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TKERMAL RADIATION PERFORMANCE OF A 
FINNED TUBE WITH A REFLFCTOR 

R .  S. Holcomb 
F. E. Lynch 

ABSTRACT 

The thermal performance has been experimentally de- 
termined f o r  an e l e c t r i c a l l y  heated, finned tube with a 
r e f l e c t o r  t h a t  simulates one-half the  length of a tube of 
t h e  Large Potassium System r a a i a t o r .  The t e s t  sect ion con- 
sisted of a 0.625-in.-OD car t r idge  heater  rod with three 
f i n s  1.288 in .  wide, made of 0.030 in .  t h i c k  copper clad 
with 0.005 in .  t h i c k  s t a i n l e s s  s t e e l .  The heated length 
w a s  42 in .  

t r a n s f e r  r a t e s  up t o  4400 Btu/hr-ft.  The performance was 
investigated with a rad ia t ion  b a f f l e  t o  increase the  t e m -  
perature a t  low heat loads, with the  back of the  r e f l e c t o r  
insulated,  and a t  air  pressures from atmospheric t o  2 m Hg 
absolute.  

The r e s u l t s  of the experiments a r e  presented as graphs 

Surface temperatures were measured f o r  l i n e a r  heat 

of l i n e a r  heat- t ransfer  rate versus fin-base temperature and 
as p l o t s  of the temperature d i s t r i b u t i o n  on t h e  tube and 
f i n s .  The l i n e a r  heat- t ransfer  r a t e  i n  a vacuum could be 
correlated with t h e  average fin-base temperature by the  
following equation: 

The calculated performance of t h e  r a d i a t o r  tube i s  pre- 
sented f o r  the  i d e a l  case of a uniform tube surface tempera- 
ture.  

INTRODUCTION 

The experiments described i n  t h i s  memorandum were performed t o  de te r -  

mine the  hea t - t ransfer  c h a r a c t e r i s t i c s  of a finned e l e c t r i c  car t r idge  heater  

designed t o  simulate ha l f  the’ length of a tube of the Large Potassium System 

(LPS) radiator.’ 

d i s t r i b u t i o n  across t h e  heater rod and f i n s  as a function of the  heat 

The experiments were designed t o  obtain the  temperature 
I 
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generation r a t e  with a r e f l e c t i n g  shu t t e r  open or closed i n  a i r  a t  

prsssures from atmospheric t o  2 mm Hg absolute .  

The LPS r ad ia to r  cons i s t s  of finned, t ape red  tubes, 7 f t  i n  length, 

The tubes are v e r t i -  arranged on an 8- in .  p i t ch  i n  a 10-ft-diam c i r c l e .  

ca l ,  and taper  from an ID of 1.1 in .  a t  t h e  top t o  0.3 i n .  a t  t h e  bottom. 

Three f i n s  of copper clad with stainless s t e e l  a r e  brazed t o  each tube.  

A double-curved c i r c u l a r  a r c  aluminum r e f l e c t o r  t r ea t ed  by the  Alzak pro- 

cess  t o  give high r e f l e c t i v i t y  i s  attached t o  the  center  f i n  of each tube.  

A c ross  sect ion of t h e  r ad ia to r  and r e f l e c t o r  conf igura t ion’ i s  shown i n  

Fig.  1. The tubes a r e  welded t o  r ing  manifolds a t  the  top  and bottom t o  

form a tube bank. Two of these tube banks compose the  complete r ad ia to r  

f o r  t he  LPS (see Fig.  2 ) .  

1 

The c i r c u l a r  configuration of t he  LPS r ad ia to r  w a s  chosen t o  test  

the  performance of a near-optimum design f o r  space power p l an t  appl ica t ions .  

The key fea tures  of t h e  design a r e  t h e  r e f l e c t o r s  and shu t t e r s .  The re- 

f l e c t o r s  serve t o  make the  back of t he  tubes e f f ec t ive  f o r  heat removal by 

r e f l e c t i n g  t h e  heat away from t h e  f i n s  outward i n t o  space. - T h i s  i s  accom- 

plished by making t h e  r e f l e c t o r  of two cy l ind r i ca l  surfaces,  each having a 
radius  equal t o  t h e  dis tance between t h e  t i p s  of adjacent f i n s  with i t s  

center  a t  the  t i p  of t he  s ide f i n .  With a pe r fec t ly  specular surface on 

the  r e f l ec to r ,  each ray from t h e  r ad ia to r  t h a t  s t r i k e s  the  r e f l e c t o r  w i l l  

be re f lec ted  at an equal and opposite angle.  A s  shown i n  Fig.  1, a ray  

from any point  on the  r ad ia to r  w i l l  leave t h e  r e f l e c t o r  i n  a d i r e c t i o n  

such t h a t  it w i l l  not in te rcept  t he  r ad ia to r  surfaces .2  

be closed t o  maintain higher temperatures and, consequently, higher potas- 

sium vapor pressures  f o r  part-load operation. 

des i rab le  t o  provide cavi ta t ion  suppression head f o r  t he  scavenging pump 

and t o  avoid excessive vapor v e l o c i t i e s .  

The shu t t e r s  can 

The higher pressures  a r e  

3, 4 

The LPS r ad ia to r  will give up i t s  heat t o  water-cooled w a l l s  on both 

the  ins ide  and outs ide of t he  r ad ia to r .   the ins ide  water w a l l  i s  provided 

t o  cool  t he  r e f l e c t o r  i n  case it should run h o t t e r  than an t ic ipa ted .  I n ,  

t h e  LPS t e s t s  t h e  r ad ia to r  enclosure was designed t o  be open t o  t h e  atmo- 

sphere s o  t h a t  t h e  r ad ia to r  would a l s o  be cooled by f r e e  convection. 
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5 . 
The t e s t  on the  e l e c t r i c a l l y  heated simulated rad ia tor - tube  w a s  

designed t o  determine i t s  heat t r a n s f e r  performance f o r  t h e  conditions t o  

be encountered both i n  the  operation of t he  LPS and i n  a space environ- 

ment. Surface temperatures were measured with the  shu t t e r  open and 

closed, with and without cooling on t h e  back of t h e  r e f l ec to r ,  and a t  

air  pressures from atmospheric t o  2 mm Hg absolute .  

APPARATUS 

Test Section 

The test  sec t ion  consisted of an e l e c t r i c a l  car t r idge  hea ter  enclosed 

i n  a s t a i n l e s s  s t e e l  tubular  sheath 0.035 in .  t h i ck  with an outs ide diame- 

t e r  of 0.625 in .  

c o i l s  along a 42-in.-long sect ion beginning 6 i n .  from the  end. 

a space of approximately 0.17 in .  between adjacent heating c o i l s  so that 

the  t o t a l  length of t he  1 4  c o i l s  w a s  39.8 i n .  

r a t i n g  of 5000 w a t t s  at  230 v o l t s  ac .  

The heater  had an ove ra l l  length of 54 in .  with 14  hea ter  

There w a s  

The heater  had a power 

Three longi tudina l  f i n s  were attached by brazing t o  the  hea ter  sheath 

a t  0, 90, and 180 deg around the  tube. 

l aye r  composite with 0.005 i n .  t h i ck  l aye r  of s t a i n l e s s  s t e e l  on both 

sides of an inner l aye r  of copper 0.030 in .  t h i ck .  

wide and 43 i n .  long. 

A r e f l e c t o r  made of Alzak process aluminum with the  polished surface 

The f i n s  were made from a three-  

Each f i n  w a s  1.288 in .  

toward the  heater  w a s  fastened t o  t he  center  f i n  at  two poin ts  with s t a in -  

l e s s  s t e e l  c l i p s .  The r e f l e c t o r  w a s  composed of two cy l ind r i ca l  surfaces,  

each extending from the  t i p  of t h e  center  f i n  t o  a point  2.4 in .  from the  

t i p  of the  s ide  f i n s  along a diameter through t h e  center  of t he  heater  

tube.  

t he  center  of curvature w a s  designed t o  coincide with the  t i p  of t he  s ide 

f i n .  The r e f l e c t o r  w a s  44.5 i n .  long. 

