCT VALUES/ 4H SEC5Xt43H EFFECT PERIFERAL LENGTH FOR RA 
DIATION (FT) / (13 t7XtF15.8) )  
( 4H SEC5Xt44H EFFECT PERIFERAL LENGTH FOR CONVECTION ( F T ) / ( I 3 t 7 X t  
F15.8)) 
( 4H SECSXt42H RADIATION CONSTANT C 1  (BTU/HR SQ FT R * * 4 ) / ( 1 3 t 7 X t E l 5 0 8 ) )  
( 4H SEC5Xt37H RADIATION CONSTANT C 2  (BTWHR SQ FT) / (13 r7X tF1Sr8 ) )  
( 4H SECSXt48H CONVECTiVE HEAT TRANSFER COEFF (BTU/HR SQ FT R ) / ( I 3 , 7 X  
eF15.8)) 
( 4 h  SECSXt17H AMBIENT TEMP (R)/(I3r7XtF15.8)) 
(17HlINPUT F I N  VALUES/ 4H FXNSXr42H RADIATION CONSTANT 61 (BTWHR SQ 
F T  R**4) / (13~7XeE15.8))  
( 4H F 1 ~ 5 X t 3 7 H  
( 4H FIN5Xt55H 

( 4H FIN5Xt55H 

( 4t-i F IN5Xt24H 
( 4H FIN5Xt24H 
(4H FIN5Xt1OH NOT 
( 4H FIN5Xt27H 
4 4H FINSXt31H 
( 4H FfNSX~27l-4 
( 4H FINSXt31H 
(40HOQUTLET FLUID 

/ (13,7X~F1508)) 

/ ( I 3 ~ 7 X ~ F 1 5 . 8 ) 1  

R A ~ I A T I Q N  CONSTANT C 2  (BTU/WR SQ FTI/(I3t7XtF15.8) 1 
CONVECTIVE HEAT TRANSFER COEFF SIDE A (BTU/HR SQ FT R )  

CONVECTIVE HEAT TRANSFER COEFF SIDE B (BTUIHR SQ FT R )  

AMBIE~JT TEMP SIUE A (R)/(13t7XtF15r8))  
A M B I ~ ~ J T  TEMP SIDE 8 ( R ) / ( I 3 ~ 7 X t F 1 5 . 8 ) )  
USED / ( I 3 1 1  
EFFECT LENGTH AT EXIT (FT) / ( I3 r7XtF15.8) )  
EFFECT LENGTH AT ENTRANCE ( F T ) / ( 1 3 ~ 7 X t F 1 5 0 8 ) )  
DUCT WALL TEi4P AT EXIT (R) / ( I3~7XtF l5 .8 ) )  
DUCT WALL TEMP AT ENTRANCE ( R ) / ( 1 3 ~ 7 X t F 1 5 . 8 ) )  
TEMP CONVERG FAILED. TF2P=E12.8t5H TF2=€12.8,6H RE2P=r 

E 1 2 e 8 ~ 5 H  RE2= Ei2.8) 
(&HISECTION I 3  //6H INLET14Xp7W O U T L E T / F ~ ~ . ~ ~ ~ X I F ~ ~ ~ ~ P ~ ~ H  FLUID TEMP ( R )  
/FA5*8~5XtF15.8,14H WALL TEMP (R)/FlSr8,5X,F15.8,36H HEAT TRANSFER CQEFF 

(BTWHR SQ FT) /F15e8~5XpF15.8~13H REYNOLDS NO. / / 2 0 X t F 1 5 0 8 ~ 2 2 H  VELOC 
ITY AVG (FT/SEC) 
20XtF15rBt20H SECTION LENGTH (FT) /2OXtF15r&t23H HEAT TRANSFER (RTU/HR)/ 
20XtF15.8~39H HEAT TRANSFER COEFF AUG (BTU/HR SQ FT)/20XtF15.8t 
17H REYNOLUS NO. AVG/20XtF15*8t l8H FLUID DENSITY AVG/2OXtF15*8t 
22H WEIGHT O F  LIQUIE (L@)/20XtF15.8t27H PRESSURE CHANGE (LB/SQ F T ) )  

2 0 X ~ F 1 5 0 8 ~ 2 9 H  TOTAL HEAT TRANSFER (BTU/HR)/20XtF1508t28H TOTAL kEIGHT O F  
LIQUID (L8) /20X,F15*8~17H ENVIRON TEMP (R)/ZOXtF15a8,18H TOTAL LENGTH ( 

FT) 1 

(18H1FINAL OUTPUT OATA/20X~Fl5.8t31H PRESSURE CHANGE SUM (LB/SQ F T ) /  

Note: This Hollerith Listing fol lows Subroutine Listings. See Fig. A-8. 

Fig. A-9 Program 4-2 Listing (cont) 
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F i g .  A-10 Subroutine PRDP 
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F i g .  A - 1 1  Subrout ine AICH f o r  Program 4-2 
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Fig. A-12 Subrout ine TWALL 
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FUNCTfON EMTERP(X,TAB) 
DIMENSION TAB(lO1) 
IF(TAB(1))9,9,8 

9 ENTERP=-TAB(~) 
RETURN 

8 N=TAB(l) 
00 5 1=1,N 

1 IF(TAB(2*I)-X)5*4,3 
3 IF(I*1)6~6e7 
7 ENTERP=TAB(2*I=l)+(X~TAB(2*~=2))*(TA~(2~I+l~~TA~~2*1=1~~/ 

V (TAB(2*1 )-TAB (2*1-2) 
RETURN 

4 ENTERP=TAB(2*1+1) 
RETURN 

5 CONTINUE 
M=2*N+1 
K=M 

105 PRINT ~ o , x , T A E ( K ) , ( T A B ( J ) , J = ~ ~ M )  
10 FORHAT(//39H LIMITS OF TABLE EXCEEDEI) BY ARGUMENT = F12.41 

VF12.4~24H = VALUE USED FROM TABLE/(SF12.4)) 
ENTERP=TAB(K) 
RETURN 

6 -M=2W+l 
K=2 
GO TO 105 
END 

Fig. A-13 Subroutine EN'I'ERP 
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FORTRAN SOURCE L I S T  
I SN SnURCE STATEMENT 

0 t I R F T C  D E C R D  DFCK 
1 

C 
C 
C 
C 
c 
c 
C 
C 
C 
c 
C 
C 
c 
c 
C 
C 
C 

3 
3 

11 
1 2  
1 3  
14 
1 5  
16 
20 
2 1  
23 
23 
3 4  

SLJRROUTI N F  DECRII I EATA 1 
READS A V A K I A B L F  NlJhrlRER OF ITEMS C J f  FL3ATING-POINT DATA I Y T [ I  

ONE OR MORE RLANK F I E L D S  ON A DATA CARD CAUSF THE VALUES I N  COKE 
TO REHAIN UNCHANGED 
THF FORTRAN INTEGER INDEX IN THE F I K S T  F I E L D  D F  EACH CARCI I)EFINFS 

SPECIFIED ELEMENTS OF AN A R R A Y  I N  ELLOCKS flF 5 GOFUSECUJIVE ITEMS. 

