
t e.  

4 . *  1 - pr-;. v 
4 

4 

N A S A  TN D-2556 N A S A  TECHNICAL NOTE 

*o 
m 
m 

(THRUI 

9 N65-12321  n 
I 

1 / 
(ACCESSION NUMBER1 

: 
e 
c 
2 
9 

= c 
4 
r/, 

i 

CCODPI 

3,1 
CPA’SES~ 

4 (NASA CR OR TMX OR AB NUMBER) ICATEOORW 

GPO PRICE $- ‘J 
OTS PRICE(S) $ 

Hard copy (HC) 
Microfiche (MF) d # 7 5  

RADIANT-INTERCHANGE VIEW FACTORS 
AND LIMITS OF VISIBILITY FOR 
DIFFERENTIAL CYLINDRICAL SURFACES 
WITH PARALLEL GENERATING LINES 

r 

by Carol J. SO~OS and Norbert 0. Stockman 

Lewis Research Center 
CZeveZand, Ohio 

NATIONAL AERONAUTICS A N D  SPACE ADMINISTRATION WASHINGTON, D. C. DECEMBER 1964 



RADIANT -INTERCHANGE VIEW FACTORS AND LIMITS OF VISIBILITY 

FOR DIFFERENTIAL CYLINDRICAL SURFACES 

WITH PARALLEL GENERATING LINES 

By Carol J. Sotos and Norbert 0. Stockman 

Lewis Research Center 
Cleveland, Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
~~~~ 

For sa le  by the Off ice of Technical  Services, Department of Commerce, 
Washington, D.C; 20230 -- Pr ice  $3.00 



RADIANT-INTERCHANGE VIEW FACTORS AND LIMITS OF VISIBILITY 

FOR D1FFERDZXA.L C Y L I l 1 C A . L  SURFACES 

WITH PARALL;EL GENERATING LINES 

by Carol J. Sotos and Norbert 0. Stockman 

Lewis Research Center 

SUMMARY 

The r o l e  of t h e  view f a c t o r  i n  r ad ia t ion  h e a t - t r a n s f e r  ca l cu la t ions  i s  
discussed. A genera l  formula ris derived f o r  t h e  view f a c t o r  between d i f f e r -  
e n t i a l  s t r i p s  of f i n i t e l y  or i n f i n i t e l y  long genera l  c y l i n d r i c a l  sur faces  
having p a r a l l e l  genera t ing  l ines .  A comparison between t h e  equation f o r  f i n i t e  
l eng th  and t h a t  f o r  i n f i n i t e  l eng th  i s  given. 
formula are presented  f o r  various ?airs o f  d i f f e r e n t i a l  s t r i p s  of s i x  d i f f e r e n t  
systems of c i r c u l a r  cy l inders  and planes c h a r a c t e r i s t i c  of space- rad ia tor  f i n -  
tube geometries. 
su r f aces  of each system are a l s o  presented. 

View f a c t o r s  using t h e  genera l  

The limits of v i s i b i l i t y  from each su r face  t o  all visible 

INTRODUCTTON 

Radiant h e a t  t r a n s f e r  has received increased a t t e n t i o n  i n  r ecen t  years  
because of space app l i ca t ions  and because of t h e  use of h ighe r  opera t ing  tem- 
pe ra tu res  i n  nuc lea r  r eac to r s ,  f h a c e s ,  turbines,  and so forth.  The only 
means of r e j e c t i n g  waste hea t  or con t ro l l i ng  su r face  temperatures i n  space i s  
by thermal r ad ia t ion .  I n  high-temperature systems, thermal r a d i a t i o n  i s  i n -  
volved as a major f a c t o r  i n  t h e  hea t  t r a n s f e r  within t h e  system. There is a 
cont inua l  interchange of r ad ian t  energy between all sur faces  t h a t  view each 
other. I n  many cases t h i s  interchange i s  a s i g n i f i c a n t  f a c t o r  i n  t h e  o v e r a l l  
r ad ian t  hea t  t r a n s f e r  between t h e  system and i t s  environment. 
t h e  p a r t i c u l a r  h e a t - t r a n s f e r  problems t h a t  a r i s e  i n  t h e  st.udy cf space i-adia- 
tors c m  be foiiiid i n  re ference  1. 

A d iscuss ion  of 

I n  genera l ,  r a d i a n t  interchange between two i so thermal  gray su r faces  de- 
pends on t h e  temperatures, t h e  sur face  o p t i c a l  p rope r t i e s ,  and a geometr ical  
r e l a t i o n  between t h e  surfaces.  The geometrical r e l a t i o n  is va r ious ly  c a l l e d  
view f a c t o r ,  conf igura t ion  f a c t o r ,  angle f ac to r ,  shape f a c t o r ,  and form fac to r .  
The term view f a c t o r  w i l l  be used i n  t h i s  report. 

The v i e w  f a c t o r  from one sur face  ( A i )  t o  another su r face  (Az) i s  defined 
as t h a t  f r a c t i o n  of t h e  t o t a l  r a d i a n t  energy leaving su r face  A1 t h a t  s t r i k e s  



su r face  A2. (Surfaces A1 and A2 are not  necessa r i ly  sepa ra t e  sur faces ;  
t hey  may be p a r t s  of one surface t h a t  are vis ible  t o  each other . )  The genera l  
equat ion f o r  t h e  v i e w  f a c t o r  from sur face  A1 t o  su r face  A2 involves  a 
quadruple d e f i n i t e  i n t e g r a l  t h a t  i s  a func t ion  of t h e  geometry of t h e  sur faces  
and t h e i r  r e l a t i v e  or ien ta t ion .  

Most of t h e  view-factor l i t e r a t u r e  i s  concerned with eva lua t ing  t h e  qua- 
druple  i n t e g r a l  f o r  var ious  p a i r s  of su r f aces  that are l i k e l y  t o  occur i n  
prac t ice .  This cons i s t s  of  two main s t eps :  
l i m i t s  of i n t e g r a t i o n  and ( 2 )  i n t e g r a t i n g  t h e  r e s u l t i n g  expression. 
p a i r s  of sur faces ,  both s t e p s  are r e a d i l y  accomplished and t h e  r e s u l t  i s  a 
r e l a t i v e l y  simple formula. Severa l  such formulas are given i n  re ference  2. 
For o the r  p a i r s  of sur faces ,  e i t h e r  t h e  formulation and t h e  i n t e g r a t i o n  are 
extremely ted ious  or t h e  r e s u l t i n g  formulas are r e l a t i v e l y  complex s o  t h a t  
approximate methods of eva lua t ing  t h e  v i e w  f a c t o r  are more p rac t i ca l .  

(1) formulat ing t h e  in tegrand  and 
For some 

Several  approximate methods (numerical, mechanical, and o p t i c a l )  and ex- 
t e n s i v e  tabular and g raph ica l  r e s u l t s  are presented and discussed i n  refer- 
ence 2. Reference 3 presents  formulat ions of t h e  in tegrand  and l i m i t s  of 
i n t eg ra t ion  f o r  several p a i r s  of surfaces l i k e l y  t o  arise i n  h e a t - t r a n s f e r  
ana lys i s  of spacecraf t .  These formulat ions are presented i n  such a way as t o  
f a c i l i t a t e  t h e i r  incorpora t ion  i n t o  a computer program f o r  numerical evalua- 
t ion .  V i e w  f a c t o r s  f o r  c i rcumferent ia l  elements of a p a i r  of p a r a l l e l  tubes 
are given i n  re ference  4. These v i e w  f a c t o r s  are u s e f u l  f o r  ca l cu la t ions  of 
r a d i a n t  interchange between long i tud ina l ly  separa ted  elements of p a r a l l e l  tubes 
t h a t  a r e  c i rcumferent ia l ly  isothermal.  

I n  reference 5, t h e  s p e c i f i c  formula i s  obtained f o r  t h e  view f a c t o r  from 
an i n f i n i t e l y  long d i f f e r e n t i a l  s t r i p  on a tube t o  a similar s t r i p  on a f i n  
p a r a l l e l  t o  t h e  tube. This formula, which i s  appl icable  t o  t h e  ca l cu la t ions  
f o r  a p a r t i c u l a r  f i n - tube  geometry with a c e n t r a l l y  loca t ed  f i n ,  i s  only one of 
s e v e r a l  (e. g., tube t o  tube)  requi red  t o  c a l c u l a t e  t h e  r a d i a n t  interchange i n  
a cen t r a l - f in  r ad ta to r .  

A general  formula is  der ived  he re in  f o r  t h e  v i e w  f a c t o r  between d i f f e r -  
e n t i a l  c y l i n d r i c a l  s t r i p s .  The gene ra l  formula i s  used t o  ob ta in  s p e c i f i c  
formulations of  t h e  d i f f e r e n t i a l  v i e w  f a c t o r s  f o r  a l l  poss ib l e  p a i r s  of sur- 
f a c e s  f o r  a wide range of proposed space- rad ia tor  f in- tube  configurat ions.  The 
view f a c t o r  formulas are given f o r  s t r i p s  of both f i n i t e  and i n f i n i t e  length.  
A comparison between t h e  formulas f o r  t h e  f i n i t e l y  and i n f i n i t e l y  long s t r i p s  
i s  given as a func t ion  of a l eng th  parameter. This  comparison can be used as 
an a id  i n  determining a reasonable  segment l eng th  when d iv id ing  a long i tud i -  
n a l l y  nonisothermal r a d i a t o r  i n t o  l o n g i t u d i n a l  segments t h a t  are  assumed t o  be 
isothermal. The limits of v i s i b i l i t y  f o r  t h e  var ious p a i r s  of f in - tube  sur- 
faces are a l s o  formulated. These formulas f o r  v i e w  f a c t o r  and l i m i t s  are a l s o  
appl icable  t o  t h e  hea t - t r ans fe r  c a l c u l a t i o n s  i n  o t h e r  geometr ical ly  similar 
configurat ions,  such as those  t h a t  m a y  occur  i n  furnaces  or reac tors .  
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Figure 1. - Fin-tube radiator. 
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Figure 2. - Cross section of f in-tube radiator showing two-dimensional 
heat-transfer paths. 
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Figure 3. - Fin-tube geometries for space radiators. 
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Formulation of Problem 

A t y p i c a l  f i n - tube  
r a d i a t o r  using a con- 
densing vapor f o r  space 
app l i ca t ions  is  shown 
i n  f i g u r e  1. The prob- 
lem i s  t o  ob ta in  an ac- 
c u r a t e  p red ic t ion  of 
t h e  ne t  h e a t  r e j e c t e d  
by such a r a d i a t o r  con- 
f i g u r a t i o n  so t h a t  an 
optimum, say minimum- 
weight, geometry can be 
found. The problem 
( f i g ,  2)  inc ludes  t h e  
hea t  t r a n s f e r r e d  from 
t h e  f l u i d  t o  t h e  tube 
by condensation or con- 
vection, t h e  conduction 
i n  t h e  f i n  and tube,  

and t h e  r a d i a t i o n  from t h e  f i n  and 
?xbe surfaces.  The r a d i a t i o n  p a r t  of 
the problem inc ludes  t h e  r a d i a n t  i n -  
terchange between f i n  and tube  sur- 
faces t h a t  are vis ible  t o  each o t h e r  
and inc iden t  r ad ia t ion ,  such as t h a t  
which might come from t h e  sun or 
planets. 

The r a d i a t o r  of f i g u r e  1 is a 
direct-condensing r a d i a t o r ,  which f o r  
design purposes, i s  e s s e n t i a l l y  i so -  
thermal along t h e  tube  axis. The 