The r e f l e c t o r  a r c s  had a radius  of curvature of 2.4 in . ,  because 

The surface of t h e  finned heater  and t h e  back of t h e  r e f l e c t o r  were 

covered with a t h i n  coat of a high emissivi ty  ceramic s i l i cone  paint ,  
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designated commercially as PT-404-A, which w a s  procured from the  Product 

Techniques Corporation. This pa in t  increased the  rad ian t  hea t - t ransfer  ' 

capab i l i t i e s ,  s ince it has a much higher emissivi ty  than the  m i l l  f i n i s h  

metal. 

Shut ters  of two designs were t e s t e d ,  One w a s  made of m i l l  f i n i s h  

aluminum i n  the  shape of a semicircle w i t h  a b i n .  rad ius  and a length 

of 46 in .  

f la t  rectangular  sheet 8 i n .  wide and 46 i n .  long, with b a f f l e s  t o  reduce 

convection a t  the  ends of the  r e f l e c t o r .  The shu t t e r s  were mounted on 

The other  w a s  made of Alzak process polished aluminum i n  a 

aluminum angle sect ions t o  which the  edges of t he  r e f l e c t o r  were at tached.  

The hea ter  w a s  mounted v e r t i c a l l y  on a lava in su la to r  on a bottom 

c i r c u l a r  p l a t e  made of aluminum. The bottom p l a t e  w a s  hung by four  1/2-in.-  

d i m  aluminum t i e  rods from the  l i d :  of t he  vacuum tank. The hea ter  extended 

through a top p l a t e  mounted on t h e  threaded t i e  rods by means of e ight  nuts .  

The angle sec t ions  t h a t  supported the  r e f l e c t o r  and shu t t e r  were attached 

t o  t h e  bottom p l a t e  and were f i t t e d  i n t o  s l o t s  i n  the top p l a t e .  The t e s t  

sec t ion  assembly with the  f la t  shu t t e r  i n  the  open pos i t ion  i s  shown i n  

Fig. 3. A photograph of t h e  curved shu t t e r  i s  shown i n  Fig.  4. 

Vacuum and Cooling Systems 

The test  sec t ion  assembly was i n s t a l l e d  i n  a c y l i n d r i c a l  tank which 
served as a heat s ink and a vacuum enclosure. -The tank w a s  fabricated 

from 1/4-in.-thick carbon s t e e l  p la te ,  ro l l ed  i n t o  a cyl inder  w i t h  an 

ins ide  diameter of 16 i n .  and a length of 61 i n .  

w a s  sealed with a 1/2-in.-thick p l a t e ,  welded t o  the tank. 

f lange with twelve 5/8-in.-diam b o l t  holes  w a s  welded t o  the top of t he  

tank. 

s t e e l  sheet t o  two longi tudina l  s t r i p s  of 1/8 i n .  x 1 i n .  ba r  stock on the  

outs ide of t he  tank. The ins ide  of t he  tank was coated with PT-4044 high 

emissivi ty  pa in t .  It w a s  
bol ted t o  t h e  flange and w a s  sealed with a f l a t  rubber gasket .  

manifolds made of 3/4-in. copper tubing, each of which had f i v e  branches, 

30 deg apart ,  connected t o  the  annulus by s i l v e r  so lder .  

The bottom of the  tank 

A 3/&-in.-thick 

A cooling water annulus w a s  formed by welding 1/8- in . - thick carbon 

The tank l i d  was made from l /g- in . - thick p l a t e .  

Cooling water w a s  supplied t o  the  bottom of t h e  annulus through two 

Manifolds 

I .  



7 

_ _  - -  
; Section Assembly with t h e  F l a t  Shut ter  i n  t h e  Open 
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Fig. 4 .  Curved Shut ter .  
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of the  same design were used t o  co l l ec t  t he  water leaving the  top of t he  

annulus. The water flow w a s  control led by globe valves i n  the  l i n e s  from 

the  water supply header t o  the  i n l e t  manifolds. 

A Cenco Hyvac Model 45 mechanical vacuum pump was used t o  evacuate the  

tank.  

copper tubing. 

The vacuum pump was connected t o  t he  top l i d  of the  tank with 3/4 i n .  

An i s o l a t i o n  valve w a s  located i n  the  l i n e  near t he  tank, 

and a venting valve w a s  positioned on a t e e  off t he  l i n e .  

E l e c t r i c a l  System 

E l e c t r i c a l  power was supplied t o  the  tes t  sec t ion  from a var iable  

transformer which had an output voltage range of 0 t o  270 v o l t s  and a 

maximum power r a t ing  of 7.5 kva. Flexible  cables connected the  var iab le  

transformer t o  insulated binding posts  which passed through t h e  tank l i d  

i n  glands sealed with O-rings. The hea ter  leads were connected t o  the  

binding posts  on the  ins ide  of t he  tank l i d .  

Instrumentat ion 

Temperature measurements were obtained using chromel-alumel thermo- 

couples attached t o  the  surfaces  of the  t e s t  sec t ion  assembly. The thermo- 

couples were made of O.OlO-in.-diam wire covered with g l a s s  insu la t ion .  

The thermocouples on the  heater  surface and water w a l l  were threaded 

through two-hole ceramic insu la tors ,  and the  junctions were spot-welded 

t o  the  surface.  The thermocouples were supported with a wire c l i p  placed 

over the ceramic insu la tor  and spot welded t o  the surface a t  each end. 

The thermocouples on the  r e f l e c t o r  and shu t t e r  were attached by mounting 

the  junction beneath the  head of a No. 3 sheet metal screw threaded through 

t h e  aluminum. The thermocouples were located a t  two a x i a l  pos i t ions  

11 1/2 i n .  from the  ends of the  heated length.  

selected so t h a t  t he  thermocouples on the  heater  surface would be located 

midway of one of t he  w i r e  c o i l s  inside the  heater .  There were 13 thermo- 

couples on the  heater ,  4 on the  r e f l ec to r ,  3 on the  shut te r ,  and 6 on t h e  

These axial pos i t ions  were 
- 

water w a l l  a t  each of t h e  two a x i a l  pos i t ions .  The locat ions of t he  thermo- 

couples a r e  indicated i n  the  schematic drawing of t he  test  sec t ion  assembly 

shown i n  Fig.  5 and i n  the  cross  sect ion shown i n  Fig.  6. 
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Fig. 5.  Schematic Drawing df T e s t  Assembly I n s t a l l e d  i n  Vacuum Tank. 
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0.625 OD x 0.035 WALL AND NUMBER 

0.030 IN. Cu x 0.005 IN. 
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ENLARGED DETAIL "A" 
I 

Fig. 6.  Cross Section Through Assembly a t  t h e  Upper Thermocouple 
Location. 
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The thermocouple wires were soldered t o  b ra s s  pin blocks mounted i n  

t he  tank l i d ,  and copper leads connected the  p in  blocks t o  a terminal 

s t r i p .  The terminal  s t r i p  was mounted i n  a closed box and connected t o  

a ro ta ry  switch with copper leads t o  the  cold junct ion connected t o  the  

common terminals. The junction of these  leads with the  chrome1 and alumel 

wires of the cold junct ion was fastened t o  the  tank l i d  a t  t h e  p in  blocks 

and insulated t o  cancel t he  thermal emf of t he  copper and chromel-alumel 

junct ion of t he  thermocouples; The thermocouple emf w a s  measured w i t h  a 

precis ion temperature indicator ,  wihh t h e  smallest sca le  d iv i s ion  being 

0.002 mv. 

using f u l l - s c a l e  ranges of 150 and 300 vo l t s .  The current  w a s  measured 

with an ammeter connected t o  the  secondary winding of a current  t r ans -  

former. The r a t i o  of t h e  primary t o  secondary current  w a s  5 : l .  The am- 

meter had f u l l - s c a l e  ranges of 2.5 and 5 amperes. 