THE POSITION OF THF A R R A Y  OF THF F I R S T  I T E Y  OF EACH B L d C K  O f  F I V E .  
THE BLOCKS NEED NCIT R E  SFQUENTIAL Nf3k CONTINUOUS. 
THE INDFK Is PCACFD A T  THF END OF ITS F[ELri. I J  Y A Y  N[IT H E  ZERO 
OR BLANK. I T  SHALL NOT CONTAIN A DFCIHAL POINT. 
A DECIMAL P f l I N T  "IJST ALJAYS RE P L 4 C F D  IN FACH DA14  ITEM. T H E R E F O P E ,  
THF VALUE MAY 5E  PLACED ANYWHFRE [N EACH OF THE F I E L D S  P k R  C A R D .  
THE DECtMAL SCALE9 i f  ANY. FOR A D A T A  I T t N  M U S T  i3E PLACED 4 T  THE 
END m= THF FIFLD. 
A 0. MtJST R E  ENTERED T'Y READ I N  A ZERO, A -0. I S  THE S A M F  A 5  A 
BLANK F1FL.T). THE R E A D I N G  O F  DATA I S  TEHMIN4TED BY ENTERING A 
NEGATIVE fNr)EX O N  THE L A S T  CARD OF EACH SERIES,  
TO l J S E  THF RCItJTINF ---I C A L L  OFCR9tDATAI  
DIh lENSfON 3KBtJ  1 5 1 9  D A T A  ( 1 5 )  

1 READ 29 I N 0 9  f D R H U ~ I ~ ~ I = 1 ~ 5 1  
3 F Q R M A T ( 1 1 3 r  5E12.r)) 
3 .I = I A R S l l N D f  
4 DO 7 [ = l e 5  
5 I F l D R B I J ( 1 )  1 6r10.6 
h D A T A ( J 1  = f I R R l f ( 1 )  
7 J = J+ l  

9 RFTIJRY 
8 I F ( I N D 1  9 . L t r l  

10  I F ( q I G N 1 1 -  r D R R U (  I 1  1 t 7.1196 
1 1  C A L L  E X I T  

END 

Fig .  A-14 Subroutine DECRD 
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APPENDIX B 

SAMPLE PROBLEMS 

Four sample problems are presented t o  demonstrate t he  c a p a b i l i t i e s  

and l i m i t a t i o n s  of the  programs. These problems are a l s o  use fu l  f o r  check- 

out should the program deck be reproduced o r  modified f o r  u s e  on another  

computer. 

Two f l u i d s  , e i t h e r  water  or  "Coolano1",were used i n  the  problems. 

The p r o p e r t i e s  of t hese  f l u i d s  and the  method of e n t e r i n g  the  da t a  i s  shown 

i n  F ig .  B - 1 .  Data p r o p e r t i e s  a t  va r ious  temperatures  a r e  g iven .  The program 

u s e s  a l i n e a r  i n t e r p o l a t i o n  between d a t a  p o i n t s .  

Problem 1: Hot Water Panel 

A panel c o n s i s t i n g  of 1 2  s teel  tubes ,  4- inches on c e n t e r s  a r e  joined 

toge ther  wi th  1/8" s t ee l  p l a t e s .  

a t  2 0 0  F.  e n t e r s  t he  s y s t e m .  A d e t a i l  l i s t i n g  of t he  i t e m s  a f f e c t i n g  the  

performance and the  d a t a  loca t ions  are tabula ted  i n  the  inpu t  d a t a  shown 

i n  F ig .  B - 2 .  

Two hundred- f i f ty  pounds of water per hour 

Three computation s e c t i o n s  are chosen f o r  t h i s  i l l u s t r a t i o n  and a 

hea t  exchanger e f f e c t i v e n e s s  of 0 .5  i s  assumed. A s  shown i n  the  output  

d a t a ,  F ig .  B - 3 ,  t he  o v e r a l l  tube lengths  a r e  20.178 f e e t .  The water flow 

i n  the  tubes i s  laminar w i th  a convect ive hea t  t r a n s f e r  c o e f f i c i e n t  i n  the  

en t rance  of 55.624 Btu/hr sq f t  R .  

temperature i s  cons iderably  below t h a t  of t he  water. It can a l s o  be ob-  

served t h a t  over ha l f  of the  t o t a l  l ength  i s  i n  the  t h i r d  s e c t i o n  where 

the  water temperature approaches ambient. For the  case shown, the a c t u a l  

exchanger e f f e c t i v e n e s s  i s  

For these  cond i t ions ,  the  tube wall 
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Tf2 - 660 - 549.94  = o.87 E =  T f l  - - 
6 6 0  - 534.36 T f l  - e 

This i s  cons iderably  higher than the  va lue  of 0.5 est imated i n  the  inpu t  

d a t a .  This d i f f e r e n c e  has no e f f e c t  i n  the  accuracy f o r  the  ca l cu la t ed  

problem s o l u t i o n  s i n c e  the  output  d a t a  i s  based on the  0.87 va lue .  It 

does po in t  ou t  t he  f a c t  t h a t  f o r  most cases  the  ca l cu la t ed  d a t a  w i l l  be a t  

a higher  e f f e c t i v e n e s s  than es t imated .  

The output  d a t a  con ta ins  many items a f f e c t i n g  the  performance and 

the  hea t  t r a n s f e r  parameters so  t h a t  design changes can be made i f  des i r ed .  

Problem 2 :  Tubular Heat Exchanger 

A 3 / 8  inch  O.D. tube t r a n s p o r t s  "Coolanol" through a low pressure  gas 

enc losure  having a low convect ive hea t  t r a n s f e r  c o e f f i c i e n t  bu t  high gas and 

w a l l  temperatures .  It i s  requi red  t o  f i n d  the  temperature r i s e  i n  the  

"Coolanol" while  passing through 15 f e e t  of tube length .  

Program 4-2  i s  d i r e c t l y  app l i cab le  t o  t h i s  problem. However, Program 

4-1 could be used, bu t  two modi f ica t ions  would be requi red :  (1) the  program 

inpu t  d a t a  f o r  r a d i a t i v e  hea t  t r a n s f e r  w i l l  have t o  be a l t e r e d ,  and (2) f i n s  

w i l l  have t o  be added t o  the  tube.  Program 4-1 uses  the  pro jec ted  tube 

diameter f o r  c a l c u l a t i n g  r a d i a t i v e  hea t  t r a n s f e r ,  however, t h i s  would no t  

y i e l d  the  c o r r e c t  s o l u t i o n  t o  the  problem. This i t e m  can be accounted f o r  

by mul t ip ly ing  the  r a d i a t i v e  cons t an t s  C, and C2 by the  f a c t o r  n/2. 

s m a l l  dummy f i n s  wi th  e x t e r n a l  su r f ace  p r o p e r t i e s  equal  t o  t h a t  of t h e  duct  

but  of e s s e n t i a l l y  no l eng th  o r  th ickness  could be en tered  as d a t a .  I f  

s u f f i c i e n t l y  small ,  t hese  f i n s  would have n e g l i g i b l e  e f f e c t  on the  o v e r a l l  

Extremely 
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hea t  t r a n s f e r  from t h e  d u c t .  With t h e  above changes Program 4-1 could be 

used. 

In  us ing  Program 4-2 t he  va lues  of t he  r a d i a t i v e  and environmental 

parameters C, and Cz are r equ i r ed .  

t hese  parameters are: 

The problem cond i t ions  used t o  c a l c u l a t e  

8 = 0.6 a 

8 = 1 .0  
X 

T = 1000 R 
X 

Fx = 1.0 

Using these  va lues  i n  Eqs. (1.9) and (1.10) 

C, = ea CT = (0.8)(0.1613)(10-8) = 0.137(10-*) 

C, = 0.1713(10-8)(10004)(1.0)(0.6) = 1028 

One hundred degrees f l u i d  temperature rise i n  passing through t h e  duc t  

w a s  es t imated  f o r  a f i r s t  t r a i l .  The remaining inpu t  i tems f o r  t h i s  problem 

a r e  shown i n  F ig .  B-4. The program output  d a t a  i s  shown on Fig .  B-5. Only 

two s e c t i o n  l eng ths  w e r e  c a l c u l a t e d  f o r  t h i s  i l l u s t r a t i o n .  A s  shown 144-0959 

f e e t  of tub ing  a r e  r equ i r ed  t o  hea t  t h e  "Coolanol" 100 F This tube i s  

longer than  t h e  problem va lue  and t h e r e f o r e  t h e  f l u i d  w i l l  be heated less 

than  t h e  100 degrees  es t imated  f o r  t h e  inpu t  d a t a .  Other temperature changes 

could be s e l e c t e d  and t h e  program r e r u n .  I n  most i n s t ances  s e v e r a l  s e c t i o n  

lengths  would have been s p e c i f i e d  so  t h a t  a curve of ou tput  l eng th  and 

temperature could be p l o t t e d .  The performance could be v i s u a l l y  analyzed, 

and t h e  proper des ign  s e l e c t i o n s  made. 
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Problem 3:  Noncircular  Duct and Tapered Fin  Lengths 