r a d i a t o r  geometry i s  a c e n t r a l  f i n -  
tube configuration. Other f in- tube  - 

geometries under cons idera t ion  are shown i n  
f i g u r e  3. For all geometries, t h e  tubes 
are long compared t o  t h e  d i s t ance  between 
them; therefore ,  it is  reasonz52.e C,c sss-me 
t h a t  end e f f e c t s  can be neglected through- 
out  most of t h e  length. Since t h e  tubes 
are long and isothermal, t h e  r a d i a t o r  can 
be characterized by a two-dimensional c ros s  
s e c t i o n  as shown i n  f i g u r e  3 and two- 
dimensional formulations of t h e  heat-  
t r a n s f e r  equations can be used. Radiant 
interchange i n  t h e  t h i r d  dimension i s  taken 
care  of  by t h e  v i e w  f ac to r .  
i a t o r  i s  not assumed t o  be i n f i n i t e ,  t h e  

When t h e  rad- 
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a c t u a l  length  of t h e  r a d i a t o r  (or a segment of t h e  r a d i a t o r  as w i l l  be  dis-  
cussed i n  t h e  s e c t i o n  A.PPLICATIONS) appears i n  t h e  view-factor formula. 

This r epor t  is  concerned only with t h e  r a d i a n t  interchange between t h e  
var ious f i n  and tube  sur faces  of t h e  r a d i a t o r  and no t  with t h e  conduction or 
convection that  w i l l  a l s o  be p a r t  of t h e  problem. I n  t h e  fol lowing develop- 
ments, the  temperature at  each poin t  i s  assumed t o  be known. I n  a c t u a l  rad ia-  
t o r  ca lcu la t ions ,  however, it w i l l  probably be obtained by so lv ing  t h e  conduc- 
t i o n  and convection equations simultaneously with t h e  r a d i a t i o n  equations. For 
s impl ic i ty ,  t h e  development i s  given i n  terms of g r w  surfaces .  

The r ad ian t  interchange between elements of sur faces  i s  formulated i n  
terms of the  r ad ios i ty ,  which i s  def ined  as t h e  t o t a l  r a d i a n t  energy p e r  u n i t  
t i m e  and p e r  u n i t  area, both emit ted and r e f l e c t e d ,  l eav ing  an element on a 
surface.  (See ref. 6 f o r  a d iscuss ion  of r ad ios i ty . )  The r a d i o s i t y  w i l l  be 
formulated f o r  t h e  three-dimensional case and w i l l  then  be reduced t o  two 
dimensions by making appropr ia te  assumptions. Consider f i rs t  t h e  gene ra l  case 
of two cy l ind r i ca l . su r f aces  with p a r a l l e l  and equal-length genera t ing  l i n e s  as 

Figure 4. - Geometry for radiant interchange between two cylindrical surfaces with parallel and equal-length generating lines. 

shown i n  f i g u r e  4. The r a d i o s i t y  B(S1,Zl) l eav ing  an element dA1 = dS1 d Z 1  
l oca t ed  a t  (S1,Zl) of su r face  1 ( f ig .  4) i s  given by ( A l l  symbols are  def ined  
i n  t h e  appendix.) 

B(S1,Zl) = EU+(Sl,Zl) + PH(SlrZ1) (1) 

where E i s  t h e  emiss iv i ty  of  t h e  sur face ,  u is  t h e  Stefan-Boltzmann con- 
s t a n t ,  T(S1,Z1) i s  t h e  ternperature of t h e  su r face  a t  (Sl,Zl), p 
t i v i t y  of  t h e  surface,  and 
u n i t  area inc iden t  upon dA1 and i s  given by 

i s  t h e  reflec- 
H(S1,Zl) i s  t h e  t o t a l  energy p e r  u n i t  t i m e  and p e r  
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where B(S2,Zz) i s  t h e  r a d i o s i t y  from a d i f f e r e n t i a l  element dA2 = dS2 dZ2 of 
sur face  2, dFa , -d~ ,  is t h e  view f a c t o r  from dAl t o  dA2 which w i l l  be dis-  
cussed i n  t h e  sec t ion  Derivat ion of General View Fac tors ,  SZz(S1) i s  t h e  lower 
l i m i t  of v i s i b i l i t y  of su r f ace  2 as viewed from (Sl ,Z1) ,  SZu(S1) i s  t h e  upper 
l i m i t  of v i s i b i l i t y  of su r f ace  2 as viewed from (Sl,Zl), and g(S1,Zl) i s  t h e  
r a d i a n t  energy p e r  u n i t  t i m e  and p e r  u n i t  a rea  inc iden t  upon dA1 from ex- 
t e r n a l  sources such as t h e  sun or planets. The limits -Z/2 and Z/Z a r e  
based on a t o t a l  l eng th  Z of t h e  sur face  and a r e  constant. The l i m i t s  of in -  
t e g r a t i o n  are func t ions  only of S 1  and not of Z1. 

I 
Combining equations (1) and ( 2 )  y i e l d s  

If su r faces  1 and 2 a r e  assumed t o  be of cons tan t  temperature, constant 
r a d i o s i t y ,  and constant i nc iden t  r a d i a t i o n  i n  t h e  Z-direction, then  equa- 
t i o n  (3)  can be wr i t t en  1 

I z/2 

i s  t h e  v i e w  f a c t o r  from element dA1 t o  an -I,,, dFdArdAz The i n t e g r a l  
I 
l elemental  s t r i p  Z ds1 and is  w r i t t e n  as dFdAl,ds2. Put t ing  d.Fa 1- ds 2 i n t o  

I equation (4 )  and i n t e g r a t i n g  over 

u n i t  time B(Sl)dZ1 = ZB(S1) from s t r i p  Z dS1 gives  

Z1 t o  get t h e  r a d i o s i t y  per  u n i t  width per  

’ Dividing by Z r e s u l t s  i n  
I 

I z/2 
B(S1) = E ~ T * ( S ~ )  + e Z /s2u(s1) B(S2) j+ *dA1-dS2 dZ1 + d S 1 )  (5) 

s2z (s1) 

where t h e  quan t i ty  dFdA,-as2 dZ1 i s  usua l ly  wr i t t en  dFdS1-dS2 

5 



and is  t h e  v i e w  f a c t o r  from s t r i p  Z dS1 t o  s t r i p  Z dS2 and w i l l  be d i s -  
cussed i n  the  sec t ion  Derivat ion of General View Factors.  

i n t o  equation (5) r e s u l t s  i n  
dS1-ds2 

Put t ing dF 

Equation ( 6 )  i s  two dimensional i n  t h a t  t h e  q u a n t i t i e s  3ppearing i n  it a r e  
func t ions  only of t h e  two coordinates  i n  t h e  plane of t h e  cross  sec t ion  and not  
of t h e  longitudinal.  coordinates.  However, t h e  r ad ian t  interchange i n  t h e  lon-  
g i t u d i n a l  d i r e c t i o n  i s  included i n  t h e  view f a c t o r  d,l?ds1-&2, and t h e  t o t a l  

longi tudina l  length  Z 
dFdS1-ds2. Although t h e  above development has been l i m i t e d  t o  two sur faces ,  
any number of sur faces  can be handled. For  each add i t iona l  sur face  another  

i n t e g r a l ,  say p 

equation (6) .  
sur faces  can be approximated by breaking up t h e  energy spectrum i n t o  two or 
more regions with d i f f e r e n t  gray su r face  p rope r t i e s  f o r  each region. 

w i l l  appear i n  t h e  var ious p a r t i c u l a r  formulat ions of 

B ( S ~ ) ~ F ~ S ~ - ~ S ~ ,  would appear on t h e  r i g h t  s i d e  of L:;:::) 
The development has a l s o  been l imi t ed  t o  gray surfaces .  Nongray 

For a numerical so lu t ion  of equation ( 6 ) ,  t h e  sur faces  would be divided 
i n t o  s m a l l  increments so t h a t  t h e  condi t ion of isothermal  and constant-  
r a d i o s i t y  elements can be approximated. The d i f f e r e n t i a l  view f a c t o r s  are 
assumed t o  apply t o  t h e  s m a l l  increments. 
r a d i a n t  interchange between one su r face  of t h e  f i n  and t h e  ad jacent  tubes of 
a cent ra l - f in  configurat ion as shown i n  f i g u r e  5. 
increment S* 

As an i l l u s t r a t i o n ,  consider  t h e  

Equation ( 6 )  wr i t t en  f o r  
of sur face  i of t h i s  f i g u r e  would become i, j 

n 

where n i s  t h e  number of sur faces  v i s i b l e  t o  Sf, j ,  j, is  t h e  number of t h e  
increment of each su r face  corre-  
.spending t o  t h e  lower l i m i t  of visi- 
b i l i t y  from STtj, and ju i s  t h e  

number corresponding t o  t h e  upper 
l i m i t .  I n  p a r t i c u l a r ,  f o r  increment 
ST,4 on the l e f t  tube,  equation ( 7 )  
becomes 

s3 ,‘Si,4 

52  
4 

‘1 1: 2 : 3 : 4 ~ 5 : 6 1 : 8 : 9  @ 
Figure 5. - Surface increments for numerical solution. 
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Equation ( 7 )  is  w r i t t e n  i n  a similar manner f o r  each increment 
su r face  i and t h i s  r e s u l t s  i n  a number of equations i n  as many unknown B's. 
I n  equation ( 7 ) ,  however, t h e  d i f f e r e n t i a l  v i e w  f a c t o r s  and t h e  l i m i t s  of visi- 
b i l i t y  f o r  each p a i r  of su r f aces  must f i r s t  be formulated i n  terms of t he  geom- 
e t r y  of each p a r t i c u l a r  configuration. 

j of each 

Derivation of General View Fac tors  

The v i e w  f a c t o r  from one su r face  t o  another i s  a func t ion  only of t h e  
geometry of t h e  two sur faces  provided that t h e  d i r e c t i o n a l  d i s t r i b u t i o n  ( s e e  
ref. 2 )  of t h e  r a d i a t i o n  from t h e  su r face  is  diffuse.  Diffuse r a d i a t i o n  i s  
d i s t r i b u t e d  according t o  Lambert's cos ine  law, which states t h a t  t h e  i n t e n s i t y  
of r a d i a t i o n  i n  a given d i r e c t i o n  i s  p r o p r t i o n d  t o  t h e  cosine of t h e  angle 
between t h a t  d i r e c t i o n  and t h e  normal t o  the surface.  I n  t h i s  r epor t ,  all sur-  
f a c e s  a r e  assumed t o  radiate diffusely.  

The b a s i c  equation f o r  t h e  view f a c t o r  from a po in t  on a d i f f e r e n t i a l  sur-  
f a c e  dA1 t o  a d i f f e r e n t i a 3  sur face  dA2 is (see, f o r  example, ref .  7)  t h e  
following : 

where XI i s  t h e  angle  between t h e  normal t o  dA1 and t h e  l i n e  jo in ing  dAl 
and dA2, du i s  t h e  s o l i d  angle subtended a t  dA1 by dA2, and, f o r  the geom- 
e t r y  of f i g u r e  6, i s  given by dw = ( C O S  X Z ) d A z / g  '. Subs t i t u t ing  f o r  dcu i n  
equation (8) g ives  

Figure 6. - Geometry for view factor between differential surfaces. 

Equation (9 )  is  t h e  expression f o r  t h e  
d i f f e r e n t i a l  v i e w  f a c t o r  most commonly 
found i n  t h e  l i t e r a t u r e .  

Consider now the case of a d i f f e r -  
e n t i a l  area dAl on a c y l i n d r i c a l  sur- 
f a c e  and a d i f f e r e n t i a l  area % t h a t  
i s  loca ted  on a c y l i n d r i c a l  su r f ace  whose 