The vQltage across  t h e  heater  was measured w i t h  a voltmeter 

The pressure i n  t h e  vacuum tank w a s  measured with a U-tube mercury 

manometer and a McLeod gage. The mercury manometer had one s ide  open t o  

the  atmosphere, and had scale  d iv is ions  of 1 mm. The McLeod gage had a 

sca le  range from 0.1 t o  4000 p. 

PROCEDURE ' 

Experiments were performed on four  assembly configurat ions at both 

atmospheric pressure and i n  a vacuum. I n  addi t ion,  one experiment was run 
. w i t h  var iab le  pressure.  The conditions f o r  the cases invest igated are 

l i s t e d  i n  Table 1. .The shu t t e r  w a s  removed from the  assembly f o r  the 

case of the "open" shu t t e r  posi t ion.  

I n  most of t h e  experiments da ta  were taken a t  four  d i f f e r e n t  heat  

input r a t e s .  For the  cases with the  shu t t e r  open, t h e  l i n e a r  heat t r ans -  

f e r  r a t e  w a s  varied over the  range from 1000 t o  4400 Btu/hr-f t .  For t h e  

cases with the  shu t t e r  closed, t he  heat input r a t e s  were s e t  t o  give t h e  

same f i n  base temperature as each of t h e  runs with the  s h u t t e r  open. I n  

. '  



Table 1. Conditions f o r  Test Runs 

Shut ter  Posit ion 
and Type A i r  Pressure R e f  l e c t o r  

Insulat ion 

1 Atmospheric open Removed 

2 Variable open Removed 

3 2 nnn Hg abs open Removed 

4 Atmospheric Closed (curved) Removed 

5 2 mm Hg abs Closed (curved) Removed 

6 Atmospheric Closed ( f l a t )  Removed 

7 2 mm Hg abs Closed ( f l a t )  Removed 

8 Atmospheric Open 

9 2 mm Hg abs Open 

Ins ta l led  

Ius ta l led  

t h e  case of var iable  air  pressure, the  heat input r a t e  w a s  s e t  t o  give 

t h e  same f i n  base temperature a t  several  d i f f e r e n t  pressures from 2 mm Hg 

abs a t  atmospheric. 

The procedure followed was similar f o r  each of the  experiments. .The 

following steps w e r e  typ ica l  f o r  a qun a t  atmospheric pressure: 

1. Dry a i r  was run i n t o  the tank while it w a s  vented t o  force out 

moist air t h a t  might cause condensation on the  water w a l l .  This was 

done f o r  several  minutes, and then the  a i r - i n l e t  valve w a s  closed and the  

a i r  l i n e  disconnected. 

2. 

3. The e l e c t r i c a l  power was turned on, and t h e  voltage was increased 

The cooling water t o  the  water annulus w a s  turned on. 

gradually u n t i l  the  desired voltage was reached. 
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4. The temperatures were Qbserved u n t i l  t h e  system appeared t o  be 

a t  thermal equilibirum. 

5 .  
6 .  
7. 

The voltage and current  were read and recorded. 

The thermocouple outputs wer'e read and recorded. 

The f i rs t  thermocouple emf was read again and compared with the  

recorded value.  

peated. 

8. 

If a change of more than 2°F occurred, t h e  run was re -  

The voltage and current  were read again and compared with the 

recorded values. 

The procedure f o r  t he  vacuum runs w a s  t he  same except that  t he  vacuum 

pump was turned on and the  tank w a s  evacuated before e i t h e r  t h e  cooling 

water or t he  e l e c t r i c a l  power was turned on. After t h e  desired voltage 

w a s  set, the pressure and temperatures were observed u n t i l  t he  system 

reached equilibrium. The data were taken i n  t h e  same manner as i n  the  

atmospheric runs. 

down was about 2 mm Hg abs, and t h i s  w a s  t he  pressure at  which the  vacuum 

data were taken. 

The lowest pressure t o  which t h e  system could be pumped 

METHOD OF CALCULATION 

The l o c a l  r ad ia t ion  heat t r a n s f e r  rates from the  tube and f i n s  w e r e  

calculated from the  surface temperature da ta  taken w i t h  the  system evacu- 

a ted.  The e f fec t iveness  of the r e f l e c t o r  and t h e  t o t a l  heat radiated for 

the  assumption of a uniform temperature around the  tube were calculated 

from the  l o c a l  heat t r a n s f e r  r a t e s .  

Local Heat Transfer Rates 

The ne t  heat  flux from body 1 t o  body 2 by rad ia t ion  may be expressed 
5 by t h e  following r e l a t i 9 n .  



where 

A 1  
u 
F12 = angle f ac to r  f o r  rad ia t ion  from body 1 t o  2 

= a rea  of body 1, f t 2  

= Stefan-Boltzmann constant,  0.1713 x loe8 Btu/ft2-hr-"R4 

F21 = angle f ac to r  for rad ia t ion  from body 2 t o  1 

TI = temperature of body 1, "R 

Ta = temperature of body 2, "R 

Q1 = abso rb t iv i ty  of body 1 

a2 = absorb t iv i ty  of body 2 

The angle f ac to r s  F12 and F21 may be r e l a t ed  by the  following 
equation. 5 

o r  

If we assume "gray" surfaces  for  bodies 1 and 2, then the  absorb- 

t i v i t y ,  a, i s  equal t o  t h e  emissivity,  E .  Subs t i tu t ing  e f o r  a and com- 

bining Eqs .  (1) and ( 3 )  y i e lds  

( 

o r  .rearranging 

q l  = 
1 1 1 A i  - +  (-4) + ( - -  1) - 

F12 €1 €2 A 2  
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The tube surface w a s  divided i n t o  24 regions,and each s ide  of t he  

three  f i n s  was divided i n t o  f i v e  regions i n  a t ransverse plane.  The l o c a l  

heat t r a n s f e r  r a t e s  on the  f ron t  s ide of the  tube, which has a d i r e c t  view 

of t he  water w a l l ,  were calculated by t h e  equation 

?n= 

% CJ ON4 - TW", 

FNW T W Aw 
- + ( F - l ) + ( F - l ) -  1 1 1 !F 

, 

where 

AN 

+ 
45 
TN 

TW 

= area of t h e  l o c a l  region, f t "  

= area  of t h e  f ron t  s ide  of t he  heater  rod and f i n s ,  f t "  

= area  of t h e  water w a l l ,  f t "  

= average temperature of t he  l o c a l  region, O R  

= temperature of t h e  water w a l l ,  O F  

= angle f a c t o r  of l o c a l  region t o  water w a l l  FNW 
E = emissivi ty  of heater  surface 

E = emissivi ty  of water w a l l  
T 

W 

The l o c a l  heat t r a n s f e r  rates on t h e  back s i d e  of t he  type which 

faces  t h e  r e f l e c t o r  were calculated as though t h e  r e f l e c t o r  were per fec t ,  

t h a t  i s  as though t h a t  s ide  of the tube were rad ia t ing  d i r e c t l y  t o  the 

water w a l l .  This w a s  expressed by 

I I I I) - +  (y-1) + (r-1) - 
FNw T W Plw 

where 

% = area  of t h e  back s i d e  of t h e  heater  rod and f i n s .  