Problem 3 ,  i l l u s t r a t e d  i n  Sketch 1 uses  Program 4.2.  The program 

assumed t h e  equ iva len t  length  of t he  extended s u r f a c e s  t o  vary  l i n e a r l y  wi th  

0.0365' developed length  /--- ( fo r  convect ion)  

02 0'' 

\ A ~  = 1.11x1~-4sq f t  (flow area) 

p = 0.0518 f t  

F lu id  - 250 l b / h r  - "Coolanol" 

Material - Aluminum - k = 118 Btu/hr f t  R 

Tfl  = 760 R 

Tfa = 710 R 

T = 730 R (est imated)  

Twa = 680 R (est imated)  

Le, = 0.1559' ( ca l cu la t ed  by Program 2-1) 

L = 0.2697' ( ca l cu la t ed  by Program 2-4) 

WP 

e2 

Sketch 1 
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tube temperature whi le  i n  t h i s  problem the  a c t u a l  f i n  l eng th  v a r i e s  l i n e a r l y  

w i t h  the  tube length .  The equ iva len t  length ,  however, i s  a nonl inear  func t ion  

and very  l i t t l e  i s  known regard ing  i t s  t r u e  behavior .  However, it seems 

appropr i a t e  t o  tes t  the  program's a b i l i t y  t o  achieve convergence i n  some of 

the  loops and t o  so lve  such a problem. The c a l c u l a t e d  answers should be 

regarded a s  being an  approximation. 

A l i s t i n g  of t h e  inpu t  d a t a  t o  o b t a i n  the  f i n  performance i s  shown i n  

F igs .  B-6 and B-7 ,  whi le  t he  inpu t  d a t a  used by program 4-2 i s  shown i n  

F ig .  B-8  and the  output  d a t a  i n  F ig .  B-9 .  

The c a l c u l a t e d  w a l l  temperatures on the  en t rance  and e x i t  a r e  n o t  

c l o s e  t o  the  es t imated  va lues .  Some improvement i n  accuracy would r e s u l t  

from rerunning the  program us ing  problem 3 d a t a .  

could be a t t a i n e d  i f  the  duc t  length  were d iv ided  i n t o  a number of s e c t i o n s  

and the  duc t  and f i n  equiva len t  lengths  c a l c u l a t e d  f o r  each s e c t i o n .  

S t i l l  b e t t e r  accuracy 

Problem 4 :  Heating Co i l  i n  P a r a f f i n  Tank 

A c o i l  ca r ry ing  "Coolanol" i s  brazed i n t o  a tank s t r u c t u r e  as shown 

wi th  much of the  d a t a  i n  the  Sketch 2 below. The c o i l  i t s e l f  has a 1 /2"  

ou t s ide  diameter ,  and a 0.025" w a l l .  

The f i n  inpu t  and output  d a t a  a t  approximately i n l e t  condi t ions  i s  

shown i n  F igs .  B - 1 0 ,  B - 1 1  and B-12 .  Program d a t a  a t  o u t l e t  condi t ions  was 

a l s o  obtained but  t he  d e t a i l s  w e r e  omitted.  The f i n a l  i npu t  and output  

problem d a t a  us ing  program 4-2 is  shown i n  F igs .  B-13  and B-14. 

As shown by the  output  d a t a  cons iderable  hea t  i s  t r a n s f e r r e d  by t h i s  

system 105,000 Btu lhr .  A high temperature drop between the  f l u i d  and t h e  tube 

w a l l  i s  ev ident  d e s p i t e  t he  high Reynolds number (approximately 10,000) and t h e  
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high h e a t  t r a n s f e r  c o e f f i c i e n t  (approximately 240 Btu/hr f t  R ) .  

t u r e  drop i s  due t o  t h e  high r a t e  of hea t  t r a n s f e r  from the  f i n s  and t h e  f a c t  

t h a t  t he  a c t u a l  tube  a r e a  through which the  h e a t  i s  flowing i s  small .  The 

This tempera- 

I Duct Sec t ion  # 1 

- 1.72'' 0.405" 

Sec t ion  // 3 

T = 600 R 
h = 12 Btu/hr sq  f t  R I 

Sys tern 

Tfl = 800 R 

Tf2 = 650 R 

wd = 1000 l b / h r  

F in  1) 1 and F in  f 2 

rn T = Ta = 530 R 

h = 7 Btu/hr sq  f t  R 

= 0 . 1 4 5 6 ~ 1 0 - ~  
a 

c, 
C, = 146.1 Btu/hr sq f t  

Sketch 2 

sma l l  diameter tube c r e a t e s  a l a r g e  pressure  drop, 1535.92 lb / sq  f t  (10.66 p s i ) .  

It t h e r e f o r e  seems adv i sab le  t o  examine o the r  tube  d iameters  i n  t h e  event  t h a t  

o the r  s izes  could produce b e t t e r  r e s u l t s .  

wide c a p a b i l i t i e s  o f  t h e  program and t h e  manner i n  which t h e  d a t a  might be 

examined and t h e  conf igu ra t ions  chosen t o  a t t a i n  a s u i t a b l e  performance compromise. 

The problem does demonstrate t h e  
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Problem 5: Flow a t  C r i t i c a l  Reynolds Number 

Problem 1 i s  r e c a l c u l a t e d  except t h a t  t he  flow ra te  i s  increased  t o  

800 l b s / h r .  This problem i s  introduced t o  i l l u s t r a t e  t he  d i f f i c u l t i e s  t h a t  

might be encountered and t o  recognize them from the  output  d a t a .  The inpu t  

and output  da t a  i s  shown i n  F igs .  B-15 and B-16.  The c a l c u l a t e d  average 

Reynolds number i n  the  f i r s t  s e c t i o n  i s  2,434.5 which,according t o  the  pro- 

gram t e s t ,  i t  i s  i n  the  tu rbu len t  reg ion .  Convergence f a i l e d  i n  the  second 

s e c t i o n .  I n  the  c a l c u l a t e d  Reynolds numbers f o r  the  l a s t  two passes  through 

the loop a r e  1,803.7 and 1,612.7. Both of t hese  numbers appear t o  be con- 

s i d e r a b l y  below the  c r i t i c a l  va lue  of 2000. 

accomplished a t  t h e  e x i t  of t h i s  s e c t i o n  had t h e s e  va lues  been lower. The 

pecu l i a r  s i t u a t i o n  encountered i n  t h i s  problem arises from the  f a c t  t h a t  t h e  

f l u i d  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  ca l cu la t ed  a l t e r n a t e l y  wi th  t h e  equat ions 

provided i n  t h e  program f o r  t u r b u l e n t  and laminar reg ions .  I f  laminar,  a low 

c o e f f i c i e n t  and h igh  l i q u i d  temperature i s  p red ic t ed .  The next  a t t e m p t  p r e d i c t s  

a Reynolds number based on bulk temperature higher  than  2000 and the  ca l cu la t ed  

hea t  t r a n s f e r  c o e f f i c i e n t  i s  made wi th  the  t u r b u l e n t  equat ions .  I n  these  

Convergence might have been 

equat ions  the  Reynolds number i s  r eca l cu la t ed  a t  an  in te rmedia te  temperature,  

T*. This accounts f o r  the  f a c t  t h a t  both of t he  Reynolds numbers a r e  consider-  

ab ly  below the  c r i t i c a l  va lue .  Addi t iona l  program d a t a  (not  shown) was p r in t ed  

out  before  the  d i f f i c u l t y  w a s  i s o l a t e d .  