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genera t ing  l i n e  i s  p a r a l l e l  t o  surface 
t i o n  (8) i n  terms of t h e  geometry of f i g u r e  4 g ives  

ul. ( f ig .  4, p. 4) .  Writing equa- 

where 

and, as given i n  reference 8, 

where r i s  the  s h o r t e s t  d i s t ance  between s t r i p s  A1 and A2 and C4) i s  t h e  
angle  between r and t h e  normal t o  AI. Subs t i t u t ing  f o r  cos XI and d q ,  
equation (10) becomes 

The view f a c t o r  *aA,-dS, from dA1 t o  s t r i p  A2 = Z dS2 i s  obtained by 

in tegra t ing  equation (11) from z2 = -Z/Z t o  ZZ = Z/Z 

Angle cp and d is tance  r are measured i n  the  c ross  sec t ion  and a r e  indepen- 
dent  of Z2. 
l i m i t s  y i e ld  

Performing t h e  i n t e g r a t i o n  i n  equation (12) and pu t t ing  i n  t h e  

- 

The View f a c t o r  dFdS a from s t r i p  A1 = z dS1 t o  s t r i p  A2 = Z dS2 is 
1- 2 
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obtained by tak ing  t h e  i n t e g r a t e d  mean of dFu1-a2 over A1 

where 

S u b s t i t u t i n g  for A1 and dAl i n  equation (14) and canceling ds,, which i s  
independent of Z1, r e s u l t  i n  

Pu t t ing  equation (13) i n t o  equation (15) and i n t e g r a t i n g  y i e l d  

- tan’ r 

Equation (16)  can be s impl i f i ed  t o  

cos cp dcp 
drdS1-dS2 = 2rrz 

Put t ing  i n  t h e  l i m i t s  and s impl i fy ing  r e s u l t  i n  

or, equiva len t ly ,  

9 



Equation (18b) is t h e  formula f o r  t h e  v i e w  f a c t o r  between d i f f e r e n t i a l  
s t r i p s  of length  Z on c y l i n d r i c a l  su r f aces  whose genera t ing  l i n e s  a r e  par- 
a l l e l  t o  each other. Angle cp and d i s t ance  r are funct ions  of t h e  geometry 
of t h e  surfaces and t h e  coordinates of t h e  s t r i p s  i n  a cross  s e c t i o n  perpen- 
d i c u l a r  t o  t h e  l e n g t h  Z. When Z i s  i n f i n i t e ,  equation (18b) becomes 

This is the equation used i n  re ference  5 t o  ob ta in  t h e  view f a c t o r  from an in -  
f i n i t e  s t r i p  on a tube  t o  an i n f i n i t e  s t r i p  on a f i n .  
of equations (18b) and (19), t h e  r a t i o  

To faci l i ta te  comparison 

i s  p lo t t ed  a g a i n s t  Z/r i n  f i g u r e  7. 
a value of g r e a t e r  than  about 10 t h e  d i f f e rence  between t h e  i n f i n i t e  and 
f i n i t e  cases i s  l e s s  than  f i v e  percent. On t h e  o t h e r  hand, i f  Z / r  i s  less 
than  1, the  d i f f e rence  between t h e  i n f i n i t e  and f i n i t e  i s  g r e a t e r  t han  50 per- 
cent. 

It can be seen from f i g u r e  7 t h a t ,  f o r  
Z / r  

APPLICATIONS 

The view f a c t o r s  presented he re in  a r e  der ived  f o r  s e v e r a l  Systems Of par- 
a l l e l  f i n s  and tubes  shown i n  f i g u r e  8. These are app l i cab le  pr imar i ly  f o r  

10 



Tube 17, :Tube 2 

-2L - 
(a) Configuration A; tube with tapered fin. 
7 y1 

Ls. 
(c) Configuration 6; full sandwich with struts. 

(e) Configuration D; open sandwich. 

:Tube 1 rTube 2 
\ 

r F i n  2 
I 

1 4  

T 
- X  t 

I 

d i n  1 

I I 

L x ' I  
(bl Configuration A'; fin and tube. 

I 

,-Burnper 2 

k s l  
(d) Confiquration C: closed sandwich. 

(tl Configuration E; fin and tube with cylindrical bumper. 

Figure 8. - Configurations. 

h e a t - t r a n s f e r  ca l cu la t ions  i n  f i n  and tube  r a d i a t o r  conf igura t ions  t h a t  are 
assumed t o  be l o n g i t u d i n a l l y  isothermal. Proposed d i r e c t  condensing f in- tube  
r a d i a t o r s  of Rankine cyc le  powerplants are long i tud ina l ly  isothermal,  and t h e  
v i e w  f a c t o r s  of this r e p o r t  c m  be used. 

Proposed s e n s i b l e  hea t  r a d i a t o r s  such as gas r a d i a t o r s  of Brayton cycle 
powerplants and l i q u i d  r a d i a t o r s  of Rankine cycle powerplants will not be lon- 
g i t u d i n a l l y  isothermal,  and the re fo re  t h e  view f a c t o r s  presented here in  f o r  
i so thermal  s t r i p s  would not seem t o  be applicable t o  ca l cu la t ions  i n  such rad- 
i a t o r s .  I n  re ference  9, however, it is  shown t h a t  a r a d i a t o r  of t h i s  type can 
be d iv ided  i n t o  long i tud ina l  segments t h a t  can reasonably be  assumed t o  be lon- 
g i t u d i n a l l y  isothermal. Further,  it w a s  shown t h a t  t h e  interchange from one 
segment t o  another  can be neglected. For example, i n  f i g u r e  9, t h e  interchange 
between t h e  s t r i p  on t h e  tube  i n  segment 2 and t h e  s t r i p s  on t h e  f i n  i n  seg- 



. 

Figure 9. - Division of radiator into longitudinally isothermal segments. 

ments 1, 3, and 4 can be  neglected. 
Thus, t h e  hea t  flow i n  each segment 
can be t r e a t e d  as i f  it were two 
dimensional, and t h e  view f a c t o r  pre- 
sen ted  here in  could be used i n  t h e  in -  
terchange ca lcu la t ions .  The conclu- 
s ion  of re ference  9 w a s  based on t h e  
a c t u a l  geometry of a p r a c t i c a l  r ad i -  
a t o r  configurat ion of t h e  c e n t r a l - f i n  
type  (as i n  f ig .  9 )  with r a d i a t i n g  
sur faces  t h a t  were assumed t o  be 
black. It i s  not  immediately apparent 

how widely this conclusion could be appl ied  t o  t h e  o the r  configurat ions.  If 
t h e  longi tudina l  segments could each be assumed t o  be isothermal  and of con- 
s t a n t  r ad ios i ty  i n  t h e  Z-direction, however, t h e  view-factor r a t i o  ( f ig .  7, 
p. 10)  could be used i n  t h e  following manner as a measure of t h e  a p p l i c a b i l i t y  
of t h e  quasi-two-dimensional treatment. Diiride t h e  r a d i a t o r  i n t o  segments of  
l eng th  Z; determine t h e  l a r g e s t  value of r between two elements i n  a segment 
t h a t  s ee  each o the r  ( t h i s  can be done simply by s c a l i n g  a cross  s e c t i o n  sketch); 
compute Z / r  and read t h e  view-factor r a t i o  from f i g u r e  7. If t h e  r a t i o  i s  
g r e a t e r  than, say, 0.95, then  t h e  interchange between segments can c e r t a i n l y  be 
neglected; i f  t h e  r a t i o  i s  less than  0.95, then f u r t h e r  i nves t iga t ion  should be  
made. Figure 7 can a l s o  be used as an a i d  i n  determining what t h e  l eng th  of  
each segment should be i n  a long i tud ina l ly  nonisothermal r a d i a t o r  ca l cu la t ion  
by first choosing a value of t h e  view-factor r a t i o  and using f i g u r e  7 t o  
f i n d  Z. 

To summarize, t h e  r e s u l t s  presented he re in  are appl icable  t o  two- 
dimensional hea t - t r ans fe r  ca l cu la t ions  of l ong i tud ina l ly  isothermal  r a d i a t o r s  
and should also be appl icable  t o  quasi-two-dimensional ca l cu la t ion  of noniso- 
thermal r ad ia to r s .  

RESULTS 

I n  t h i s  sec t ion ,  t h e  expressions f o r  t h e  v i e w  f a c t o r s  and t h e  limits of 
v i s i b i l i t y  are presented f o r  t h e  base su r faces  of all t h e  conf igura t ions  of 
f i g u r e  8* (Base sur faces  are ind ica t ed  by heavy l i n e s  i n  f ig .  8. ) The view 
f a c t o r s  from t h e  balance of t h e  su r faces  on t h e  same conf igura t ion  can be  ob- 
t a i n e d  from t h e  base surface view f a c t o r s  by symmetry. For example, t h e  view 
f a c t o r  from dSt9 t o  dsf, i s  equal  t o  t h a t  from dStl t o  dsf, f o r  t h e  

I I I I 

c--x, - 2L - x l d  

Figure 10. -Example of geometric symmetry. 
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l o c a t i o n s  of dS shown i n  f i g u r e  10. For 
t h i s  reason, v i e w  f a c t o r s  and l i m i t s  are 
given only from base su r faces  t o  any su r -  
f a c e s  v i s i b l e  t o  t h e  base sur faces .  

The format of p re sen ta t ion  is  as 
fol lows:  F i r s t ,  t h e  genera l  formulas f o r  
view f a c t o r s  dFdS1-aZ and d ~ a ~ - a ~ ( w )  

are given i n  terms of q u a n t i t i e s  a and 
r and t h e i r  d i f f e r e n t i a l s .  Then each 



0 I . 

configuration is divided i n t o  cases. A 
case consis ts  of a base su r face  and a 
s i n g l e  surface v i s i b l e  t o  it. The l a t t e r  
sur face  may be p a r t  of t h e  base sur face  
i t s e l f ,  another  base sur face ,  or a nonbase 
surface.  For each case, a ske tch  of t h e  
configuration i s  given, and t h e  q u a n t i t i e s  

Figure 11. -View factor quantities a and r. 

a, dz, r, and dr f o r  t h e  view f a c t o r  are formulated where r i s  t h e  d is tance  
between d i f f e r e n t i a l  s t r i p s  and a i s  t h e  project ion of r onto t h e  plane 
perpendicular  t o  t h e  normal t o  s t r i p  1 ( s e e  f i g ,  11). The limits of v i s i b i l i t y  
are then  given f o r  each case i n  t e r n  of the coordinates  of t h e  configuration. 
For purposes of c l a r i t y ,  a t a b l e  format i s  used. 

I n  each case, t h e  f i r s t  s t e p  i n  formulating t h e  l i m i t s  of v i s i b i l i t y  is  
t o  determine t h e  c r i t i c a l  values of t h e  independent var iable .  A c r i t i c a l  value 
i s  a value of t h e  independent va r i ab le  f o r  which t h e  equation f o r  a l i m i t  
changes because of t h e  geometry of t h e  configuration (e. g., i n  configurat ion B 
( f ig .  8 ( c ) ) ,  tubes p a r t i a l l y  block t h e  view of bumper 2 from some loca t ions  on 
bumper 1). 
be e i t h e r  one, two, or three.  If t h e r e  i s  only one c r i t i c a l  value,  a sub- 
s c r i p t  c i s  usedj however, when t h e r e  a r e  two o r  th ree ,  t h e  subsc r ip t s  tc ,  