The other terms a r e  as defined i n  Eq. (6 ) .  
The method of ca lcu la t ion  of t h e  l o c a l  angle f a c t o r s  i s  given i n  

Appendix A. The emissivi ty  of the'ceramic coating, PT-404-A, was measured 

. '  



over a wide temperature range at ORNL. 

w a s  small, and the  average value from the  tests of 0.89 was used f o r  these 

ca lcu la t ions  with l i t t l e  e r r o r  being introduced, 

The va r i a t ion  with temperature 

Reflector Effectiveness 

The r e f l e c t o r  effect iveness ,  E, i s  defined as the  r a t i o  of t h e  heat 

ac tua l ly  radiated from the  back s ide  of the  tube, q , t o  t h e  heat which 

would be radiated d i r e c t l y  t o  the  water w a l l  with the  r e f l e c t o r  removed, 
B 

This i s  expressed by 9 D '  

The a c t u a l  heat radiated from the  back s ide  of t he  tube was calculated 

by subtract ing the  heat calculated as rad ia t ed  from the  f ron t  s ide of tube, 

from t h e  t o t a l  heat r a t e  f o r  the  tube, %, or qF' 

The apparent r e f l e c t i v i t y ,  R, of the  r e f l e c t o r  i s  defined as the  

r a t i o  of the heat re f lec ted  f r o m t h e  back s ide of t he  tube, qRJ t o  t he  

heat which would be radiated d i r e c t l y  t o  the  water w a l l  w i t h  the  r e f l e c t o r  

removed , qD. Th i s  i s  expressed by 

The heat re f lec ted  w a s  calculated t o  be the difference between the  

heat ac tua l ly  radiated from the  back s ide of the  tube and the  heat ab- 

sorbed by the  r e f l e c t o r  and re-radiated t o  the  water w a l l ,  q , or A 



18 , 

The heat  absorbed and re-radiated i s  t h e  sum of two terms: the  heat 

radiated from t h e  f ron t  of t he  r e f l e c t o r  , qm, and t h e  heat radiated from 

the ,  back of the  r e f l ec to r ,  qAB. 

The net heat  radiated from the  f ron t  of t he  r e f l e c t o r  w a s  calculated 

by the  equation 

FRW % u TR4 - Fm % CJ TW4 
1 , (12) - - 

qAF 1 +  F (1-1) + Fm ( 7 - 1 )  
W RW ern 

where 

% = area of the  f ron t  s ide  of t h e  r e f l ec to r ,  f t 2  

4J = a rea  of the water w a l l ,  f%2 

= temperature of t he  r e f l ec to r ,  O R  

= temperature of the  water w a l l ,  O R  

TR 

Tw 
FRw = angle f a c t o r  from the  f r o n t  s ide  of r e f l e c t o r  t o  water w a l l  

= angle f a c t o r  from the water w a l l  f ron t  s ide of r e f l e c t o r  

= emissivi ty  of t he  f r o n t  s ide  of r e f l e c t o r  
FwR 

E = emissivi ty  of the  water w a l l  W 

FRW and F The angle fac tors ,  were taken as 0.5 and 1.0, respec- m’ 
t i v e l y .  The emissivi ty  of the  Alzak coating on t h e  f r o n t  of the r e f l e c t o r  

w a s  taken t o  be 0.6 on the  basis of the  information provided on the emis- 

s i v i t y  of t h i s  type of coating given i n  Ref. 6. 
The net  heat radiated from the  back of the r e f l e c t o r  w a s  assumed t o  

be zero f o r  the  case with the  r e f l e c t o r  back insulated.  For t h e  case w i t h  

t he  back of the  r e f l e c t o r  bare, the net  heat radiated from the back s ide  

of t he  r e f l e c t o r  w a s  calculated by 

ARB 0 (TR4 - TW4) 
, 

. .  
I 

I 

, 

1 1 XRB 
AWB - - ( 7 - 1 )  

R W E 



, 

where 

Am = area of t h e  back s ide of the  r e f l ec to r ,  ft2 

TR 

TW 
E = emissivi ty  of t he  back s ide  of r e f l e c t o r  R 
E = emissivi ty  of t he  water w a l l  W 

= area of t he  water w a l l  behind the  r e f l ec to r ,  f t 2  

= temperature of t he  r e f l ec to r ,  "F 
= temperature of t he  water w a l l ,  "R 

Heat Transfer Rate f o r  a Uniform Tube Temperature 

The heat t ransfer red  by rad ia t ion  from the  finned tube w a s  calculated 

f o r  t h e  ideal  case of uniform surface temperature around the  tube. 

w a s  done by ca lcu la t ing  the  heat diss ipated from the  tube surface a t  a 

given temperature and adding t o  t h a t  quant i ty  the  heat d i ss ipa ted  from 

t h e  f i n  surfaces a t  a f in-base temperature equal t o  the  given tube 

temperature. The finned-tube surface w a s  divided i n t o  f i v e  elements: t he  

f ron t  s ide  of t h e  tube, t he  back s ide  of t he  tube, t h e  f ron t  of t h e  two 

s i d e  f i n s ,  t he  back of the  two s ide f i n s ,  and the  r e a r  f i n .  The t o t a l  

This 

heat diss ipated,  %, i s  then expressed by 
9 , -  

The heat radiated from the  f r o n t  s ide of t he  tube a t  uniform tempera- 

t u r e  w a s  calculated from an ove ra l l  rad ia t ion  constant,  qF, obtained by 
summing up the  coe f f i c i en t s  of t he  fourth-power temperature difference 

f o r  t he  12 regions of t he  f r o n t  s ide of t he  tube.  Then the  heat d i s s i -  

pated f r o m t h e  f r o n t  s ide  of t he  tube i s  given by 

where 

T = temperature of the  tube 

TW = temperature of t he  water w a l l  
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The heat radiated from the  back side of t he  tube was calculated i n  

the  same manner except t h a t  t he  r e f l e c t o r  e f fec t iveness  w a s  used as a 

f a c t o r  i n  the  equation. The r e f l e c t o r  e f fec t iveness  was p lo t ted  as a 

funct ion of t he  average fin-base temperature, and the  value used f o r  t he  

back side of t he  tube was taken at the  fin-base temperature corresponding 

t o  the  uniform tube surface temperature. -This  was expressed by the  re- 

l a t  i on 

The amounts of heat r a d i a t e d  from t h e  f r o n t  of t he  s ide  f i n s ,  the  

back of the  s ide  f i n s ,  and the  r e a r  f i n  were each p lo t ted  as a function 

of t he  base temperature of the  p a r t i c u l a r  f i n .  The heat radiated from 

each of these surfaces f o r  an a rb i t r a ry ,  uniform tube temperature was 

read from the  curves at  t h a t  value of fin-base temperature. 

FEWLTS AND DISCUSSION 

The r e s u l t s  of t h e  experiments a re  presented i n  severa l  forms. 

Graphs were p lo t ted  t o  show the temperature d i s t r i b u t i o n  on t h e  r ad ia to r  

tube and f i n s  f o r  a t y p i c a l  case, t he  l i n e a r  heat t r a n s f e r  r a t e  (heat  

t r a n s f e r  per  foot  of tube)  as a funct ion of temperature, and t h e  heat r e -  

moved by convection as a function of tes t  chamber air  pressure and f in-base 

temperature. The calculated r e s u l t s  a r e  presented i n  graphs showing t h e  

r e f l e c t i v i t y  and r e f l e c t o r  e f fec t iveness  as a funct ion of f in-base tempera- 

t u r e  and the  l i n e a r  heat t r a n s f e r  r a t e  as a funct ion of tube surface 

temperature f o r  t h e  i d e a l  case of uniform tube temperature. 

Temperature Dis t r ibu t ion  on Radiator Tube and Fins  

The temperature d i s t r i b u t i o n  on the  r ad ia to r  tube and f i n s  f o r  t he  

case of t he  shu t t e r  open, uninsulated r e f l ec to r ,  a t  a heat r a t i n g  of 

4424 Btu/hr-ft  i n  a vacuum, i s  shown i n  Figs .  7 and 8. 
i s  t y p i c a l  of those found i n  each of t he  experiments. 