With an  a c t u a l  s y s t e m  the  flow i n  t h e  v i c i n i t y  of t he  c r i t i c a l  Reynolds 

number could be e i t h e r  laminar o r  t u rbu len t .  Tes t ing  would be requi red  t o  

e s t a b l i s h  the  ope ra t ing  performance, which may change from one t e s t  t o  another .  

For t h i s  reason ,  systems designed f o r  ope ra t ion  i n  the  t r a n s i t i o n  reg ion  a r e  

u s u a l l y  avoided. 
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EXAMPLE PROBLEM 

INPUT DATA 

1 
3 
3 
4 
5 
6 
7 
8 
9 

10 
1- 1 
13 
1 7  
1. 4 
2 5  
16 
17 
I Q  
19  
20 

73 
23 
74 
25 
3 6  
7 7  
2 8  
29 
3 0  
7 1  
3 3  
3 3  
3 4  
3 5  
1 6  
37 
3 R  
39 
40 
41 

7 1  

0104167 OUTSIDE DIAMETER I F T I  
Oa03083 I N S I D E  DIAMETER I F T )  

1 2 e c ) O O O O  NO, OF TUBES 
2 5 0 e O O O O O  WEIGHT FLOW ILBS/HR) 

0 0 1 4 5 8 5  F I N  LFNGTH I F T )  
O o O I O 4 O  F I N  THICKNESS AT ROOT IFT) 
0001040 F I N  THICKNESS AT F A R  EDGE t F T )  

490,00900 OENSITY OF F I N  MATERIAL ILRS/CU F T I  
490,09000 D E N S I T Y  OF TtJBE MATERIAL I L R S / C U  F T f  

0,00000 NOT USED 
?6oOOOOO THFRM CqND OF F I N  IBTU/FT  HR R )  
1000000 S P E C I F I C  HE4T OF FLD I B T U / L B  R) 

660,03000 F L I J I D  TEMP AT ENTRANCE IR) 
6,00000 YElST TRANSFER C O E F F I C I E N T  SlDE A (HA, BTU/HR SO FTR) 
6,00000 HEAT TR4NSFER C O E f F I C I E N T  S I O E  8 ~ H B I  BTU/HR SO FTR) 

535oOOOQO AMBIENT TEMP SIDE A ( R )  
535,00000 AHRlFNT TEMP SIDE B I R f  

0,09000 ALPHAA 
0000000 ALPYAB 
O o 8 5 Q O C )  EPSA 
0.85000 EPSR 
0,00000 EPSX 
1000000 FA 
0,00000 F A X  
1009000 FB 
Oe00000 F R X  
0 0 1 ) O O O O  RHOM 
0,Or)OOCI RHrJX 
0.09000 THETAP IDEG)  
0,00000 THETAM I O E G )  
O a O O O O O  THETAX I D E G )  

530,09000 TY t R )  
0000000 T X  f R 1  
1,00000 FPSM 

150@9OO0 I T E R A T I O N  L I M I T  
15.00000 NO, OF INTEGRATION STEPS 
0,0000@ SOLAR CONSTANT 13TU/HR S Q  F T )  
0, 5’3000 H E 4 T  EXCHANGFR EFFFCT IVEMESS 
3000000 NO. Of SUBSECTIONS 

300O,Or3000 PRESSURF fLB’S/SQ FT) 
4,36400 NUSSELT NO0 . 

EFF  CURVE F I T  

r)a4120OF 00 0,5331 SF-02 C)e 2362OF-04  
-00 A7832E 00-0096?56F-Ol-O, 40643E-02 

Oe1000QF 01 0,63460E 90 0 1 2 3 3 4 7 E  00 

F i g .  B-2 Input Data - Problem 1 
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SECTION NO. 1 

INL. FT 
C1oSh000E 03 
0 0 6 0 7 9 7 F  03 
0,107R?F 00 
0.55614F 07 

OUTLET 
0062405F 03 F L U I D  TEMP ( R )  
005863RF 03 WALL TFMP I R )  
Oot0810E 00 F I N  EFFECT LFNGTH (FT) 
0,53928F n7 HFAT TRANSFER COEFFICIENT IBTU/HR FT  SO R J  

Q o 5 4 7 7 6 F  02 HEAT TRANSFER COEFFICCENT AVG (BTU/HR f T  SO R )  
0 a 8 6 8 9 5 E  01 RFYNOLDS NQm A V G  
O o X 2 8 Z Z F  00 VELOCITY AVG f F T / S E C )  
0m31746E 01 SFCTION LENGTH I F T I  
O o 1 1 7 1 3 E  00 PRESSlJRE CHANGE fLRS/SQ F T )  
O s 7 4 8 9 2 F  0 3  HFAT TRANSFER fBTU/HR TUREI 
0e60450E 02 F L U I D  DENSITY AVG 
0,14329F 00 UT OF L T Q U I D  I L B S )  

S F G T I I 7 N  NO, 2 

INLFT 
Qe62405F 03 
0058638F 03 
O o 1 0 A I O F  f?O 
CIm53928F 02 

OUTLET 
Oo5874lF 03 FLUS0 TEMP ( R f  
O o 5 6 4 7 9 F  03 WALL TEMP I R I  
0o10F11RE 00 F t N  EFFECT LFNGTH ( F T I  
OoS2199E 03 HEAT TRANSFER Cf lEFFIClENT IBTU/HR fl SQ R )  

0053063F 
0.47411 F 
0.12715F 
0,50339F 
003375RF 
0.76343F 
0 ,60956s 
0, 2 297 1 E 

0 2  HEAT TRANSFER COEFFICIENT AVG (BTU/HR FT SO R )  

@n VFI-13CITY A V G  IFT/SEC) 
Clt CECTION LENGTH I F T )  
00 PRESSURE CHANGF 4 L R S / S O  F T )  
03 HEAT TRANSFFR (BTUIHR TUBE) 
02  F L U I D  DENSITY AVG 
00 WT OF L I Q U I D  (CRSI 

07 RFYNOLOS NCIo AVG 

Fig. B - 3  Output Data - Problem 1 
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SFCTInrU NO, 3 

I N L  FT OUTLF T 
0.5R74l.F 03 0.54994E 03 FLUID TEMP ( R )  
0056479F n3 Oo5432OF 03 WALL TEMP ( R )  
Oolf l838F 00 0 o 1 0 8 6 5 E  0 0  F I N  EFFECT LENGTH ( F T I  
ne52199F 03 0.50433E 02 HEAT TRANSFER C O E F F l C t E N T  ( B T U / H R  F T  SO R )  

0.513356 02  HEAT TRANSFER C O E F F I C I E N T  AVG (BTU/HR F T  SO R )  
0e32763E 07 REYNOLDS NO, AVG 
0.12609E 01) V F C O C I T Y  AWG I F T / S E C )  
OoI1969€ 02 SECTION LENGTH I F T )  
O a 1 1 5 1 5 F  01 PRFSSURE CHANGE I L R S / S Q  F T )  
0.78c149F 03 Y E A T  TRANSFFR 1RTU/HR TUBE) 
Oe61472’F 02 F L U l O  DENSITY AVG 
0.54937F 00 WT OF L t S U I D  (LBS) 

F I N 4 1  01JTPIIT DATA 

I N 1  E T  M In P O I N T  OUTLFT 
O i 5 8 5 0 5 F  00 00 0.90636E 00 ENVIRON PARAH IC31 
0,50953F- 01 0. 0.36694E-01 PROFILE NO0 
0.94339F Or) 0. 0e94339E 00 CONVECTIVE PARAM ( F H I  
Oe832f33G 00 00 1)092915€ 00 CONVECTIVE PARAM I F A H )  
Oo10865F 00 CIa n010865E 00 F I N  EFFECT LENGTH ( F T )  

Ce97176E O f l  
0,60993F 01 
0,14993f 02 
0e43Q59F 03 
D o 5 3 4 3 6 E  03 
re30178F 02 
0.16065F 01 
Om37524F 05 
0080694F 07 
0. ?9121 E-08 
O a 2 2 8 0 0 F  07 

TOT W l  OF L I Q U I D  ( L B S 1  
WEIGHT OF DUCT (LBS) 
WElGYT OF F I N S  ( L B S I  
TnTAL WF I GHT f L R S  1 
E N V l R f l N  TEMP ( R )  
TOTAL L E N G T H  ( F T I  
TOTAL PRFSSURE DROP ( L B S / S Q  F T )  
Y O T A L  HEAT TRANSFER I RTU/HR) 
PLAN AREA 4 S Q  F T I  
RAOIATIOh l  CONSTANT (C1) 
R A ~ l A ~ ~ ~ N  CONSTANT lC21 

F i g .  B - 3  Output Data - Problem 1 (cont) 



FXAMPLE PRORLEM . 