mc, and uc a r e  used, meaning lower, middle, and upper c r i t i c a l ,  respect ively.  
The equations f o r  t h e  limits of v i s i b i l i t y  a re  derived sub jec t  t o  t h e  l imi t a -  
tims i q c s e d  by t hese  c r i t i c a l  -fa- ues, 

I n  some cases  t h e r e  a r e  no c r i t i c a l  values,  and i n  o the r s  t h e r e  may 

The range of t h e  independent va r i ab le  is divided up by t h e  c r i t i c a l  values 
of t h e  independent var iab le ,  i f  any e x i s t .  
f o r  t h e  upper and lower l i m i t s  of v i s i b i l i t y  f o r  t h e  d i f f e r e n t  ranges. 
numbers r e f e r  t o  i tems i n  t h e  l ist  below each table. 

I n  each table, numbers are given 
These 

E x t r a  r e s t r i c t i o n s  are sometimes placed on t h e  l i m i t s  i n  c e r t a i n  cases 
when some dimension of t h e  cross sec t ion  i s  unusually l a r g e  or small- 
t o  check on t h i s  p o s s i b i l i t y  a r e  included i n  t he  cases where t h i s  problem could 
arise. 
i s  an angle  g r e a t e r  than 90’. 
i n  order  t o  avoid concern about determining t h e  quadrant i n  which t h e  angle 
lies. 

Methods 

Because of t h e  coordinate system chosen, i n  some cases t h e  upper l i m i t  
I n t h e s e  cases, absolu te  value s igns  a r e  used 

General Formulas 

The formula f o r  t h e  view f a c t o r  f o r  s t r i p s  of i n f i n i t e  l eng th  is  

while t h e  formula f o r  t h e  view f a c t o r  f o r  s t r i p s  of f i n i t e  l eng th  i s  

where 

13 
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a s i n  cp = - 
r 

and 

lr dari a dr 
d ( s i n  c p )  = 

These q u a n t i t i e s  a, da, r, and dr a r e  formulated f o r  each case. The 

d ( s i n  c p )  may r e s u l t  i n  a negative number; t he re fo re ,  t h e  abso lu te  value i s  
s t r i p  length Z w i l l  be known by t h e  user. I n  some cases, t h e  formula given 
f o r  
used t o  avoid concern over t h e  sign. 

Case Al: Tube 1 t o  Tube 2 

View-factor q u a n t i t i e s  

a = 2L s i n  el - R sin(B1 + €12) 

Limits of v i s i b i l i t y  

1 Limit of I Range of independent v a r i a b l e  I 

I 

I tem numbers f o r  l i m i t  equations 

14 



(. t . 

1. is t h e  value of such t h a t  a tangent t o  tube  1 at t h i s  po in t  
w i l l  h i t  t h e  po in t  where f i n  2 meets tube  2 

1 = s i n  
4L(L - i s )  + R2 

2. "he lower limit i s  t h e  minimum possible value of e2, t h a t  is, t h e  
po in t  where f i n  2 meets tube  2 

3. The lower l i m i t  i s  determined by a tangent t o  t u b e  1 

5[ = - el - s i n  

4. The upper l i m i t  is  always determined by a tangent  t o  tube  2 

-1 
= s i n  

Case A2: Tube 1 t o  F in  2 

V i e w - f  a c t o r  q u a n t i t i e s  

a = XZ s i n  01 - [(xZ - Lltan ,R + t 1 _ _  I '1-I e- 
da = ( s i n  6 1  - cos 0 1  t a n  p)dX2 

where m = (X2 - L ) t a n  p + t2 
2 x2 - R COS el - ( R  s i n  el - t2 ) tan  p + (x2 - L ) t a n  p 

r a 2  dr  = 
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. 
L 

Limit  of 
v i s i b i l i t y  

Range of independent variable el 

sin-’(>) 5 01 5 ( 0 1 1 ~ ~  (el)zc < el < (e,) uc (e,) uc 5 el 5 5 2 

Item numbers f o r  l i m i t  equations 

1. (81)2c i s  t h e  value of 81  

po in t  w i l l  h i t  t h e  po in t  where f i n  1 and f i n  2 meet 
such t h a t  a tangent  t o  tube 1 at t h i s  

2. The lower l i m i t  i s  t h e  minimum poss ib l e  value of %, t h a t  is, t h e  
po in t  where f i n  1 meets f i n  2 

( x 2 ) z  = L 

3. i s  t h e  value of 0 1  such t h a t  a tangent  t o  tube  1 at  t h i s  

po in t  w i l l  h i t  t h e  po in t  where f i n  2 meets tube  2; a t  values  of 0, g r e a t e r  
I than  t h i s ,  t ube  1 occludes t h e  view of f i n  2 

-!- 2(2L - i R 2  - t g  d L 2  - L(R2 - t g  1/2 
= s i n  

4. The lower l i m i t  is determined by a tangent  t o  tube  1 
I \ 

‘ L ‘ L  cos + s i n  t a n  p 

5. The upper l i m i t  is t h e  maximum poss ib l e  value of X 2 ,  t h a t  is, t h e  
po in t  where f i n  2 meets t ube  2 

6. Fin 2 i s  not  v is ible  from tube  1 f o r  t h i s  range of 81- 
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Case A3: Tube 1 t o  F in  1 

View-factor quan t i t i e s  

a = Xl s i n  el - [(L - ~ 1 )  t a n  p + tZ]cos el 

da = ( s i n  + cos 81 t a n  P)dXl 

r = [$ + R2 + m2 - ZR(X1 cos + m s i n  0,) ] 1 / 2  

where m = (L - X1)tan B + t z  

2 Xl - R cos + ( R  s i n  81 - t 2 ) t a n  p + (Xl - L) tan  p 
dr = r “1 

Limits  of v i s i b i l i t y  

L i m i t  of I Range of independent va r i ab le  81 I 

I t e m  numbers for l i m i t  equat ions I 

1. i s  t h e  value of el such t h a t  a tangent  t o  tube  1 at t h i s  po in t  
w i l l  h i t  t h e  po in t  where f i n  1 meets f i n  2; a t  values  of 
t h i s ,  t ube  1 occludes t h e  .,.‘,e:: of f i i i  i 

0 1  g r e a t e r  than  

2. The lower l i m i t  i s  determined by a tangent t o  tube 1 

R - (to + fm t a n  p ) s i n  e1 
cos - s i n  el t a n  p @,)I = 

17 



3. The upper l i m i t  is t h e  m a x i m u m  poss ib l e  value of X l ,  that  is, t h e  
poin t  where f i n  1 meets f i n  2 

4. Fin 1 i s  not  v i s i b l e  f r o m  tube  1 f o r  t h i s  range of el* 

Case A4: F in  l t o  Tube 1 

V i  ew- f ac  t o r  quant i  t i es 

This case i s  r e l a t e d  t o  case A3 by 

ds f 1 mfl-tl = at1 mtl-fl 

o r  

a = cos p[x1 - R cos el + R s i n  el t a n  p - t2 t a n  p - (L - ~ 1 )  tan2p] 

da = cos p ( R  s i n  + R t a n  p cos el)de1 

XIR s i n  el - R cos e1[t2 + (L - Xl)tan 4 
d r  = r d e l  

L i m i t s  of v i s i b i l i t y  
r 1 

L i m i t  of 
v i s i b i l i t y  

Range of independent va r i ab le  

v m < x l < L  

I I t e m  numbers f o r  l i m i t  equations 
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L i m i t  o f  
v i s i b i l i t y  

1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of el, t h a t  is, 
t h e  po in t  where f i n  1 meets tube  1 

Range of  independent va r i ab le  Xi 

2. The upper l i m i t  i s  always determined by a tangent  t o  tube 1 

xf + t2 

where t = to 

Case A5: Fin  1 t o  Tube 2 

I 
I 

View-factor quan t i t i e s  

da = cos p ( R  s i n  e2 - R tan p cos @,)de2 

r = [$ + R2 + m2 + 4L(L - X1 - - R  cos Q2) + 2R(X1 cos G2 - m s i n  e,,] 1 /2  

where m = t a n  p(L - Xl) + t 2  

L i m i t s  of v i s i b i l i t y  
I I I 

I I I 
I Item numbers f o r  l i m i t  equations 

I (e2)2 I 1 
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I 
I 1. The lower l i m i t  is always t h e  minimum poss ib l e  value of 82, t h a t  is, 

t h e  point  where f i n  2 meets tube  2 

2. The upper l i m i t  i s  always determined by a tangent  t o  tube  2 

where t = to - t a n  p(X1 - fm) 
Case A6: F i n  1 t o  F in  2 

View-factor q u a n t i t i e s  

2 ( x Z  - XI) - 2 s i n  p ( ~  - ~ 1 )  
r a 2  dr = 

I 20 

~- 



L i m i t s  of v i s i b i l i t y  

v i s i b i l i t y  

I t e m  numbers f o r  l i m i t  equations 

1 

2 

1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of 
t h e  poin t  where f i n  1 meets f i n  2 

2. The upper l i m i t  is  always the m a x i m u m  poss ib le  value of 
t h e  poin t  where f i n  2 meets tube 2 

Xz, t h a t  is, 

%, that is, 

Configuration A * :  All Cases 

This configurat ion i s  a s p e c i a l  case of configurat ion A w th a rec tangular  
f i n  i n s t e a d  of a tapered  f in .  The v i e w  f ac to r s  and l i m i t s  of v i s i b i l i t y  can be 
obtained from those  for configurat ion A b y  s e t t i n g  p = 0 and to = t 2  = t. 

Case B1: Tube 1 t o  Bumper 2 

2 1  



View-factor q u a n t i t i e s  

a = Y cos 0 1  + L s i n  El1 2 

da = cos el dY2 

r = kg + ~2 + ~2 + ZR(L cos el - y2 s i n  e,,] 112  

Y2 - R s i n  
d r  = dY2 r 

Limi ts  of v i s i b i l i t y  

I L i m i t  of I Range of independent variable 01 I 

1 

I I t e m  numbers f o r  l i m i t  equat ions 

1 3 1  
1 I 4 

1. Bumper 2 i s  no t  v i s i b l e  from tube  1 f o r  t h i s  range of 

2. (el)c i s  t h e  value of  el 
81. 

such t h a t  a tangent  t o  tube  1 at t h i s  po in t  
w i l l  h i t  t he  poin t  where lower s t r u t  2 meets bumper 2; a t  values of 
than  t h i s ,  tube  1 occludes t h e  view of bumper 2 

el less 

r 1 

(el), = s i n  -1 R ( S  - t )  + L )/L2 - R2 + (S - t )2  
L2 + (s - t > 2  

3. The lower l i m i t  i s  determined by a tangent  t o  tube  1 

4. The upper limit i s  t h e  maximum poss ib l e  value of 
po in t  where lower s t r u t  2 meets bumper 2 

Yz, t h a t  is, t h e  

It i s  possible  t h a t  i n  some cases  t h e  dimensions of t h e  conf igura t ion  could be 
such t h a t  t ube  2 could i n t e r f e r e  with t h e  upper l i m i t  of  v i s i b i l i t y .  I n  o rde r  
t o  determine i f  such i s  t h e  case,  compute t h e  fol lowing value of (YZ)~: 
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. 

( S  - R s i n  el) )‘sZ - 2RS s i n  el - ~2 cos el 
R(S - R s i n  e,) + R cos el ,‘SZ - ZRS s i n  el 

(Y2) ,  = R s i n  el + (L + R cos el) 

If (P2)c > S - t where S - t 
tube  2 does not  i n t e r f e r e  with the v i e w  of bumper 2 and (Yz),  
number 3. 

a tangent  t o  tube 2 and (Y2) 

i s  t h e  maximum poss ib l e  value of YE, then  - 
i s  given by i tem 

If (Y2)c < S - t, however, then the  upper l i m i t  i s  determined by 

= (Yz),. U 

Case B2: %be 1 t o  Lower S t r u t  2 

View-factor quan t i t i e s  

a = (L - W2)sin e 1  + (S - t ) c o s  el 

da = - s i n  01 dW2 

r = [(s - t > 2  + ( L  - ~ 2 1 2  + ~2 -- ~ R ( s  - t) s i n  el + 2R(L - ~ 2 )  cos el] 112 