This d i s t r i b u t i o n  

The tube temperature 

! 
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Fig. 8. Typical Temperature Distribution on Fins. 
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varied from 1498"R a t  t h e  f i n  base t o  1 6 8 6 " ~  on the  f ron t  s ize ,  opposite 

t he  f i n s .  This var ia t ion  occurs because most of t he  heat is  removed from 

the  f i n s  and the  heat generation r a t e  i s  e s sen t i a l ly  constant around the  

tube.  This la rge  var ia t ion  would not be expected t o  occur on the  LPS 

r a d i a t o r  tubes with potassium. vapor condensing a t  constant temperature 

and a s m a l l  temperature difference between the  potassium vapor and the  

tube w a l l .  Thus the  ac tua l  condenser tube w a l l  would tend t o  run at a 

uniform temperature. The temperature a t  the  base of t he  r ea r  f i n  on the  

hea ter  rod w a s  higher than t h a t  of the  s ide  f i n s  because the  e n t i r e  sur- 
face  of the  r ea r  f i n  w a s  rad ia t ing  t o  the  r e f l e c t o r  and only one s i d e  of 

t h e  s ide  f i n s  w a s  doing so. The temperature difference between the  base 

and the  t i p  of t he  side f i n s  w a s  1 1 8 " ~ .  

Variation of Heat Transfer Rate on Radiator Tube and Fins  

The heat t r a n s f e r  r a t e  per  un i t  a rea  and the  temperature were plot ted 

i n  Fig.  9 as a funct ion of t he  dis tance along the  surface from the  point  

a t  the  center  of the  f ron t  of t he  tube f o r  one-half of t he  r ad ia to r  tube. 

The heat t r ans fe r  r a t e  peaks sharply on the  tube surface where the  surface 

temperature i s  higher.  These l o c a l  peaks have only a small e f f e c t  on the  

average heat f lux  and temperature, however, since the  surface a rea  of the 

tube i s  small compared t o  the  surface a rea  of t he  f i n s .  Consequently, the  

average heat flux and temperature i s  only s l i g h t l y  higher than the  average 

values f o r  t h e  f i n  surfaces .  

Thermal Performance 

The thermal performance of the  r a d i a t o r  tube w a s  correlated on the  

b a s i s  of t he  average of the  temperatures measured a t  the  bases of the 

th ree  f i n s .  The fin-base temperature w a s  se lected as the  parameter t o  

be used t o  co r re l a t e  t he  heat t r a n s f e r  because the  heat removal capa- 

b i l i t y  of t he  f i n s  i s  a funct ion of t h i s  temperature alone f o r  a given 

combination of geometry and meter ia ls .  The performance of t he  LPS r ad ia to r  

' tube can then be re la ted  d i r e c t l y  t o  the  fin-base temperature, which i s  

near ly  equal t o  the  temperature of t he  potassium condensing ins ide  the  

tube.  
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Fig.  9. Heat Transfer Rate and Temperature vs Distance from Center 
of Front of Tube on One-half of Radiator Tube and Fin Surface. 
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Heat Transfer i n  a Vacuum 

The l i n e a r  heat t r ans fe r  r a t e  i n  a vacuum i s  shown f o r  th ree  cases 

i n  Fig.  10. For the  reference case, with the  shu t t e r  open and the  r e -  

f l e c t o r  uninsulated, t he  LPS design heat load of 4265 Btu/hr-ft was 

achieved a t  an average fin-base temperature of 1510'31. 

I 

The d a t a  f o r  t h e  

reference case was correlated by the  following equation: 

q = 2.528 x i o  -11 T5*5 , 

where 

q = l i n e a r  heat t r a n s f e r  r a t e ,  Btu/hr-ft  

T = average fin-base temperature, "R 

Effec ts  of Closed Shut ter .  The heat t r a n s f e r  r a t e  with the  shu t t e r  

closed i n  a vacuum i s  p lo t ted  on the  lower curve of Fig.  10. Both the  

curved and f l a t  shu t t e r  gave the  same r e s u l t s  i n  a vacuum. The shu t t e r  

was-quite e f f ec t ive  i n  reducing the  heat d i ss ipa ted  from the r ad ia to r  

tube f o r  a given fin-base temperature. The l i n e a r  heat t r a n s f e r  r a t e  

w a s  reduced t o  1700 Btu/hr-ft  a t  t he  ful l - load temperature of 1510"R, or 
t o  about 40% of the  f u l l  heat load .  

w a s  reduced t o  only 1 0 6 0 " ~ .  

' 

A t  60% of f u l l  load, t h e  temperature 

Effec ts  of Thermal Insu la t ion  on Back of Reflector .  The heat t r ans -  

f e r  r a t e  w i t h  the  back of t he  r e f l ec to r  insulated and the  shu t t e r  open 

i n  a vacuum i s  p lo t ted  on the  middle curve of Fig.  10. These a r e  approxi- 

mately the  conditions t h a t  would be encountered i n  space appl icat ions of 

t h e  LPS r ad ia to r .  

base temperature of 1545"R, or 35°F h o t t e r  than with the  uninsulated 

r e f l e c t o r  a t  the  design heat load .  

The design heat load w a s  achieved a t  an average f i n -  
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Fig. 10 .  Linear Heat Transfer Rate vs Average Fin-Base Temperature 
i n  a Vacuum. 
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Heat Transfer at Atmospheric Pressure 

The heat transfer performance at atmospheric pressure is presented 
in Fig. 11. 

uninsulated reflector) in a vacuum is given for comparison. 

fin-base temperature used to correlate the data was taken from the tempera- 

tures measured with the lower set of thermocouples. The temperatures were 

lower at the bottom end of the test assembly than at the top because of 

the temperature rise in the air in the thermal convection currents. The 
design heat load was rejected at a temperature of 1425'R with the reflector 

uninsulated and the shutter open. 

the reference case at design heat load. 

The curve for the reference case (with the shutter open and 

The average 

This temperature is 85"~ less than for 

Effects of Closed Shutter. The heat transfer rate is shown for both 
the curved and flat shutter closed with the uninsulated reflector at 

atmospheric pressure in Fig 11. The lowest curve is for the flat shutter 

closed with baffles closing off the ends of the reflector to reduce thermal 

convection. 

at a temperature of 1425"R, which corresponds to the full-load temperature 
with the shutter open. The next higher curve is for the case with the 

curved shutter closed. 
1425"R. 
as the heat load was reduced. 

heat load with either shutter closed. 

The linear heat transfer rate was reduced to 2000 Btu/hr-ft 

The heat transfer rate was 2300 Btu/hr-ft at 

The performance of the two shutters approached the same value 

The temperature was 860"~ at 6% of design 

Effects of Insulated Reflector. The linear heat transfer rate for 

the case with the back of the reflector insulated with the shutter open 

at atmospheric pressure is plotted on the next curve above the line for 
the reference case. The conditions for this case are similar to those 
that would exist with no cooling on the inside water-wall of the LPS 

radiator. 

only 18" hotter than for the case with the reflector uninsulated. 
The temperature at the design heat load was 1443'R, which is 
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Fig. 11. Linear Heat Transfer Rate vs Cold-End Average Fin-Base 
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29 
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Reflector .and Shut ter  Temnerature 

The temperature of t h e  r e f l e c t o r  and the  shu t t e r  i s  shown i n  Fig.  12 

f o r  t he  cases with t h e  curved shut te r  closed and the  r e f l e c t o r  uninsu- 

la ted  i n  a vacuum and a t  atmospheric pressure.  

temperature i s  shown a l s o  f o r  comparison. The so l id  l i n e s  a r e  f o r  t he  

vacuum case, and t h e  dashed l i n e s  a re  f o r  atmospheric pressure.  The re- 

f l e c t o r  temperature w a s  964"R, and the  shu t t e r  temperature w a s  1050°R 

f o r  t he  vacuum case a t  1700 Btu/hr-ft ,  at  which time the  fin-base tempera- 

t u r e  w a s  1510°R. For the  atmospheric pressure case, t he  r e f l e c t o r  

temperature w a s  875"R and t h e  shu t t e r  temperature w a s  856"R a t  2300 Btu/hr- 

f t .  