INPUT DATA 
1 
2 
3 
4 
5 
6 
7 
R 
9 
10 
1 1. 
1 2  
1 3  
14 
15 

1000000000 
0.00009000 
0.00000000 
0~00000000 
00 01 92 5000 
00 000000 00 
0003125000 

250000000000 
00 OObOOOOO 
1000000000 
0070000000 

560000000000 
660000900000 
2.000000'00 
30 5OOOOOO0 

INPUT DUCT VALUES 
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NO. OF DUCT SECTIONS 
NO* OF F I N S  
DUCT PERIMETER I F T )  *OPTION 
DUCT AREA (SO F T I  *OPTION 
E F F E C T I V E  DIAMETER ( F T )  *OPTION 
NOT USE0 
OUTSIDE DlAMETER (FT)  
TOTAL HEIGHT FLOW ( L B / H R I  
H A L L  THICKNESS ( F T )  

S P E C I F f C  HEAT OF F L U I D  t B T U / L B  R )  
F L l f I O  TEMP AT ENTRANCE t R )  
FCUlD TEMP AT E X I T  ( R )  

NO. OF DUCTS 

NO. OF SUBSECTIONS 
NUSSELTS NO. 

INPUT DATA 

S FC 
1 

S FC 
1 

S EC 
1 

s EC 
1 

s EC 
1 

s EC 
1 

EFFFCT PERIFERAL LENGTH FQR R A O l A T I D N  ( F T )  20 

EFFFCT PER IFERAL LENGTH FOR CONVECTIQN ( F T )  21 

R A D I A T I O N  CONSTANT Cl (BTU/HR SO F T  R**4 )  22 

R 4 D l A T f O N  CONSTANT C2 ( B T U l H R  SO F T I  23 

CONVECTIVE HEAT TRANSFER COEFF (BTU/HR SO FT R )  24 

AMBIENT 'TEMP (4%) 25 

0009817000 

0. QS81700Q 

0. I. 3700000E-08 

102R,OO000000 

1.30000000 

9 2 5 ,  OOOOOOOO 

INPUT F I N  VALUES 
F IN R A 0 I B T I f ) N  CONSTANT C1 (BTU/HR SO FT R**4) 80 

81 F I N  R A D I A T I O N  CONSTANT C2  (BTU/HR SO F T 1  

F IN CONVECTIVE HEAT TRANSFER COEFF SIOE A (BTU/HR S O  FT RI 82 

F I N  CONVECTIVE HFAT TRANSFER COEFF S I D E  B tBTU/HR S O  F f  R )  83 

AMBIENT TEMP S I D E  A (R) 84 F rv 
f I N  AMBIENT TEMP SIDE B t R 1  85 

F I N  NOT USED 86 

F I N  EFFECT LENGTH A T  E X f T  ( F T )  87 

F I N  EFFECT LENGTH AT ENTRANCF t F T )  88 

FIN DUCT WALL TEMP A T  E X I T  t R )  89 

F I N  

1 00 

1 0000000000 

1 0 0 0 OQOO 000 

1 0,00000000 

1 0000000000 

I ' 00O@OOOOOO 

1 

1 0000000000 

1 0000000000 

1 0. OOOOOOOO 

1 0.0@000000 
DUCT HALL  TEMP AT ENTRANCE ( R )  90 

Fig. B-4 I n p u t  Data - Problem 2 
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SFCTION 1. 

INC F T  OUTLET 
5600 OOOOOOOO 611,32028961 F L U I D  TEMP (R1 
5720?54493?1 619060701752 WALL TEMP ( R I  
X 770 45729256 239,59266663 HEAT TRANSFER COEFF, IBTU/HR SO FTIP) 

21 93012750244 3964059719849 REYNOLDS NO. 

4036191505 V F L O C I T Y  AVG ( F T / S E C )  
69034€33530 SECTION LENGTH ( F T )  

-8981,05065918 HEAT TRANSFER f B T U / H R I  
208,52497864 HEAT TRANSFER COEFf AVG (BTU/HR SO F TR) 

30780 86233521 REYNOLDS NO, AVG 
54070989227 F L U I O  D E N S I T Y  AVG 
1.10410248 WEIGHT OF L l O U I D  ( L B )  

1873,22721863 PRESSURE CHANGE (LB/SO FT)  

SECTION 3 

I N L E T  OUTLET 
hllo37028961 659099997711 F L U I D  TEMP I R )  
6 1.9 4 07 0 1 7 5 2 666.95954132 WALL TEMP (R) 
339,59266663 254,78985596 HEAT TRANSFER COEFF. (BTU/HR SQ F T R )  

39640 597 19849 4603,47237451 REYNOLDS NO0 

4066136743 VELOCITY AVG ( F T I S E C I  
74,75459385 SECTION LENGTH I f f  J 

-8518.94531250 HEAT TRANSFER (BTU/HR)  
347,19126129 HEAT TRANSFER COEFF AVG ( B T U I H R  SO F T R )  

4284,03424072 REYNOLDS NO, AVG 
53.48989296 F L U I D  D E N S I T Y  AVG 
1,16375335 WEIGHT OF L I O U I O  f C 6 )  

3545,14883423 PRESSURE CHANGE ( L B / S O  FT) 

F I N A L  TllITPUT D A T A  
4418,37603760 PRESSURE CHANGE SUM ( L B I S O  F T )  

-1 7499,99584961 TOTAL HEAT TRANSFER 4 BTU/HR) 
2026785582 TOTAL UEIGt tT  OF L I O U I O  (L6J 

929,41597748 ENVIRON TEMP ( R I  
144,09592819 TOTAL LENGTH (FT)  

Fig .  B-5 Output  Data - Problem 2 
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EFFECTIVENESS FOR TRAPFZQCOAL PLATE FINS AND CPTION4C TEMP PROF 

ARFA FFFECT IVFNFSS= 0 0  9 7 5 1 8 6  
- _ -  
E F F E C T ~ V E  LFNGTN = 3 e P f f l 3 7  I I N C H F S )  

Q = 0.50635F 0 3  RTU/HR [ F O O T  nF LENGTH) 

Note: Data Calculated with Program 2-1, R e f .  1 

Fig .  B-6 Fin Data a t  Entrance - Problem 3 
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F F F F C T I V F  WIDTH FOR MULTISECTION F I N S  AND nPTIUNAL TEYP PROF 

1 l e 0 0  C7r )E  F O R  TFMP PROF 
2 2000 NWIBFR CIF S E C T I O N S  
3 1 5 e Q O  I T E R A T I O N  L I M I T  

4 OoOOOOOOOO I N I T I A L  DZ/DW I Q P T I Q N A L )  

SFCTIUN NlJMRFR = 1 

12 THICKNETS PnnT FDGE = 0o3740GOOOF-01 4 I N C H F S )  
3 3  THICKNESS F A R  E D G F  = Oe30000000E-OL I lNCHES 1 
1 4  F I N  L E N G T H  = 0020000000F 0 1  {INCHESI 
1 5  THERMAL CflNDlJCTI V I T Y  = 0.3 I R O O O O D E  03 [ B T U / H R - F T - D E G ( K )  