w2 - L - R COS el 
d r  = dW2 r 

I I t e m  numbers f o r  l i m i t  equat ions 
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1. Lower strut 2 i s  no t  v i s ib le  from t u b e  1 f o r  this range of 81. 

2. i s  t h e  value of 81 such t h a t  a tangent  t o  tube 1 at  t h i s  
po in t  w i l l  a l s o  be tangent  t o  tube  2; a t  values  of 81 less  than t h i s ,  tube  1 - 
occludes the  v i e w  of lower strut 2 

3. The upper l i m i t  i s  determined by a tangent  t o  tube  2 
- 

+ R2 - 2SR s i n  01) - t R ( S  - R s i n  +im cos 81) 

(S - R s i n  el) ,'S2 - 2SR s i n  81 - R2 cos 81 
(w2)u = L -  

- 

4. (01)2c i s  t h e  value of such that a tangent  t o  tube  1 a t  t h i s  
po in t  w i l l  h i t  t h e  po in t  where lower strut 2 meets bumper 2 

-1 R(S - t)  + L VL2 - R2 + (S - 1 L2 + (s - t ) 2  
= s i n  

5. The lower l i m i t  is determined by a tangent  t o  tube  1 

L cos 81 + R - (S - * ) s i n  

COS el (w& = 

It i s  poss ib le  that  i n  some cases t h e  dimensions of t h e  conf igura t ion  could be 
such t h a t  tube  2 could completely occlude t h e  v i e w  o f  lower strut 2 f o r  some 
values  of 81. In order  t o  determine i f  such i s  the case, compute t h e  va lue  of 
( W Z ) ~  a s  given by i tem number 2 and c a l l  it ( W 2 ) c .  I f  ( W Z ) ~  - < 0 where 0 i s  
t h e  minimum poss ib l e  value of 
s t r u t  2 and (W,) = 0 and ( W z ) ,  = 0. If (W2) > 0, however, then  lower 

s t r u t  2 i s  not occluded by tube  2 and the l i m i t s  a r e  those given i n  t h e  t ab le .  

W2, t hen  tube  2 occludes t h e  view of lower 

6. The lower l i m i t  i s  t h e  minimum poss ib l e  value of  W2, that is, t h e  
poin t  where bumper 2 meets lower strut 2 
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Limit  
of 

visi- 
b il- 

l 

( % ) I  

Case B3: Tube 1 t o  Tube 2 

2 3 

‘Ji ew-f a c t  o r  quan t i t i e s  

a = S cos 01 - R s i n ( 0 1  + 02)  

da = -R cos(Q1 + B2)de2 

r = { S z  - 2RS(sin €I1 + s i n  e2) + 2R2 - cos(Q1 + 02)]}1/2 

R[B s i n ( e 1  + e2) - s cos 
de 2 dr= 

r 

L i m i t s  of  v i s i b i l i t y  

I Limit  of I Range of independent variable 01 I 

I 

I t e m  numbers f o r  l i m i t  equat ions 

Range of independent va r i ab le  0, 1 

Item numbers f o r  l i m i t  equations 

1. ( 0 1 ) ~ ~  is t h e  value of 0 1  f o r  which t h e  following equation w i l l  hold 
true; it i s  t h e  value of 
w i l l  h i t  the po in t  where upper s t r u t  2 hits tube  2 

such t h a t  a tangent t o  tube  2 from t h i s  po in t  

R[(Rz - 2St)  s i n  0 1  + R )/s2 - 2 x  s i n  0 1  cos 0 1  = SR2 - t ( S 2  - R2) 1 
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2. The lower l i m i t  i s  t h e  minimum poss ib l e  va lue  of e2, t h a t  is, t h e  
po in t  where up,per s t r u t  2 meets t u b e  2 

(e,)U = J( - 

3. The lower l i m i t  i s  determined by a tangent  t o  tube  2 

1 81 i s 2  - 2SR s i n  + R(S - R s i n  61) 

s2 + R2 - 2SR s i n  
s in -1  

- R s i n  81) - R cos vS2 - 2SR s i n  01 

S2 + R2 - 2SR s i n  01 1 
4. (el)mc i s  t h e  value of el such t h a t  a tangent t o  tube  1 a t  t h i s  

po in t  w i l l  h i t  tube  2 a t  = rl/2 

5. i s  t h e  value of such t h a t  a tangent t o  tube  1 at t h i s  

po in t  w i l l  a l s o  be tangent t o  tube 2 

6. The upper l i m i t  is  determined by a tangent  t o  tube  1 and i s  less 
than  90' 

+ 2) + (R2 - S2) )/S(2R - S sin 81)sin e1 cos 81  - (R3 - S3 sin e1 + 3S2R) sin 81 

R ( R ~  + s2 - ~ R S  sin el) 1 = sin-' 

7. The upper l i m i t  i s  determined by a tangent  t o  tube  1 and i s  equal 
t o  goo 

8. The upper l i m i t  is determined by a tangent  t o  tube  1 and is g r e a t e r  
than 90' 

-1 ( S  s i n  01 - R)s in  el - fS(2R - s s i n  e l ) s i n  el cos el 1 (82 lu  = rl - I s i n  [ 
R 

9. The upper l i m i t  i s  determined by a tangent  t o  tube  2 
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I . 

Case B4: Tube 1 t o  Upper S t r u t  2 

View-factor quan t i t i e s  

a = ( S  - t ) c o s  e l -  xZ s i n  01 

da = -s in  dX2 

r = [(s - t > 2  + + ~2 - ZR(S - t ) s i n  el - 2 m Z  cos e 1- 

xz - R COS el 
dr= dX2 r 

Limits of v i s i b i l i t y  

L i m i t  of I Range of independent v a r i a b l e  el I 

1 I tem numbers for l i m i t  equations I 

4 4 

is t h e  value of 0,  I f o r  which t h e  f o l l n w h g  eq~x,tisr, u i l l  haid 
t rue ;  it i s  t h e  va lue  of 
w i l l  h i t  t h e  po in t  where upper s t r u t  2 h i t s  t ube  2 

fin [k cos el + (s - R s i n  el) i s 2  - 2SR s i n  e,] = 

such t h a t  a tangent t o  t u b e  2 from t h i s  po in t  

R(S2 + R2 - 2SR s i n  el) - Rt( I s  - R s i n  el - (fS2 - 2SR s i n  O l ) c o "  e,] 
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2. The lower l i m i t  i s  t h e  minimum poss ib l e  value of  %, t h a t  is, t h e  
poin t  where upper strut 2 meets t ube  2 

3. The lower l i m i t  is determined by a tangent  t o  tube  2 

R(S2 4 R2 - 2SR s i n  01)  - R t  - R s i n  el - cos el ~ S Z  - ZSR s i n  e,) 
0 2 4  = 

( S  - R s i n  e l )  )/SZ - ZSR s i n  el + ~2 cos el 

4. The upper l i m i t  is  t h e  m a x i m u m  poss ib l e  value of X2, t h a t  i s ,  t h e  
poin t  where upper strut 2 meets bumper 1 

It i s  possible  t h a t  i n  some cases t h e  dimensions of t h e  configurat ion could be 
such t h a t  tube 2 could completely occlude t h e  v i e w  of upper strut 2 f o r  some 
values of 01. 
( X 2 ) z  as given by equation (3)  and c a l l  it (X2)c.  If ( X Z ) ~  - > L where L i s  

t h e  m a x i m u m  poss ib le  value of Xz, then tube  2 occludes t h e  v i e w  of upper 
strut 2 and ( X Z ) ~  = 0 
s t r u t  2 i s  no t  occluded by tube 2 and t h e  upper l i m i t  i s  given by itemnumber 4. 

I n  order  t o  determine i f  such is  t h e  case, compute t h e  value of 

and (X2), = 0. I f  ( X z ) ,  < L, however, then upper 

Case E: Tube 1 t o  Bumper 1 

View-factor q u a n t i t i e s  

a = L s i n  el - Y1 cos el 

da = -cos 0 1  dY1 
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Limits  of v i s i b i l i t y  

Limit  of I Range of independent variable 8, 1 

I 

I t e m  numbers f o r  l i m i t  equat ions 

4 4 

i s  t h e  value of such t h a t  a tangent  t o  t u b e  1 at  t h i s  
po in t  w i l l  h i t  t h e  poin t  where upper strut 1 meets bumper 1 

2. The lower l i m i t  is t h e  minimum poss ib le  va lue  of  Y1, t h a t  is, t h e  
po in t  where upper strut 1 meets bumper 1 

3. The lower l i m i t  i s  determined by a tangent  t o  tube  1 

R - L COS e 1  
s i n  el (Y& = 

4. The upper l i m i t  i s  t h e  m a x i m u m  possible  value of Y1, t h a t  is, t h e  
po in t  where upper s t r u t  2 meets bumper 1 

( Y l ) ,  = s - t 

It i s  poss ib l e  t h a t  i n  some cases  t h e  dimensions of t he  conf igura t ion  could be 
such t h a t  t ube  2 could i n t e r f e r e  with the upper l i m i t  of v i s i b i l i t y .  I n  order  
t o  determine i f  such i s  t h e  case, compute the  fol lowing value of ( Y l ) c :  

RZ cos el - (R s i n  e, - - S )  ) / s Z  - ZRS s i n  el 
- ZRS s i n  el 

(YlIc = R s i n  8 1  i (L - E cos 8,) 
RS - ~2 s i n  el - R cos el 

I f  (Y1) > S - t where S - t is  t h e  maximum poss ib l e  value of Y1, then  

tube 2 does no t  i n t e r f e r e  w i t h  the view of bumper 1 and (Y1) i s  given by 

i t e m  number 4. 

a tangent  t o  tube  2 and (Y,) 

c -  

U 

If (Y1) < S - t, however, then t h e  upper l i m i t  is determined by 
C 

= (Y1) . 
U C 
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Case B6: Tube 1 t o  Upper S t r u t  1 

L i m i t  of 
v i s i b i l i t y  

View-factor q u a n t i t i e s  

Range of independent v a r i a b l e  81  

This case  can be obtained from Case A 3  by making t h e  following s u b s t i t u -  
t i o n s  : 

where t h e  subsc r ip t s  denote t h e  case t o  which t h e  symbol belongs. Then 

a = IC1 s i n  el - t cos el 
da = s i n  dX1 

r = [$ + R2 + t2 - 2R(X1 cos + t s i n  el) ] 1 1 2  

x, - R COS el 
dX1 d r  = 

r 

I I I I 

I I Item numbers f o r  l i m i t  equations I 
I I 2 4 I 

3 4 I 
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1. i s  t h e  value of such t h a t  a tangent  t o  tube 1 at t h i s  po in t  
w i l l  h i t  t h e  poin t  where upper s t r u t  1 meets bumper 1 

+ L  v m )  
L2 + t2 

( 0  ) = s i n  
I C  

2. The lower l i m i t  is  determined by a t a n g e n t  t o  tube 1 
R - t s i n  81 

COS el (x1)2 = 

I 
3. The upper l i m i t  is  t h e  m a x i m u m  poss ib le  value of XI, t h a t  is, t h e  

poin t  where upper s t r u t  1 meets bumper 1 

4. Upper s t r u t  1 i s  not  visible from tube 1 for t h i s  range of  81. 

Case B7: Upper S t r u t  1 t o  Tube 1 I 

! 
I View-factor quan t i t i e s  I 

This case i s  r e l a t e d  t o  Case B6 by 

ds,sl dF,Sl’tl = at1 @tl-usl 

1 o r  
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a = x1 - R COS el 

da = R s i n  del 

r = [$ + R2 + t2 - 2R(t s i n  + X1 cos e,) ] 1/2 
R(X1 s i n  - t cos el) 

del d r  = 
r 

L i m i t s  of v i s i b i l i t y  

L i m i t  o f  
v i s i b i l i t y  

Range of independent variable X1  

I tem numbers for l i m i t  equat ions 

1 

2 

1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of 
t h e  po in t  where upper s t r u t  1 meets tube  1 

el, t h a t  is, 

2. The upper l i m i t  i s  always determined by a tangent  t o  tube  1 

Case B8: Upper S t r u t  1 t o  Bumper 2 
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View-factor quan t i t i e s  

a = L + X 1  

aa = o 

Y2 - t 