The average fin-base 

The fin-base temperature w a s  1425"R at  t h i s  power l e v e l .  

The average temperature of the  r e f l e c t o r  a t  the  upper thermocouple 

loca t ion  f o r  s ix  cases i s  shown i n  Fig.  13. The so l id  l i n e s  are f o r  t he  

vacuum cases, and t h e  dashed l i n e s  a r e  f o r  those a t  atmospheric pressure.  

The r e f l e c t o r  temperature was 8 6 0 " ~  with the  r e f l e c t o r  uninsulated, and 

1 0 5 8 " ~  with the  r e f l e c t o r  insulated,  with the  shu t t e r  open a t  the  design 

heat load i n  a vacuum. 

f o r  t he  same configurations at the  design heat load a t  atmospheric pressure.  

The temperature w a s  795"R and 9lO"R, respect ively,  

Convection Heat Transfer vs A i r  Pressure 

The heat removed by thermal convection vs  the  absolute air  pressure 

i n  the  vacuum tank i s  shown i n  Fig.  14. These data were taken with the  

shu t t e r  open and the  r e f l e c t o r  uninsulated, with the  temperature a t  the  

base of one s ide  f i n  maintained at 1 0 6 2 " ~  f o r  each pressure.  

assumed t h a t  the  heat t ransfer red  by rad ia t ion  w a s  constant with pressure.  

The heat removed by convection w a s  assumed t o  be negl igible  a t  t h e  lowest 

pressure i n  the  tank which w a s  2 m Hg abs, and t h e  radiant  heat w a s  taken 

as the  t o t a l  a t  t h i s  pressure.  The heat removed by convection a t  higher 

pressures w a s  foupd from the  difference between the  t o t a l  heat and the  

radiant  heat.  The heat removed by thermal convection appears t o  be a 

l i n e a r  function of pressure.  This ind ica tes  t h a t  t h e  contr ibut ion of 

convection t o  the  heat t r a n s f e r  is  negl igible  a t  a pressure of 2 mm Hg 

absolute, and t h a t  t he  experiments run at  t h a t  pressure had;-for a l l  

p r a c t i c a l  purposes, heat t r a n s f e r  by rad ia t ion  only. 

It w a s  then 
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Fig. 1 2 .  Linear Heat Transfer Rate vs Average Temperature of  Radiator 
Fin-Base, Shut te r  and Reflector with Curved Shut te r  Closed. 
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Convection Heat Transfer vs Temperature 

The heat removed by thermal convection as a function of the  average 

fin-base temperature of the  lower s e t  of thermocouples i s  presented i n  

Fig.  15.  These data were taken with the  shut te r  open and the  r e f l e c t o r  

uninsulated.  

t he  difference between the  heat t r ans fe r  r a t e  a t  atmospheric pressure and 

t h a t  i n  a vacuum a t  the  same average fin-base temperature. The cont r i -  

but ion t o  the  t o t a l  heat t r a n s f e r  by convection w a s  found t o  vary from 

The heat removed by convection w a s  calculated by taking 

33% a t  1100"R t o  24% a t  1450"R. 

Calculated Results 

Local Heat Transfer Rates 

The calculated local' heat t r a n s f e r  r a t e s  f o r  the  r ad ia to r  tube and 

f i n s  with the  uninsulated r e f l e c t o r  and the  shu t t e r  open i n  a vacuum f o r  

a measured heat input of 4424 Btu/hr-ft a r e '  l i s t e d  i n  Table 2.  The tube 

surface w a s  divided i n t o  15" segments, and the  heat t r a n s f e r  r a t e  w a s  

calculated using the  temperature a t  the  midpoint of t he  segments. 

f i n s  covered an angle of 7.5", and segments of 11.25" were used adjacent 

t o  the  f i n s .  

Btu/hr-ft  near a f i n  t o  81.9 Btu/hr-ft  at  the  highest  temperature on the  

f ron t  s ide  of t he  tube. The fins were divided i n t o  f i v e  sections,  and 

the  heat t r a n s f e r  r a t e  w a s  calculated from the  temperature at  the  midpoint 

of t he  sec t ions .  The heat t r a n s f e r  r a t e  w a s  calculated separately f o r  t he  

f ron t  and back s ides  of t he  s ide f i n s .  The two s ides  of t he  r ea r  f i n  were 

combined. 

higher than on the  back s ide .  This i s  because of t he  smaller angle 

f ac to r s  on the  back s ide .  The heat  t r a n s f e r  r a t e  remains nearly constant 

The 

The heat t r a n s f e r  r a t e  f o r  a 15" segment varied from 45.6 

The heat t r a n s f e r  on the  f r o n t  of t he  s ide  f i n  w a s  about 25% 

as one moves r a d i a l l y  outward along the  f i n .  The decrease i n  temperature 

i s  o f f se t  by the  increase i n  the  angle f ac to r  so t h a t  t he  f i n  i s  about 

equal ly  e f f ec t ive  i n  emitt ing heat at  each.point along i t s  length.  

va r i a t ion  i n  the  l o c a l  heat t r a n s f e r  r a t e  f o r  t h i s  case i s  t y p i c a l  f o r  

a l l  of t h e  cases analyzed. 

The 



34 
L, 

Table 2. Calculated Local Heat Transfer Rates . for  A 
Measured Heat Input of 4424 Btu/hr-ft with Bare 

Reflector and Shutter Open i n  a Vacuum 

Tube 
~~ ~ 

Peripheral  Linear Heat 
Tube Angle Transfer Rate 

( Btu/hr - f t ) 

9 * 375 
22.5 

37.5 
52.5 
67.5 
80.625 
99 ' 375 
112.5 

127.5 
142.5 
157 - 5 
170.625 
189 375 

217 * 5 
232.5 

202 5 

247 5 
262.5 
277 5 
292 5 
307.5 
322 5 
337 5 
350 0625 

26.8 
45.6 
50.9 
51.2 

46.6 
28.2 
28.7 
47.7 
52.8 
52.4 
46 .O 

26.6 

49.4 
62.5 

78.2 
81.1 
81.9 

26.4 

72.5 

78.4 
75 06 
66.4 
53.5 
28.9 

-~ 

Tota l  1258.0 

Fins 

Linear Heat 
X/L Transfer R a t  e 

( B t  u/hr - f t ) 
Front of Side Fin 

0.1 122.6 
0.3 129.1 
0.5 124.2 
0 -7 119 3 
0 -9 116.0 

0.1 96.6 
0.3 96 .o 
0.5 97.3 
0.7 98.0 
0 -9 98 09 

Back of Side Fin 

Rear Fin 

0.1 212 .o 
0.3 202.0 
0.5 200.2 
0.7 . 200.6 
0 -9 202 .o 

0.1 123.2 
0.3 130.2 
0.5 123.8 
0.7 117.6 
0 -9 112.9 

0.1 97.2 
0.3 96 99 
0.5 97.0 
0.7 96.6 
0.9 96.3 

Front of Side Fin 

Back of Side Fin 

Tota l  3206.0 

Tota l  4464 Btu/hr-ft 
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Fig. 15. Heat Removed by Convection vs  Cold-End Average Fin-Base 
Temperature. 