29 C1 (FNTERED A5 DATA) = 0 * 1 4 5 6 0 0 0 0 F - 9 8  
313 C 2  ( E N T E R E D  AS D 4 T A I  = Om88609999F 0 2  

INPIJT n4TA FOR C O N V F C T I O N  
3 2  Q,000CoOn HFnT TRANSFER C O E F F I C I E N T  FIDE A 
37 1 ) ~ 0 O l ) O 0 0 0  HEAT TRAN5FFR C O E F F I C I E N T  S I D E  E3 
3 7  0 o I ) O O C O C F )  AMHfFFJT TFMP A (DEGIRI) 
3 4  0o0000009 A N R I F V T  TFMP H lDEGlR)I 

SECTION NlJMRFK = 7 

I N P I I T  DATA FOR C 1 3 N V F C T I n N  
hl. O~r)090000 HFAT T R A N 5 F F K  C O F F F I C I F N T  S I D E  A 
57 0 * 3 O C O D O r t  I i F 4 T  TRANSFER C O E F F I C I E N T  S I n E  H 
6 3  O*OOOOOOr)  AMBlFNT TEYP A ( D E G I R ) )  
6 4  C1o0000r)On 9M91ENT TFMP B ( D E G l R I )  

***CONWFRGE-NCF ACCCVPLI S H E D  

E F F F C T l V E  LENGTH = ?n?355Q? 4 I N C H F S I  

Note: Data Calculated wi th  Program 2-4, R e f .  1 

F ig .  B-7 F in  Data a t  E x i t  - Problem 3 
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F X A Y P L F  P R f l R l  FY 

INPUT DATA 

20 

21 

22 

23 

F i g .  B - 8  I n p u t  Data - Problem 3 
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F IN 
1 
7 

f I N  
1 
7 

F IN 
1 
3 

f IN 
1 
7 

F. I N  
1 
2 

1 
3 

F IN 
1 
3 

F I N  
1 
7 

F 14 
1 
2 

F I N  
1 
7 

F I N  
1 
2 

F rru 

INPUT F I N  V A L U E S  INPUT DATA 
R A n I A T I O N  CCfhJST4NT Cl tRTU/HR SO FT R*or+4) 

O o 1 4 5 h 0 ~ 0 0 E - O f 2  80 
0.14560000E~08 100 

a 8 - 6 0 w w h 6  8 1  
'38- 609999f.h 101 

o . o r ~ ~ o o o o o  82 
n.ooo~,oooo 102 

o ~ o c n 3 o o o o  83 
0 ,  ooooo(1oo 103 

0.00000000 84 
0. oc)oooooo 104 

0.0000001)n 85 
O.OPP0OOGO 105 

86 
106 

0.769-IC)OD~ 87 
0.7697090ft 107 

0.155930Cfl 88 
0.1553(7000 108 

SAO.QC00no00 89 
690. OcIflOOOCtT) 109 

7 3 0.0 Of2 00 00 O 90 
730.  QCOOOOOO 110 

R A D I A T I O N  CONSTANT C2 I6TIJ/HR SQ F T )  

C n N V E C T I V E  HEAT TRANSFFR COEFF SIDE A ( R T U I H R  SQ FT R I  

C O N V E C T I V E  H E A T  TRANSFER C O E F F  S I D E  R (BTU/WR S O  FT R :  

A M R I E N T  TFMP S I D F  A IF?)  

A M R I E N T  TEYP S I O €  E3 ( R )  

NOT IJSFD 

E F F F C T  LENGTH AT € X I 7  ( F T )  

F F F F C T  L E N G T H  AT E N T R A N C F  ( F T )  

DUCT W4LL T E Y P  A T  F X I f  t f ? )  

DUCT WALL TEMP A T  F N T R A N C F  f R )  

Fig. B - 8  Input Data - Problem 3 (cont) 



B-18 

S F C T I f l N  1 

n U T L E  T 
736.14452362 F L U I D  TFMP ( R )  
550029?51044 HALL TEMP f R )  
27,33288274 HEAT TRANSFER COEFF, (BTU/ t lR  SO FTK) 

454,81632614 REYNOLDS NO, 

0,98679791 VELOCITY AVG ( F T I S E C )  
2.70441812 SECTION L€NGTH ( F T I  

?33,9?666931 HFAT TRANSFER I B T U / H R )  
26,95975819 H f A T  TRANSFER COEFF AVG ( S T U I H R  SO FTR) 

459,17539834 RFYNOLDS NO0 AVG 
50,74703693 F L U I D  D E N S I T Y  AVG 
0.01523377 WEIGHT OF L I Q t l I D  (LB1 

33,74176884 PRESSClRF CHANGF ( L B / S O  FTI 

FFCTfON 2 

IN1 F T  
7361 14452362 
65Oe79351044 
77,232 88274 

454e8l.633614 

OUTLET 
flOo00511932 F L U I D  TEMP ( R I  
631,44813538 dALL TEMP ( R I  
27,76656246 HEAT TRANSFER COEFF. (8TU/HR SQ FT R )  

445,63346536 RFYNOLDS NO, 

0.97458974 VELOCITY A V G  ( f T / S E C )  
3,12721 592 SECTION CFNGTH ( f T 1  

365095166016 HEAT TRANSFER (BTUIHR)  
27.49973248 HEAT TRANSFER COEFF AVG (BT9 /HR SQ FTR) 

51o35697412 f L U I D  D E N S I T Y  AVG 
450032479575 REYNOLDS NO. AVG 

0,0178?708 WEIGHT OF L I Q U I D  (LE) 
39032037449 PRESSURF CHANGE t L B / S Q  F T )  

F INAL r) l lTPtJT OAT4 
73.06214333 PRESSURE CHANGE SUM ( L B / S O  F T )  
699.928’32947 TOTAL HEAT TRANSFER (BTU/HR) 

0,03306086 TOTAL WEIGHT OF L I Q U I D  I L R )  
496,68486404 ENVIRON TEMP (R) 
. 5.831 634134 TOTAL LENGTH ( F T I -  

Fig. B-9 Output Data - Problem 3 
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EFFECTIVFWFSq FQP T9APFZOIOAC PLATF f INS 

Program 2-1, Ref. 1 

FINAL F F F F C T I V F k F F S  = 0 . 1 4 1 1 8 3  

F i g .  B - 1 0  Fin No. 1 (at  i n l e t )  - Problem 4 



B-20 

S E C T I O N  NUMBER = 1 

12  THICKNESS ROOT EDGE = Oe190000 ( INCHES)  - - _I. - 
1 3  THfCKnlESS FAR EDGE = 0e190000 { I N C H F S f  
1 4  F I N  LENGTH = 1.720000 ( I N C H E S )  
15  THERMAL CONDUCTIV ITY = 90e000000 (BTUIHR-FT-DEG(R))  
16 F A X  = O e 5 O O O O O  
17 ALPHA A = 00200000 
1 8  E P S  A = Oe850000  
19  F B X  = 0,000000 
2 0  ALPHA 8 = 0.00Q000 
2 1  EPS 5 = 0.000000 
22 T X  = 5 3 0 ~ 0 0 0 0 C O  (DEGREES RANKINE)  
23  TH€TA X = 90. 000000 (DEGREES 1 
24 RHO X = oe1ooooo 
2 5  THETA P = 01 (300000 DEGRFES I 
2 6  EPS X = 1.000000 

I N P U T  DATA FDR CCNYECTION 
3 1  7a0000000 HEAT TRANSFER C O E F F I C I F N T  S I D E  A 
3 2  0 0 0 0 1 ) O O O O  HEAT TRANSFER C O E F F I C I E N T  S I D E  8 
33 ~ 3 o ~ o o n o o o o  A M B I E N T  TEMP A IDEGIRH 
3 4  C)OOOOOOOO AMrj tEnlT  TEMP B I D F G ( R 1 )  