dY2 d r  = - r 

Limits of v i s i b i l i t y  

v i s i b i l i t y  

1. Bumper 2 is  no t  vis ible  from upper s t r u t  1 f o r  t h i s  range of 

2. ( X l )  is t h e  value of X1 such t h a t  a l i n e  drawn from t h i s  po in t  

Xl. 

C 
tangent  t o  tube  1 w i l l  h i t  bumper 2 a t  t h e  po in t  where bumper 2 meets lower 
strut 2; a t  values  of XI less than t h i s ,  tube 1 occludes t h e  view of bumper 2 

I- I 1 

- t) + L VL2 + (s - t ) 2  - 
- ( S  - t)  fLz + ( S  - t)' - Rz 

c 

3. The lower l i m i t  i s  determined by a tangent  t o  tube  1 

4. The upper l i m i t  i s  t h e  m a x i m u m  possible  value of YE,  t,,at d, t h e  
po in t  where bumper 2 meets lower s t r u t  2 

( Y z )  = s - t 
U 
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Case B9: Upper S t r u t  1 t o  Lower S t r u t  2 

View-factor q u a n t i t i e s  

a = L - W2 + X1 
da  = -dW2 

Limits  of v i s i b i l i t y  

I L i m i t  o f  Range of  independent variable Xi 

I 

I t e m  numbers f o r  l i m i t  equat ions I 

1. Lower s t r u t  2 i s  not  v i s ib le  from upper s t r u t  1 f o r  t h i s  range of Xl. 

2. ( X l ) u c  i s  t h e  value of Xl 
from X1 
less than  t h i s ,  t ube  1 occludes t h e  v i e w  of lower s t r u t  2 

such t h a t  a l i n e  drawn tangent  t o  tube  1 
on upper s t r u t  1 w i l l  a l s o  be tangent  t o  tube  2; a t  va lues  Of XI 

R ( S  - 2 t )  
= 
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3. The upper limit i s  determined by a tangent t o  tube  2 

- t ) 2  + FE: - t[xl d ( s  - t)2 + Xf - R2 + R(S - 
(s - t )  f ( S  - t)‘ + $ - R2 - RX1 

4. (xi)zc i s  t h e  v a h e  of Xl such t h a t  a l i n e  drawn tangent  t o  t u b e  1 

from Xl 
s t r u t  2 

on upper s t r u t  1 w i l l  h i t  t h e  point where bumper 2 meets lower 

r I 1 

- (S - t)  fL2 + (S - t)‘ - - R2 ““i- - t )  + L )/L2 + (s - t ) 2  (x& = -(s - 2 t )  

5. The lower l i m i t  i s  determined by a tangent  t o  tube  1 

R ( I t ( S  - 2 t )  - x;] + X l ( S  - t)  4- i X1R - t {v 1 (w& = L - 

6. The lower l i m i t  i s  t h e  minimum poss ib le  value of W2, that is, the  
po in t  where lower s t r u t ’ 2  meets bumper 2 

m 2 ) z  = 0 

Case B10: Upper s t r u t  1 t o  Tube 2 

View-factor quan t i t i e s  

a = X1 - R cos Q 2  

da = R s i n  Q2 de2 
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r = [R2 + S2 + Xf + t2 + 2t (R s i n  e2 - S )  - 2R(X1 cos e2 + S s i n  e2)1 112  
- 

R[X1 s i n  82 - (S - t ) c o s  e,] 
r d r  = de2 

Limits  of v i s i b i l i t y  

Limit  Range of independent va r i ab le  Xl 
of 
visi- < x1 < (x1) XI = (xllmC (XI) <x,< ( ~ 1 )  (x]-) < XI - < L 
b i l -  
i t y  

mc me uc uc - 
I t e m  numbers f o r  l i m i t  equations 

- 

1. The lower l i m i t  is  always t h e  minimum poss ib l e  value of 
t h e  poin t  where upper s t r u t  2 meets tube  2 

e2, that is ,  

I 

2.  XI)^^ i s  t h e  value of X1 such t h a t  a tangent  t o  tube  1 from t h i s  
po in t  w i l l  h i t  tube 2 a t  B2 = ~ r / 2  

3. (X,) i s  t h e  value of Xl such t h a t  a tangent  t o  tube  1 from t h i s  
uc 

po in t  w i l l  a l s o  be tangent  t o  tube  2 

goo 

goo 

R ( S  - Z t )  
= 

4. The upper l i m i t  i s  determined by a tangent  t o  tube  1 and i s  less than 

(e,)u = 6 

5. The upper l i m i t  is  determined by a tangent  t o  tube  1 and i s  equal  t o  
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(e& = rc - 

6. The upper l i m i t  i s  determined by a tangent t o  tube  1 and is g r e a t e r  
than  90' 

s i n  -1 

. 
For items 4, 5, and 

where 

Rt + Xl v$ + t2 - R2 
s i n  E = 

and 

RX1 - t t v  
cos E = x1 2 2  + t 

7. The upper l i m i t  is  determined by a tangent t o  tube 2 - 
2 X1 d ( S  - t)' + Xl - R2 + R S - t)] 

(s - t ) 2  + 3 I 

Case B11: Upper S t r u t  1 t o  Upper S t r u t  2 
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. 

Limit of 
v i s  i b  ili t y  

. 

Range of independent va r i ab le  X i  

View-factor q u a n t i t i e s  

a = X  2 - X l  

da = 

I Item numbers f o r  l i m i t  equations I 
I 

( X 2 ) l  I 1 1 
I (x2)u I 2 

1. The lower l i m i t  i s  always t h e  m i n i m u m  poss ib le  value of 
t h e  point where upper strut 2 meets tube  2 

X2, t h a t  is, 

2. The upper l i m i t  i s  always t h e  maximum 
t h e  point where upper s t r u t  2 meets bumper 1 

Case B12: Upper S t r u t  1 

tZ 

poss ib le  value of X2, t h a t  is, 

t o  Bumper 1 
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View-factor quan t i t i e s  

r =  

L i m i t  of 
v i s i b i l i t y  

a = L - X 1  

da  = 0 

L i m i t s  of v i s i b i l i t y  

Range of independent va r i ab le  X1 

{ R n  - < X1 - < L 

Item numbers f o r  l i m i t  equations 

1 

2 

1. The lower l i m i t  i s  always t’ne inliiiniiim possible value cf Yi, thz t  is > 
t h e  po in t  where upper strut 1 meets bumper1 

‘Y1’2 = t 

2. The upper l i m i t  i s  always t h e  m a x i m u m  poss ib l e  value of Y1, t h a t  is, 
t h e  po in t  where upper s t r u t  2 meets bumper1 

(Y1) = s - t 
U 

Case B13: Bumper 1 t o  Upper S t r u t  1 
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View-factor q u a n t i t i e s  

This case i s  r e l a t e d  t o  Case B12 by 

dSbl dFbl-usl = dsusl dEusl-bl 

o r  

a = Y 1 - t  

da = 0 

Xl - L 
d r  = r 

L i m i t s  of v i s i b i l i t y  

I 
v i s i b i l i t y  

1 

1. The lower l i m i t  i s  always t h e  minimum poss ib le  value of XI, t h a t  is, 
t h e  poin t  where upper s t r u t  1 meets tube 1 

(XI), = f R 2  - t2 

2. The upper l i m i t  i s  always t h e  m a x i m u m  poss ib le  value of Xi, t h a t  is, 
t h e  poin t  where upper s t r u t  1 meets bumper 1 

= L 
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. 

L i m i t  of 
v i s i b i l i t y  

(e,) 7, 

Case B14: Bumper 1 t o  Tube 1 

I Y1 

Range of  independent variable Y1 

t 5 Y 1  < (Yl), y1 = ( Y l ) ,  (Yl)c  < y1 - < s/2 

I t e m  numbers f o r  l i m i t  equations 

1 1 1 

3 4 5 

View-factor quantities 

This case is related t o  Case B5 by 

dSbl *bl-t l  = dStl *tl-bl 

a = Y1 - R s i n  8 1  

da = -R cos del 

r = k: + R2 + L2 - 2R(Y1 s i n  + L  cos e,,] 1/2 

R ( L  s i n  - y1 cos e,) 
r del d r  = 
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. 
1. The lower l i m i t  is always the minimum poss ib l e  value of el, t h a t  i s ,  

t h e  point  where upper s t r u t  1 meets tube  1 

2. (Yl)c i s  t h e  value of Y1 
el = 90° 

such t h a t  a tangent  t o  tube  1 from t h i s  
po in t  w i l l  h i t  tube  1 a t  

3. The upper l i m i t  i s  determined by a t angen t ' t o  tube  1 and i s  less than 
900 

4. The upper l i m i t  i s  determined by a tangent  t o  tube  1 and i s  equal  t o  
goo 

5. The upper l i m i t  is determined by a tangent  t o  tube 1 and is g r e a t e r  
t han  90' 

Case B15: Bumper 1 t o  Lower S t r u t  1 
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View-factor quan t i t i e s  

a = Y l - t  

da = 0 

Wl - 2L 
d r  = r awl 

L i m i t s  o f  v i s i b i l i t y  

v i s i b i l i t y  

1. Lower s t r u t  1 i s  not v i s i b l e  from bumper 3 for t h i s  range of 

2. ( Y l ) ,  

Y1. 

i s  t h e  value of Y1 such t h a t  a tangent  t o  tube 1 from t h i s  
po in t  w i l l  h i t  t h e  point  where lower s t r u t  1 meets bumper 2; a t  values of 
less than t h i s ,  tube 1 occludes t h e  view of l o w e r  s t r u t  1 

Y1 

R(2L2 + t2) - L t  )/t2 + Lz - R2 

R t  + L  i m  (Yl)c = 

3. The lower l i m i t  is  t h e  minimum possible  v d u e  of W1, t h a t  is, t h e  
poin t  where lower s t r u t  1 meets bumper 2 

(y), = 0 

- Y l t  + 3)  - L t  

4. The upper l i m i t  is determined by a tangent  t o  t-&e 1 

( W d U  
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Case B16: Bumper 1 t o  Bumper 2 

L i m i t  of 
v i s i b i l i t y  

, y1 

Range of independent va r i ab le  Y1 
I 

I ' Z  

View-factor q u a n t i t i e s  

a = Y2 - Y 1  

aa = ay2 

dY2 
y2 - y1 d r =  r 

L i m i t s  of v i s i b i l i t y  

I t e m  numbers f o r  l i m i t  equat ions 

I (y2) ,  I 2 3 I 

I I I 1 

I I I t e m  numbers for l i m i t  equat ions I 
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1. ( Y 1 ) l c  is  t h e  value of Y1 such t h a t  a tangent  t o  tube 1 from t h i s  
po in t  w i l l  h i t  t h e  point  where lower s t rut1 meets bumper 2 

2. The lower l i m i t  is determined by a tangent t o  tube 1 

L ' L  

RY1 + L 4 Y f  + L2 - R2 

3. The lower l i m i t  i s  t h e  minimum possible  value of Y2, t h a t  is, t h e  
poin t  where lower s t r u t  1 meets bumper 2 

0 2 4  = t 

4. (Yl)uc is t h e  value of Y1 such t h a t  a tangent  t o  tube 2 f r o m  t h i s  

po in t  w i l l  h i t  t h e  point  where lower s t r u t  2 meets bumper 2 

R l t ( S  - t)  - 2L2] + L(S + t)  vt2 + L2 - R2 fY , )  = 
'-I'uc 

R t  + L I t 2  + L2 - R2 

5. The upper l i m i t  i s  t h e  m a x i m u m  possible  value of Y2,  t h a t  i s ,  t h e  
poin t  where lower strut 2 meets bumper 2 

6. The upper l i m i t  is  determined by a t a n g e n t  t o  tube 2 

RIY1(S - Y 1 )  - 2L2] + L ( Z S  - Y1) d L 2  + (S - Y1)2 - R Z  

L i L 2  + (S - Y1) '  - R2 + R ( S  - Y 1 )  
(y2)u = 

It i s  poss ib le  t h a t  i n  some cases t h e  dimensions of t h e  configurat ion could be 
S U C ~  tl&e 1 c n d d  completely occlude t h e  view of bumper 2 f o r  some values 
of Y1. I n  order  t o  determine i f  such i s  the  case, compute t h e  value of ( Y 2 ) l  
as  given by i tem number 2 and c a l l  it (Yz)e .  If (Y2)  > S - t where S - t 