Reflector  Effect iveness  

The apparent r e f l e c t i v i t y  of the  r e f l e c t o r  both insulated and uninsu- 

la ted  with the  shu t t e r  open i n  a vacuum i s  shown i n  Fig.  16 as a funct ion 

of the  fin-base temperature. For t h e  case with the  back of t he  r e f l e c t o r  

insulated,  t he  r e f l e c t i v i t y  w a s  found t o  be 54.5% a t  1 5 1 d 0 R .  
f l e c t i v i t y  w a s  67% a t  the  same fin-base temperature w i t h  t he  r e f l e c t o r  

uninsulated.  The difference i n  the  r e f l e c t i v i t y  f o r  t he  two cases  i s  

probably because of t he  dependence of t h e  r e f l e c t i v i t y  upon t h e  tempera- 

t u r e  of t he  rad ia t ion  source and of t he  r e f l e c t o r  i t s e l f .  The r e f l e c t o r  

w a s  at a higher temperature with the  back insulated than without t he  i n r  
su la t ion .  

from a black body with a Maxwell-Boltzmann d i s t r i b u t i o n  of energy with 

wave-length a t  a temperature of 1510°R. 

r e f l e c t i v i t y  of t h e  Alzak process aluminum as a funct ion of source wave- 

length given i n  Ref. 6 .  This i s  based on data taken where the  r e f l e c t o r  

w a s  at  near room temperature. 

increases  with increasing source temperature, as the  temperature of t h e  

r e f l e c t o r  increases  with a constant source temperature the  r e f l e c t i v i t y  

decreases. 

The re- 

The r e f l e c t i v i t y  w a s  calculated t o  be 78% when receiving energy 

This ca lcu la t ion  w a s  based on the  

It would appear t h a t  while t h e  r e f l e c t i v i t y  

Another e f f e c t  may have caused the  r e f l e c t i v i t y  t o  be lower when t h e  

r e f l e c t o r  operated at  a higher temperature. Crazing of t he  Alzak surface 
w a s  observed a f t e r  having run the  r e f l e c t o r  above 8 6 0 " ~ .  
cracks formed were very f i n e  and no apparent damage w a s  done t o  t h e  bond 

between t h e  aluminum oxide and the  metal, t he  surface may have become more 

d i f fuse  i n  nature and yielded a lower r e f l e c t i v i t y .  This surface crazing 

may account f o r  t h e  much grea te r  decrease i n  r e f l e c t i v i t y  with lower f i n -  

base temperatures than calculated from t h e  va r i a t ions  i n  r e f l e c t i v i t y  with 

source wave-length. 

uninsulated r e f l e c t o r  a t  l32O"R as compared t o  a calculated value of 76%. 

Although the  

The surpr i s ing ly  low value of 33% w a s  found f o r  t he  

The r e f l e c t o r  effect iveness ,  which i s  defined i n  t h e  Method of Calcu- 

l a t i o n  sect ion,  i s  shown f o r  t he  same two cases  i n  Fig. 17. Since the  e f -  

fect iveness  includes both the  r e f l e c t i o n  and the  emission from t h e  re- 

f l e c t o r  surfaces,  it was s ign i f i can t ly  influenced by t h e  in su la t ing  of t h e  

. 
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Fig. 16 .  Re f l ec t iv i ty  vs Fin-Base Temperature with Shutter Open i n  
a Vacuum. 
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Fig .  17. Reflector Effectiveness vs Fin-Base Temperature with Shut ter  
Open in a Vacuum. 
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back of t he  r e f l ec to r .  

r e f l e c t o r  and 96% f o r  the  uninsulated r e f l e c t o r  a t  1510°R. 

The effectivene'ss w a s  73.5% f o r  t he  insulated 

Other r e f l e c t o r  materials, such as gold, should be invest igated t o  

determine i f  higher values of r e f l e c t i v i t y  and effect iveness  f o r  t h i s  re -  

f l e c t o r  geometry can be a t ta ined .  

I .  

Heat-Transfer Rate f o r  Uniform Tube Temperature 

The heat t r a n s f e r  r a t e s  calculated f o r  t he  i d e a l  case of uniform 

tube temperature a r e  shown i n  Fig.  18 f o r  t he  f i v e  surfaces on t h e  

r ad ia to r  as functions of the  tube surface temperature f o r  t h e  case of 

t h e  uninsulated r e f l e c t o r  with the  shu t t e r  open i n  a vacuum. The heat 

t r a n s f e r  r a t e  increases  a t  a f a s t e r  r a t e  with temperature f o r  t he  back 

surfaces  than the  f r o n t  surfaces because of t he  temperature dependence 

of t he  r e f l e c t o r  e f fec t iveness  which influences t h e  lack s ide of the  

r ad ia to r  and not t he  f r o n t  s ide.  

The heat t r ans fe r  r a t e s  calculated f o r  uniform tube temperature f o r  

t h e  case of t he  insulated r e f l ec to r  a r e  shown i n  Fig.  19. The heat t r ans -  

fer  r a t e  f o r  t he  back surfaces  increases  with temperature f ,aster than t h a t  

for the  f ron t  surfaces  i n  much the  same manner as f o r  t he  case of t h e  un- 

insulated r e f l e c t o r  because of the  influence of t he  r e f l e c t o r  e f f ec t ive -  

ness.  

The t o t a l  calculated heat r a t i n g  for t h e  r ad ia to r  tube f o r  both the  

insulated and uninsulated r e f l e c t o r  i n  a vacuum a t  a uniform tube tempera- 

t u r e  i s  shown i n  Fig.  20. 

calculated f o r  a temperature of 1538"R f o r  t he  uninsulated r e f l e c t o r  and 

1573"R f o r  t h e  insulated r e f l e c t o r .  

than the  measured average fin-base temperature from Fig.  10. Thus ' there  

i s  only a s m a l l  d i f ference between the  performance as calculated f o r  a 

uniform tube temperature and t h a t  measured f o r  uniform e l e c t r i c a l  heat 

generation. This i s  because only a s m a l l  pa r t  of t he  heat i s  radiated 

from the  tube surface proper and a large change i n  tube-wall temperature 

between the  f i n s  has only a small e f f ec t  on the  ove ra l l  performance. 

of t he  difference can be accounted f o r  by the  higher temperature a t  t h e  

base of t h e  r e a r  f i n  f o r  t he  uniform heat generation case.  

The design heat load of 4265 Btu/hr-ft  was 

I n  both cases t h i s  i s  2 8 " ~  h o t t e r  

Most 
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Fig. 18. Calculated Linear Heat Transfer  Rate vs  Tube Surface Tempera- 
t u r e  f o r  Each of t h e  Five Portions of t h e  Finned Tube Surface f o r  t h e  I d e a l  
Case i n  Which t h e  Tube Surface Temperature I s  Uniform Around t h e  Perimeter, 
t h e  Shutter Open, and t h e  Reflector Uninsulated i n  a Vacuum. 
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Fig. 19.  Calculated Linear Heat Transfer Rate v s  Tube Surface Tempera- 
t u r e  of Each of t h e  Five Portions of t h e  Finned Tube Surface f o r  t h e  Ideal 
Case i n  Which t h e  Tube Surface Temperature Is Uniform Around t h e  Perimeter, 
t h e  Shutter Open, and t h e  Reflector Insulated i n  a Vacuum. 
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Fig. 20. Calculated Linear Heat Transfer Rate vs Tube Surface Tempera- 
t u re  f o r  t h e  I d e a l  Case i n  Which t h e  Tube Surface Temperature Is  Uniform 
Around t h e  Perimeter. 
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SUMMARY OF RESULTS 

The results of experiments to obtain the thermal performance of a 

finned radiator tube with a reflector and a shutter at atmospheric pres- 

sure and in a vacuum can be summarized as follows: 

1. The LPS design heat load of 4265 Btu/hr-ft was achieved for an 
average f in-base temperature of 1425"R at atmospheric pressure and l5lO"R 

in a vacuum. 
2. The heat transfer rate was reduced with the closed shutter to 

2300 Btu/hr-ft at atmospheric pressure and 1700 Btu/hr-ft in a vacuum 
with the fin-base temperature maintained at the full-load value. 