COMPUTED VALUES OF ClgC2rC3 
C1 = O e 1 4 5 5 0 5 0 0 E - Q P  
C2 = O o 1 4 6 0 5 3 1 7 E  03 
C3 = 0.30066325E 00 

SECTION NUMBER = 2 

42 THICKNESS R O O T  E D G E  = 
41, THICKNESS F A R  EDGE - 
44 F [ N  LFNGTH - 
45 THERMAL C O N D U C T I V I T Y  = 
46 F A X  
47 ALPHA A 
4 8  EPS A 
49 FBX 
5 0  ALPHA 8 - 
5 1  EPS B - 
5 2  TX 
53  THETA X 
54 RHO X - 
55 THETA P - 
5 6  EPS X - 

- 
- 
- - 
- - 
- - 
- - 
- 
- 
- - 
- - 
- 
- 
- 

Note: Data Calculated wi th  

Program 2-4, Ref. 1 

OeC950O0 ( I N C H E S )  
0 ,  C9500O t INCHES 1 

15eOOOOOO ( I N C H E S 1  
90. 000000 {BTU/HR-FT-DEG 4R) 1 

0.5OOOOO 
0.200000 
O e  8 5 0 O O O  
0. COO0OO 
0,000000 
0,000000 

S30e000000 [DEGREES R A N K I N E )  
9 0 e O O O O O O  {DEGREES) 

0,100000 
0.000000 (DEGREES) 
1 e 000000 

I N P U T  DATA FOQ C O Y V E C T I O V  
61 7,0000000 H E A T  TR4YSFER C O E F F I C I E N T  S I D E  A 
6 2  0aC000000 YFAT TRANSFER C O E F F [ C I E N T  SCDE 3 
53 530.0000000 4MSIErUT TEMP A ( D E G ( R ) )  
64 OsQC(30000 AP’PlENT TE P B (DEG4R)) 

V E  LENGTH = 4.033377 (INCHES) 

F i g .  B - 1 1  F i n  No. 2 ( a t  inlet) - Problem 4 
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SECTION NUMBER = 1 

12 THICKNESS ROOT E D G E  = Q o 1 9 0 0 0 0  ( I N C H E S )  ._ -. -_ 
13 THICKNESS F A R  EDGE = 0.190000 (INCHE-S)l-- - 
14  F I N  LENGTH = lo720000 ( I N C H E S )  
1 5  THERMAL CONDUCTIVITY = 900000000 (RTU/HR-FT-DEG(R) 1 
16 F A X  = 0.c00000 
17 ALPHA A = o.oF10000 
1 8  EPS A = o.co00oo 
19 FBX = 0o00Q000 
20 ALPHh R = 0.000000 
2 1  EPS B = 0.000000 
22  TX = 00000000 (DEGREES RANKENE) 
2 3  THETA X = 00 1)OOOOO (DEGREES I 
2 4  RHO X = oeoooo0o 
25 THETA P = 00000000 (DEGREES) 
26  EPS X = 0.000000 

INPUT DATA FOR CONVECTION 
3 1  1200000000 HEAT TRANSFFR C O E F F I C I E N T  S I D E  A . -_- 
32 000000000 HEAT TRANSFER C O E F F I C f E N T  S I D E  B 
33 60000000000 AMBIENT TEMP A IDEG(R)) 
34  O o C O O O O O O  AMBIENT TEMP R ( D E G ( R 1 )  

SECTION NUMBER = 2 

42 THICKNESS ROOT EDGE 
43  THICKNESS F A R  EDGE 
44 F I N  LLENGTH 
45 THERMAL CONDUCTIV ITY 
46 F A X  
47 ALPHA A 
48 EPS A 
49 F B X  
S O  ALPHA B 
5 1  EPS R 
52 TX 
53 THETA X 
54 RHO X 
55  THETA P 
56  EPS X 

O o C 3 5 0 0 0  { I N C H E S )  
O o O 9 5 O O O  ( [ N C H E S I  

15.000000 ( I N C H E S 1  
9 0 o C O O O Q Q  (BTU/YR-FT-DEG(R) 1 
0.000000 
0.000000 
0.000000 
0. 000000 
0.000000 
0.000000 
OeOQOOOO (DEGREES RANKINE)  
O e  COD000 (DEGREES 1 
0.000000 
O I O O O O O O  (DEGREES) 
0.OQO000 

INPUT DATA FOR COVVECTION 
h l  1200000000 HEAT TRANSFER C O E F F I C I E Y T  S I D E  A 
6 2  0 o C 0 0 0 0 0 0  HEAT TRANSFER C O E F F I C I E N T  S I D E  B 
6 3  60000C00000 AMBIENT TEMP A ( O E G 1 R ) I  
64 000009000 AMBIENT TEMP E3 I D E G ( R I 1  

E F F E C T I V E  LENGTH = 3 0 5 4 2 5 6 8  { INCHES1 

Note: Data Calculated wi th  Program 2-4, R e f .  1. 

F i g .  B-12 Fin N o .  3 - Problem 4 
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FXAMPLE PROBLEM 

INPUT DATA 
1 
2 
3 
4 
5 
L 
7 
8 
9 

10 
11 
12 
1 3  
14 
1 5  

3oOOOOOOOO 
30 f l O O O o O 0 O  
0.00000000 
0.00000000 
00 0375000Q 
0.00000000 
00 04200000 

1000.00000000 
0.00000000 
1.@0003000 
00 70OOOOOO 

800.00000000 
65 0.00000000 
3.00000000 
40 36400002 

NO. OF DUCT SECTIONS 
NOo OF F I N S  
DiJCT PERIMETER ( F T )  * d P T I O N  

EFFECTEVE DIAMETFR ( F T )  *OPTION 
NOT USED 
OUTSIDE DIAMETER (FT)  
TOTAL WEIGHT FLOW fLB/HR)  
WALL THICKNESS (FTI 

SPFCIFIC HEAT OF F L U I D  (BTUtLB R )  
FLII IO TEMP A T  ENTRANCE ( R I  
F L U I D  TEMP AT E X I T  ( R I  

OUCT a i w a  ( s o  F T J  *OPTION 

NO. OF DUCTS 

NO. OF SUBSECTIONS 
NUSSELTS NO, 

INPUT DUCT VALUES INPUT DATA 
5 FC 
1 
2 
3 

S FC 
1 
2 
3 

S EC 
1 
7 
3 

S EC 
I 
2 
3 

S FC 
1 
3 
3 

S FC 
1 
7 
3 

EFFECT PERIFERAL LENGTH FOR R A D I A T I O N  ( F T )  
0.01375000 
0,00000000 
0. 03375Or)O 

EFFFCT PERIFERAL LENGTH FOR CQNVECTIUN ( F T 1  
00  0 3 37 5 00 0 
0.00000000 
0003375000 

R A D I A T I O N  CONSTANT C 1  16TU/HR SO FT R**4 )  
O m  1 4 5 6 W O O E - O , 8  
0. 
0. 