i s  t h e  m a x i m u m  poss ib le  value of 
and ( Y Z ) ~  = 0 
occluded by tube  1 and t h e  l i m i t s  are those given i n  t h e  table. 

c -  
Y2, then tube 1 occludes t h e  v i e w  of bumper 2 

and ( Y Z ) ~  = 0. If ( Y 2 ) c  < S - t, however, then bumper 2 i s  rrot 

. 
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Case B17: Bumper 1 t o  Lower S t r u t  2 +- 

View-factor q u a n t i t i e s  

a = S - t - Y 1  

da = 0 

r = ~ ( s  - t - Y1)2 + (2L - 
L 

L i m i t  of 
v i s i b i l i t y  

w2 - 2L 
dW2 d r  = 

r 

L i m i t s  of v i s i b i l i t y  

Range of independent va r i ab le  Y 1  
I 

Item numbers f o r  l i m i t  equations 

2 4 I 
3 4 

1. (Yl)c is  t h e  value of Y1 such t h a t  a tangent  t o  tube  2 from t h i s  
po in t  w i l l  h i t  t h e  poin t  where lower s t r u t  2 meets bumper 2; a t  values Of Y 1  
g r e a t e r  than t h i s ,  tube 2 occludes t h e  v i e w  of lower s t r u t  2 

R[t(S - t )  - 2L2] + L(S + t )  v L 2  + t2 - R2 
( Y l ) ,  = 

R t  + L fm 
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2. The lower l i m i t  is t h e  m i n i m u m  possible value of W2,.that is, t h e  
poin t  where lower s t r u t  2 meets bumper 2 

3. The upper l i m i t  i s  determined by a tangent t o  tube 2 

fL2 + (S - Y1)2 - R2 + R ( S  - Y1) 
- Y1) f L 2  + (S - Y1)' - R2 - RL 1 (w2)u = 2L - (s - Y1 - t)  

4. Lower s t r u t  2 is not v i s i b l e  from bumper 1 for t h i s  range of Y1. 

Case B18: Bumper 1 t o  Tube 2 

. 

View-f a c t o r  quant i t ies  

a = S - Y1 - R s i n  82 

da = -R COS e2 de2 

( L  - R cos 82)R s i n  02 - R ( S  - Y1 - R s i n  82)cos 82 
r de2 dr = 
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Limit of 
v i s i b i l i t y  

1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of  02, t h a t  is, 
t h e  point where upper s t r u t  2 meets tube  2 

Range of independent variable Y1 

t 5 y1 < (yl)mc y1 = (yl)mc (y l )mc < y1 < ( Y l ) u c  (Y1)uc 5 y 1  - < s/; 
I t e m  numbers for l i m i t  equations 

( e  ) = s in -  
2 2  

2. ( Y l ) u c  is  t h e  value of Y 1  such t h a t  a tangent  t o  tube  1 from t h i s  

po in t  w i l l  a l s o  be tangent  t o  tube  2 

SR - L )/S2 - 4R2 
2R (q)uc = 

3. (Yl)mc i s  t h e  value of Y 1  such t h a t  a tangent  t o  tube  1 from t h i s  
po in t  w i l l  h i t  tube 2 a t  G 2  = f i /Z  

- R ( S  - R )  - L d S ( S  - Z R )  Wmc - R 

goo 

900 

4. The upper l i m i t  i s  determined by a tangent  t o  tube  1 and is l e s s  than  

5. The upper l i m i t  is  determined by a tangent  t o  tube  1 and is  equal  t o  

6. The upper l i m i t  i s  determined by a tangent  t o  tube  1 and i s  g r e a t e r  
than  90' 

rl 
= + 161 

For i t e m s  4, 5, and 6, 



where 

Y1R + L 4- 
s i n  w = 

2 2  Y1 + L 

7. The upper l i m i t  i s  determined by a tangent t o  tube 2 

\ 

Case B19: Bumper 1 t o  Upper S t r u t  2 
... 

View-factor quant i t ies  

a = S -  Y1 - t 
aa = o 

L - x2 
a 2  d r  = - 

7? 

L i m i t s  of v i s i b i l i t y  

v i s i b i l i t y  

2 
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1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of Xz; t h a t  i s ,  
t h e  point where upper s t r u t  2 meets tube  2 

2. The upper l i m i t  i s  always t h e  m a x i m u m  poss ib l e  value of X2, t h a t  is ,  
t h e  point where upper s t r u t  2 meets bumper 1 

Configuration C:  All Cases 

H-1 I 
-S- 

This configurat ion i s  a s p e c i a l  case of configurat ion B where L = R. The 
view f a c t o r s  and limits of v i s i b i l i t y  f o r  t h i s  configurat ion can be obtained by 
s u b s t i t u t i o n  i n t o  t h e  corresponding equations of t h e  cases  of configurat ion B. 
Note t h a t  t may vary from zero t o  R. (When t - > R, then t h e  tube  su r face  no 
longer  cont r ibu tes  t o  t h e  r ad ian t  interchange. ) 

Configuration D: All Cases 

P S  +t 

This configurat ion i s  a s p e c i a l  case of configurat ion C where bumper 2 has 
been removed. The v i e w  f a c t o r s  and l i m i t s  of v i s i b i l i t y  f o r  t h i s  configurat ion 
can be obtained from t h e  corresponding equations of t h e  cases  of configura- 
t i o n  C t ha t  apply here. 

50 



. 

Limit 
of 

v i s i -  
b i l -  

i t y  

Case E l :  Tube t o  Inside of Bumper 

Range of independent va r i ab le  et 

-1 t d 
s i n  (Rt) 5 e t  < (et)Uc e t  = (e t )Uc (e t IUc  < e t  <(et)zc ( 8 t ) z c  < 8% I 

I t e m  numbers for l i m i t  equations 

View-factor quan t i t i e s  

a = Rm s in (Qt  - em) 

da = - R n  cos ( e t  - e n )  deIb 

L imi t s  of v i s i b i l i t y  

1. i s  t h e  value of et such tha t  a tangent  t o  t h e  tube a t  t h i s  
pint. will hit the poin t  where i n s i d e  f i n  lmeets  i n s i d e  of t h e  bumper 

2. The lower l i m i t  is t h e  minimum possible  value of O n , ,  t h a t  is, t h e  
poin t  where i n s i d e  f i n  1 meets i n s i d e  of bumper 
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3. The lower l i m i t  i s  determined by a tangent  t o  t h e  tube  

- “1 s i n  et - cos et ~ R L  
= s i n  

4. i s  t h e  value of 8% such t h a t  a tangent  t o  t h e  tube  a t  t h i s  
po in t  w i l l  h i t  t h e  i n s i d e  of t h e  bumper a t  e Ib  = rr/2 

5. The upper l i m i t  i s  determined by a tangent  t o  t h e  tube  and i s  less 
than  90’ 

6. The upper l i m i t  i s  determined by a tangent  t o  t h e  tube  and i s  equal  t o  
goo 

7. The upper l i m i t  i s  determined by a tangent  t o  t h e  tube  and i s  g r e a t e r  
than 90’ 

For items 5, 6, and 7, 

Case E2: Tube t o  Ins ide  F in  1 

5 2  



. 

( X d U  

View-factor quan t i t i e s  

3 4 

The view f a c t o r  for t h i s  case can be obtained from Case A3 by making t h e  
following subs t i t u t ions :  

where t h e  s u b s c r i p t s  denote t h e  case t o  which t h e  symbol belongs. Then 

a = Xl s i n  et  - t cos et 

r = [< + Q 2 + t2 - 2 R t ( X 1  cos e t  + t s i n  et)] 1/2 

L i m i t s  of v i s i b i l i t y  

Limit of 1 Range of independent va r i ab le  e+., I 

I t e m  numbers f o r  l i m i t  equations 1 

1. The lower l i m i t  is  determined by a tangent  t o  t h e  tube  

2. ( e t ) c  i s  t h e  value of et such t h a t  a tangent  t o  t h e  tube  at  this 
po in t  w i l l  h i t  t h e  poin t  where i n s i d e  f i n  i meets i n s i d e  of bimper; at rm Y &Jes 
of e t  l a r g e r  than  t h i s ,  tube  1 occludes the  view of i n s i d e  f i n  1 

(e& = sin-1 
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(e t ) , ,  

3. The upper l i m i t  i s  t h e  maximum poss ib l e  value of X l ,  t h a t  is, t h e  
po in t  where i n s i d e  f i n  1 meets i n s i d e  of t h e  bumper 

( X l ) ,  = 

4. Ins ide  f i n  1 i s  not  v i s i b l e  from t h e  tube f o r  t h i s  range of et. 

2 

Case E3: In s ide  Fin 1 t o  Tube 

View-factor q u a n t i t i e s  

This case i s  r e l a t e d  t o  Case E2 by 

=If1 UIf1-t = =t %-I f1  

o r  

a = XI - R+, cos e t  

da = R t  s i n  0 t  de t  

r = [X: + R t  2 + t2 - 2 R t ( t  s i n  B t  + Xl cos et)] 1 1 2  

R t ( X 1  s i n  et - t cos e t )  
d r =  r d*t 

L i m i t s  of v i s i b i l i t y  

L i m i t  of 
v i s i b i l i t y  

IRange of independent va r i ab le  XI I 

I t e m  numbers f o r  l i m i t  equat ions 

I 1 I 
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1. The lower l i m i t  i s  always t h e  minimum poss ib l e  value of e t ,  that  is, 
t h e  poin t  where i n s i d e  f i n  1 meets t h e  tube 

2. The upper l i m i t  i s  determined by a tangent t o  t h e  tube 

(e& = cos-1 fix1 - t i-) 
x? + t 2  

Case E4: In s ide  Fin 1 t o  Ins ide  of Bumper 

View-factor quan t i t i e s  

a = R n  cos 6Ib - Xl 

da = -Rib Sin 8Ib den, 

RIbXl s i n  - R n t  cos BIb 
dr = deIb r 

Limits  of v i s i b i l i t y  

v i s i b i l i t y  

Item numbers for l i m i t  equations 

1 1 
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1. The lower l i m i t  is  always t h e  minimum poss ib l e  value of 
t h e  point where i n s i d e  f i n  1 meets i n s i d e  of bumper 

8Ib, t h a t  is ,  

2. i s  t h e  value of X, such t h a t  a tangent  t o  t h e  tube  from t h i s  
po in t  w i l l  h i t  t h e  i n s i d e  of t h e  bumper a t  8Ib = fi/2 

3. The upper l i m i t  is determined by a tangent  t o  t h e  tube and i s  l e s s  
than 90' 

4. The upper limit is determined by a tangent  t o  t h e  tube  and i s  equal  t o  
900 

5. The upper l i m i t  is  determined by a tangent  t o  t h e  tube  and is  g r e a t e r  
than  90' 

I 6 1  = fi - 

For items 3, 4, and 5, - 

( t R t  + Xi VX-) f (X1Rt - t (w) -t; %b(g + t2) 
6 = s i n  

- 

56 

Case E5: I n s i d e  of Bumper t o  I n s i d e  F in  1 



View-factor quan t i t i e s  

This case is  related t o  Case E4 by 

o r  

a = X l  s i n  B n  - t cos 8Ib 

da  = s i n  dXl 

v i s i b i l i t y  

L l m i t s  o f  v i s i b i l i t y  

Range of independent variable 81- 

I 
I t e m  numbers f o r  l i m i t  equations 

2 I 3 

4 4 .  

1. (8Ib )  i s  t h e  value of such t h a t  a tangent  t o  t h e  tube  from 
C 

t h i s  p o i n t  w i l l  h i t  t h e  tube  a t  t h e  po in t  where i n s i d e  f i n  1 meets t h e  tube  

2. The lower l i m i t  is  t h e  minimum poss ib le  value of Xl, t h a t  is, t h e  
po in t  where i n s i d e  f i n  1 meets t h e  tube  
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3. The lower l i m i t  is  determined by a tangent  t o  t h e  tube 

4. The upper l i m i t  i s  t h e  maximum poss ib l e  value of XI, t h a t  i s ,  t h e  