RAOEATfON CONSTANT C2 (BTU/HR SO F T )  
14hlC0O0038 

0.OOOOOO0O 
0.00000000 

7~00000000 
0. OOQOOOOO 

1 2 0 0 0 0 0 0 0 0 0  

5 3 0 .  OOOQOOOO 
0.00000000 

600~00000000 

CONVECTIVE HEAT TQANSFER COEFF (BTU/HR S Q  FT R1 

AMBIENT TEMP I R )  

20 
30 
40 

21 
31 
41  

2 2  
32 
42 

23 
33 
43 

24 
34 
44 

25 
35 
45 

Fig. B-13 I n p u t  Data - Problem 4 
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INPUT F I N  VALUFS INPUT DATA 
F I N  RADIATION CONSTANT C1 (BTU/HR SO F T  R**41 
1 0.145600OOF-Q8 . -  . 80 - 
2 0014560000E~08 100 
3 0. 120 

3 146e10000038 101 
3 0.00000000 12 1 

1 7 .  00000000 82 
3 7.00000000 102 
3 12.00000000 122 

1 Z2.09O~OOOD 83 
2 00 00000000 103 
3 0.0000Q000 123 

1 5 30. 00000000 84 
2 53Q.00000000 104 

124 3 600. OODOOOOO -- -- -- 

1 6 O 0 ~ O O O 0 O O O O  85 
2 0000000000 105 
3 0.000900C)o 125 

1 86 

3 126 

1 0~1R600000 87 
2 0.34900000 107 

127 

1 O . l R 3 0 Q O O Q  88 
2 0.33600000 108 
3 0.29520000 128 

1 5200OQ000000 89 
3 6 20, COOOQOOO 109 
3 6 20.0 a0 00 000 12 9 

1 760e00000000 90 
2 760~00000000 ’ 13 0 
3 760.  GOO00000 150 

F IN RADIATION CONSTANT C2  tBTU/HR SO F T )  
1 1460 10090038 81 

F 14 CONVECTfVE HEAT TRANSFER COEFF SIDE A 48TUtHR SQ FT R) 

F I N  CONVECTIVE HEAT TRANSFER COEFF S I D E  8 (BTU/HR SQ F T  R J  

F I N  A M B I F N T  TEMP SIDE A t R j  

F I N  AMBIENT TEMP SIDE B { R )  

F I N  MOT USED 

2 -106- 

F I N  E f F F C f  LENGTH AT E X I T  (FT)  

3 0 ,25520000 - -  . 

F I N  F F F E C T  LENGTH A T  ENTRANCE 1 F T I  

F IN nilCT WALL TEMP AT F X f T  I R t  

FIN nUCT WALL TEMP AT ENTRANCE f R )  

Fig. B-13 I n p u t  Data - Problem 4 (cont) 
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SECTION 1 

I N L F T  
800. OOOODQOO 
736059178169 
240097404099 

103O9024073438 

OUTLET 
749037258148 F L U I D  TFMP ( R )  
700026737640 WALL TEMP ( R )  
241090506363 H F A T  TRANSFER COEFFO (BTU/HR SO FTR) 

9946094372559 REYNOLOS NO. 

5002104044 V F L O C I T Y  AVG ( F T / S E C )  
22027206993 SECTION LENGTH ( F T )  

35439.19287109 HEAT TRANSFER (BTU/HR) 
241.43955231 H F A T  TRANSFER COEFF AVG (BTU/HR s4 FTR) 

18128oO9191895 REYNOLDS NO. AVG 
50009765434 F L U I D  D E N S I T Y  AVG 
1023233952 WEIGHT OF L I Q U I D  I L 6 )  

363009560774 PRESSURE CHANGE ( L B / S Q  F T )  

SFCTION 7 

I N L E T  
749.372 581 4 3  
700.28737640 
741 e905063b3 

99460 94373559 

OUTLET 
698.96C55603 F L U f O  TFMP I R )  
643,98297119 WALL TEMP ( R 1  
242080842400 HEAT TRANSFER COEFF. ( BTU/HR SQ FTR) 

9610,03039551 REYNOLDS NU0 

4.90042037 VELOCITY AVG ( F T I S E C )  
29e68588352  SECTION LENGTH ( F T )  

35288e42748047 HFAT TRANSfER ( B T U / H R l  
242035574286 HEAT TRANSFER COEFF AVG I B T U I H R  SO F T R )  

9778048706055 R E Y N O L D S  NO. AVG 
51033033562 F L U I D  D E N S I T Y  AVG 
Le68297043 WEIGHT OF L I 8 U I D  (L8) 

47be79207230 PRESSURE CHANGE f L B / S Q  F T )  

SFCTION 3 

I Nl. F T  
698e 9405%03 
6b3a 9A2 97119 
2 4 2 0  80842400 

9 6 1 0 ~ 0 ? 0 3 ~ 5 5 1  

TIUTLFT 
650e00070953  F L U I D  TEMP ($41 
627067856598 WALL TEMP ( R l  
329. 92062378 HEAT TRANSfER C O E f  F. (BTU/HR SO F T R )  

8850,16125488 REYNOLDS NO0 

4.78728259 V F L O C I T Y  AVG I F T I S E C )  
4306?e50?08 SECTION LENGTH ( F T I  

34371e89208984 HEAT TRANSFER (BTU/HR)  
236036452293 HEAT TRANSFER C O E f F  AVG (BTU/HR SQ FTR) 

92300 0958252O Rf YNOLDS NO0 AVG 
52.54267263 FLUllD D E N S I T Y  AVG 
2.53473344 WEIGHT OF L I Q U I D  (La )  

696,03276825 PRESSURF CHANGE ( L B / S Q  F T )  
F I N A I .  f l l l T P l J T  DATA 

1535e92044067 PRESSURE CHANGE SUM ( L B / S Q  F T J  
104999e50l.95313 TOTAL HEAT TRANSFER (BTU/HRf  

5045004338 TOTAL WEIGHT O F  L I Q U I D  (L5J 
533096514130 ENVIRON TFHP I R )  
95,63645554 TOTAL LENGTH ( F T j  

END-OF-DATA ENCOUNTERED OM SYSTFM I N P U T  F [LE, 

Fig. B-14 Output Data - Problem 4 
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FXANPLF PROBLEM 

INPlJT DATA 

1 
3 
3 
4 
5 
6 
7 
R 
9 
10 
3 1  
1 7  
1 3  
‘14 
1 5  
16  
1 7  
1 9  
19 
30 
2 1  
22  
2 3  
24 
3 5  
26 
27 
2 8  
39 
3 0  
71 
37 
3 3  
3 4  
35 
3 6  
3 7  
18 
7 9  
40 
41 

0004167  nUTSlDE DIAMETER t F T )  
Om09083 I N S I D E  DIAMETFR I F T )  
12.00000 NnO OF TURES 

800mOOOOO MFIGHT FLOW (LBS/HRI 
Om14580 F i N  LENGTH ( F T I  
O o O I O 4 O  F I N  THICKNESS AT ROOT ( F T I  
O o O I O 4 0  F I N  THICKNESS AT F A R  EDGF ( F T I  

4 9 O o O O O 0 0  DENSITY OF F I N  MATERI4C (LBS/CU F T )  
4 9 O o ( a O O O O  DENSITY O F  TUBE MATERIAL lLBS/CU F T )  

0m0000~  NOT IJSFD 
26.0(300(1 THERhd C O N 0  OF F I N  I R T U I F T  HR R l  

1,01)01)n S P E C I F I C  HEAT OF F L D  (RTU/LR R I  
6 6 0 o O f l O l ) O  F L l l I n  TEMP AT ENTRANCE (R) 

6.00000 HEAT TRANSFER COFFFIC IENT SIDE A (HA. BTCJ/HR SO F T R  
6 , O O O Q O  HEAT TRANSFFR COEFFICIENT SIDE B ( H 8 r  BTU/HR SO f-TR 

5 3 5 o O O O O O  AMBIENT TEMP S IDE A ( R )  
5 3 5 m O O O O O  AMRIFNT TEYP S IDE R ( R )  
0009000 A l  PHA4 
0.09000 I\I .PHAB 
Oer35000 FPSA 
Oe85000 EPSB 
0e00000 E P S X  
1003000 FA 
0000000 F A X  
1000000 FR 
C),OO0flO F R X  
O m 0 3 0 O r 3  RHOM 
OeOOOOCI RHOX 
0000000 THETAP [DEG 
olomoo w E T a M  (DEG 
0000000 THFTAX ( D E G )  

530000000 TM ( R )  
OOOnOOCI T X  I I R )  
1000000 EPSM 

15eOr)OOO I TFRATION L 
S T E P S  

0e00000 SOLAR C ~ ~ ~ ? ~ ~ T  (BTU/HR S Q  F T )  
Om50000 HEAT ~ X C H ~ ~ ~ E R  EFFECTIVENESS 
3 o O O O O O  NO, QF SUBSECT 

30r]00 013000 PRFSSCJRE 
4,36400 NUSSFLT 

Fig. B - 1 5  Input Data - Problem 5 
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