po in t  where i n s i d e  f i n  1 meets i n s i d e  of bumper 

It i s  possible  t h a t  i n  some cases  t h e  dimensions of t h e  conf igura t ion  could be 
such t h a t  t h e  tube  could occlude t h e  view of i n s i d e  f i n  1 f o r  some values  
of  8Ib. I n  order  t o  determine i f  such i s  t h e  case,  compute t h e  value O f  

(Xi), 
where d v  i s  t h e  m a x i m u m  poss ib l e  value of X1, then t h e  tube  occludes 
t h e  view of i n s i d e  f i n  1 and 

fm, however, then  i n s i d e  f i n  1 is  not occluded by t h e  tube and t h e  
l i m i t s  a re  those  given i n  t h e  table. 

as given by item number 3 and c a l l  it (X,) C . 
and ( X l ) u  = 0. 

If (Xl) c -  > i F  
(Xi) , = 0 If ( X i ) ,  < 

Case E6: In s ide  of Bumper t o  Tube 1 

View-factor q u a n t i t i e s  

This case i s  related t o  Case E l  by 

o r  
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da = % cos(et  - eD)det 

1. is t h e  value of 8Ib such t h a t  a tangent t o  t h e  tube  from 
t h i s  po in t  w i l l  be  tangent at  t h e  po in t  where i n s i d e  f i n  1 meets t h e  tu3e  

I- 1 

2. The lower l i m i t  i s  t h e  minimum poss ib le  value of et, t h a t  is, t h e  
po in t  where i n s i d e  f i n  1 meets t h e  tube  

3. The lower l i m i t  i s  determined by a tangent t o  t h e  tube  

R s i n  8Ib - { F d  cos 81b 

lFt RIh 1 ( e t ) 2  = sin-  

4. (en),, i s  t h e  value of 8Ib such t h a t  a tangent t o  t h e  tube  from 
t h i s  po in t  w i l l  h i t  t h e  tube  a t  Bt = 5(/2 

5. The upper l i m i t  is determined by a tangent t o  t h e  tube and i s  less 
than  90° 
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6. The upper l i m i t  is determined by a tangent  t o  t h e  tube  and i s  equal  
to 900 

7. The upper l i m i t  i s  determined by a t a n g e n t , t o  t h e  tube  and is g r e a t e r  
t han  90' 

For items 5, 6, and 7, 

Case E7: I n s i d e  of Bumper t o  Ins ide  F in  2 

60 

View-factor q u a n t i t i e s  

a = X, s i n  8n I- t cos 81- 

da = s i n  8Ib dX2 

.L 

Limits o r  v i s i b i l i t y  

v i s i b i l i t y  



1. I n s i d e  f i n  2 i s  no t  vis ible  from the  i n s i d e  of t h e  bumper for t h i s  
range of 8Ib. 

2. (e,)c 

8Ib 

is t h e  value of 

less  than  t h i s ,  tube  1 occludes t h e  v i e w  of i n s i d e  f i n  2 

8Ib such t h a t  a tangent  t o  t h e  tube  from t h i s  
po in t  w i l l  h i t  t h e  po in t  where i n s i d e  f i n  2 meets i n s i d e  of t h e  bumper; a t  
values  of 

3. The lower l i m i t  i s  determined by a tangent t o  t h e  tube  

4. The upper l i m i t  is  t h e  m a x i m u m  poss ib le  value of  X2, that  is, t h e  
po in t  where i n s i d e  f i n  2 meets i n s i d e  of bumper 

Case E8: Ins ide  Bumper t o  I n s i d e  Bumper 

This  i s  t h e  only case considered thus  far i n  which a surface can v i e w  
i tself .  To avoid confusion i n  terminology, t h e  independent variable w i l l  be 
suijsci-ipted fzlr 2zsc =n-&.- 

View-factor quan t i t i e s  
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2 
sin(eIb " 'Ibl) deIb d r  = 

r 

Limit  of 
v i s i b i l i t y  

Range of independent va r i ab le  BIbl 

lr 
A sin-1($) 5 ',l ' (e ,~)  (en,) _< eIbl - < -  2 

C C 
I 

I tem numbers f o r  l i m i t  equations 
I 

3 

1 

4 

1 

1. The lower limit is t h e  minimum poss ib l e  value of eIb,  t h a t  is, t h e  
po in t  where i n s i d e  f i n  1 meets i n s i d e  of bumper 

2. (en,)  i s  t h e  value of 81bl such t h a t  a tangent  t o  t h e  tube from 
C 

t h i s  point  w i l l  h i t  t h e  poin t  where i n s i d e  f i n  2 meets i n s i d e  of bumper 

3. The upper l i m i t  i s  determined by a tangent  t o  t h e  tube 

4. The upper l i m i t  is  t h e  maximum poss ib l e  value of @Ib, t h a t  is, t h e  
po in t  where i n s i d e  f i n  2 meets i n s i d e  of bumper 

It i s  possible  t h a t  i n  some cases  t h e  dimensions of t h e  conf igura t ion  could be 
such t h a t  t h e  tube could i n t e r f e r e  with t h e  lower l i m i t  of v i s i b i l i t y .  
order  t o  determine i f  such i s  t h e  case, compute t h e  following value Of (e,)c: 

I n  
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* -------A 2L 

X 

If  

Bib, then t h e  tube  does not  i n t e r f e r e  with the  lower l i m i t  and 
by item number 1. 
determined by a tangent  t o  t h e  tube and 

- < s in - l ( t /RIb )  where s i n - l ( t / R n )  i s  t h e  minimum poss ib l e  value of 
L. 

is  given 
If (em), > s i n ' l ( t / R n ) ,  however, then  t h e  lower l i m i t  i s  

L 

= ( e n ) c .  

Cases E9, E10, Ell, and E12 

The view f a c t o r s  and limits of v i s i b i l i t y  f o r  t hese  cases  can be obtained 
from t h e  corresponding cases of configurat ion As by making t h e  following sub- 
s t i t u t i o n s :  

where t h e  s u b s c r i p t s  denote t h e  case t o  which t h e  symbol belongs. Then 

Case E9: Outside bumper 1 t o  outs ide  bumper 2 (use  Case A l l ) .  

Case E10: Outside bumper 1 t o  outs ide  f i n  (use Case A'3). 

Case E l l :  Outside f i n  t o  outs ide  bumper 1 (use Case A ' 4 ) .  

Case E12: Outside f i n  t o  outs ide  bumper 2 (use Case A'5) .  

CONCLUDING RENARKS 

The r o l e  of t h e  view f a c t o r  i n  rad ia t ion  hea t - t r ans fe r  ca l cu la t ions  is  
discussed. A genera l  formula i s  derived f o r  t h e  view f a c t o r  between f i n i t e l y  
or i n f i n i t e l y  long d i f f e ren t i a l .  s t r i p s  of general  c y l i n d r i c a l  sur faces  having 
p a r a l l e l  genera t ing  l i n e s .  The view-factor formula f o r  f i n i t e  length  i s  not 
s i g n i f i c a n t l y  more complicated than t h a t  f o r  i n f i n i t e  length  and can be j u s t  
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as readi ly  used. V i e w  f a c t o r s  obtained by t h e  genera l  formula a r e  presented 
f o r  various p a i r s  of d i f f e r e n t i a l  s t r i p s  of s i x  d i f f e r e n t  systems of c i r c u l a r  
cyl inders  and planes c h a r a c t e r i s t i c  of  r a d i a t o r  f in- tube  geometries. The 
l i m i t s  of v i s i b i l i t y  from each su r face  t o  a l l  v i s i b l e  su r faces  of each system 
are a l s o  presented. 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 6, 1964 
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APPENDIX - SYMBOLS 

area 

p ro jec t ion  of onto plane perpendicular t o  normal t o  s t r i p  1 

r a d i o s i t y ,  t o t a l  r a d i a n t  energy p e r  u n i t  area and per  u n i t  t i m e  l eav ing  

r 

s u r f  ace 

view f a c t o r ,  f r a c t i o n  of t o t a l  r ad ian t  energy t h a t  leaves  one su r face  and 
s t r i k e s  another  

view f a c t o r  between d i f f e r e n t i a l  elements 

i nc iden t  r a d i a n t  energy p e r  u n i t  area and p e r  u n i t  t i m e  on su r face  from 
e x t e r n a l  sources,  such as sun o r  p lane ts  

t o t a l  i nc iden t  energy pe r  u n i t  area and pe r  u n i t  t i m e  on su r face  

index of su r face  

index of increment of su r f ace  

ha l f  d i s t ance  between tube centers  f o r  configurat ions A, A', and E; d i s -  
t ance  between tube  cen te r  and bumper for configurat ions B, c, and D 

number of sur faces  v i s ib le  t o  c e r t a i n  sur face  

tube  r ad ius  f o r  configurat ions A t o  E 

d i s t ance  between d i f f e r e n t i a l  elements dA1 and dAz 

d i s t ance  between d i f f e r e n t i a l  s t r i p s  

gene ra l  surface;  d i s t ance  between tube  centers  f o r  conf igura t ion  B 

p a r t i c u l a r  po in t  on su r face  

temperature  

f i n  ha l f  th ickness  f o r  conf igura t ions  A t o  E 

mid-fin h a l f  th ickness  f o r  configurat ion A 

f i n  ha l f  th ickness  a t  tube f o r  configurat ion A 

lower strut coordinate  f o r  configurat ions B and C 

f i n  coord ina te  f o r  conf igura t ions  A, A',  and E; upper strut coordinate  f o r  
conf igura t ions  B, C,  and D 

bumper coordinate  f o r  configurat ions B, C, and D 

65 



Z 

P 

E 

e 
X 

P 

0 

cp 

If 
dm 

longi tudina l  length  of r a d i a t o r  segment 

t ape r  angle  of f i n  f o r  configurat ion A 

emittance 

tube coordinate f o r  configurat ions A t o  E 

angle from l i n e  normal t o  area element 1 t o  l i n e  jo in ing  t h i s  element and 
area  element 2 

r e f l e c t i v i t y  

Stefan-Boltzmann constant  

angle between normal t o  s t r i p  1 and s h o r t e s t  l i n e  jo in ing  s t r i p  1 and 
s t r i p  2 

angle between r and 9 

so l id  angle  subtended a t  dA1 by dA2 

Subscripts  I 

dA 

b 

C 

f 

i 

Ib 

If 

2 

2c 

2s 

mc 

Ob 

t 
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d i f f e r e n t i a l  element of a r ea  

bumper 

c r i t i c a l  value 

f i n  

sur face  i 

ins ide  c y l i n d r i c a l  bumper, configurat ion E 

in s ide  f i n  

increment j 

lower l i m i t  of v i s i b i l i t y  or i n t e g r a t i o n  

c r i t i c a l  value on lower l i m i t  

lower s t r u t ,  configurat ions B and C 

middle c r i t i c a l  value 

outs ide c y l i n d r i c a l  bumper, conf igura t ion  E 

tube, configurat ions A t o  E 



c . 

U 

uc 

us 

1 

2 

3 

upper l i m i t  of v i s i b i l i t y  o r  in tegra t ion  

c r i t i c a l  value on upper l i m i t  

upper s t r u t ,  configurat ions B, C, and D 

sur face  1 

surface  2 

sur face  3 
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