3. The following relationship was found between the linear heat 

transfer rate and the average fin-base temperature in a vacuum: 

g = 2.528 x 10-l' T5*5 

4. The average reflector temperature at the hot end was 795"R at 

atmospheric pressure, and 860'~ in a vacuum at the design heat load. 
5. The reflector effectiveness in a vacuum varied. from 64% to 98% 

over a range of temperature from 1320 to 1520"~. 

6 .  The tube surface temperature at the design heat load in a vacuum 

was calculated to be 1538"R for the ideal case in which the temperature 

is uniform armnd the tube. 
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APPENDIX A 

METHOD OF CALCULATION OF ANGLE FACTORS 

Tube Angle Factors 

The angle f a c t o r  f o r  radiant  heat t r a n s f e r  from a point on the  tube 

t o  the  heat sink, assuming a tube of i n f i n i t e  length and a cosine d i s t r i -  

but ion of rad ia t ion  emitted from the  surface, can be calculated by the  

following r e l a t ion :  

( A 4  
1 

T 2  F = - ( s i n  8 + s i n  @) , 

where t h e  angles 6 and @ a r e  the  angles defined by Fig.  A . L ~  

The angle f a c t o r s  on the  back s ide  of the  tube were calculated from 

Eq. (A.l) a t  poin ts  around the  tube a t  the  per iphera l  angle, f3, ranging 

from 0 t o  45". The angle f ac to r s  repeated every 45". 
The angle @ had a constant value of 90" on the  f r o n t  s ide of t h e  tube, 

s ince a point on t h e  tube had a viewing angle t o  the  l e f t  t o  a tangent l i n e  

t o  t h e  surface.  For the  f ron t  s ide of t he  tube Eq. ( A . l )  can be wr i t ten  

s i n  8 s i n  90" 
2 

FTF = - + 2 7 

or 

s i n  8 1 - - + -  
F~~ - 2 2 -  

The angle f a c t o r s  calculated f o r  both s ides  of t he  tube a r e  shown as 

a function of tube per iphera l  angle i n  Fig.  A . 2 .  'The per ipheral  angle i s  

t h e  angle (3 f o r  t he  back s ide  of the  tube and the  angle a f o r  the  f ron t  

s ide .  



48 

ORNL DUG. 67-3180 

Fig. d.1.  Sketch Showing Location of Angles Used t o  Calculate  Local 
Angle Factors Around Tube. 



49 

4 
4 

ORNL DWG. 67-3181 

1.0 

0.8 

0.7 

0.6 

0.5 
0 15 30 45 60 75 

Tube Peripheral Angle, deg 

Fig. A.2. Local Angle Factor on Tube vs Tube Peripheral  Angle. 
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Fin Angle Factors 

The angle f ac to r  f o r  rad ia t ion  from a point  on L e  f i n  t o  the  heat 

s ink w a s  calculated by f i rs t  computing the  angle f ac to r  from t h e  point  on 

the  f i n  t o  the  tube o r  adjacent f i n  and subtract ing t h i s  from 1. The l o c a l  

angle f a c t o r  from a point  on the  f i n  t o  the  tube o r  adjacent f i n  w a s  found 

by f i rs t  ca lcu la t ing  t h e  angle f a c t o r  f o r  t he  f i n  as a function of dis tance 

from the  base.  

rectangular surfaces  perpendicular t o  each other  having a common edge by 

Eq. (31-53), Ref. 5, which i s  as follows: 

This angle f ac to r  w a s  calculated as f o r  a system of two 

1+B2+C 1-B2 1-C2, 
( 1+B2) (l+C") ( B 2 y 2  ( C2)c2] 

-1 1 -1 1 + B-Tan - + C-Tan - 
B C 

B2+C2 
I n  (B'+C~> - ' 4  

- &G Tan-' Lj , 
B2+C 

where 
b 
a B = - = r a t i o  of the  var iable  f i n  height t o  the  f i n  length.  

C C = - = r a t i o  of t he  t o t a l  height of t h e  adjacent f i n  t o  t he  f i n  a length.  

a = f i n  length = 21 in .  

c = f i n  t o t a l  height = 1.6 i n .  f o r  adjacent f i n  and 0.3125 f o r  tube.  

The angle f a c t o r  over t h e  f i n ,  Fn, w a s  calculated by varying B f o r  d i f -  

f e r en t  constant values of C, using the  IBM 7090 computer. 

f a c t a r  from the  f r o n t  of t h e - s i d e  f i n  t o  the  tube, t he  value of C w a s  

0.01486. 
f i n ,  t he  value of C w a s  0.07619. 

For t h e  angle+ 

For the  angle f ac to r  fron; the  back of t h e  s ide f i n  t o  the  rear 



The l o c a l  angle f ac to r  from the  f i n  t o  the  tube o r  adjacent f i n ,  Fi, 

times t h e  area from 0 t o  n i s  equal t o  the  sum of t h e  

w a s  then calculated by dividing the  f i n  i n t o  segments and assuming t h a t  

t h e  angle f ac to r  F 

l o c a l  angle f ac to r s  t i m e s  t he  a rea  of each, which i s  expressed as 
n 

To f ind  any pa r t i cu la r  value of F 

ference between F A and F A and qivide by the  area of the  l o c a l  

segment A or 

w e  then only have t o  take the  d i f -  i’ 

n n  n-1 n-1 

i’ 

A Fn An - Fn-l n-1 Fi = 

This then gives the  l o c a l  angle f ac to r  from a point  on the  f i n  t o  the  

tube or  adjacent f i n .  To f ind  the angle f a c t o r  from a point on the f i n  

t o  t h e  heat sink, t he  l o c a l  value of F. is  subtracted from 1, or  
1 

The loca l  value of the  angle f ac to r  from t h e  f i n  t o  the  heat s ink 

f o r  the  f ron t  apd back of t h e  s ide f i n  i s  shown as a function of d i s -  

tance along the  f i n  i n  Fig. A.3 .  
t h e  same as those f o r  t he  back of the  s ide  f i n .  

The angle f a c t o r s  f o r  t he  r e a r  f i n  a re  
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APPENDIX B 

TABULAR RESULTS OF EXPERIMQVTS 

The results of the experiments are presented in tabular form on the 

following pages. 

experimental runs: reflector configuration, shutter position, power, air 

pressure, and surrace temperature measured at the location indicated by 

the thermocouple number. 

shown in Figs. 5 and 6. 
by number is as follows: 

The following information is listed for each of the 

The location of the thermocouples by number is 

A summary of the location of the thermocouples 

NOS. 1 - 13 Radiator surfaces 

Nos. 14 - 26 Radiator surf ace s 

NOS. 27 - 30 Reflector surface 

Nos. 31 - 34 Reflector surface 

Nos* 35 - 37 Water-wall surface 

Nos. 38 - 40 Water-wall surface 

NOS. 41 - 43 Water-wall surface 

NOS. 44 - 46 Water-wall 'surface 

NOS. 47 - 49 Shutter .surface 
NOS. 50 - 52 Shutter surface 

Upper locat ion 

Lower locat ion 

Upper location 

Lower location 

Opposite reflector, 

Opposite reflector, 

Opposite rad iat or, 

Opposite radiator, 

Upper locat ion 
Lower location 

upper location 

lower location 

upper ,location 

lower location 



Table B.l. Tabular Results of Experiments 

Run Numbers 1 2 3 4 5 6 7 8 9 

Shutter: open 
Pressure (mm Hg abs) 750.57 749.43 736.6 749.05 2.4 2 .1  2.2 2.5 2.0 
Power (watts) 4312 3200 1980 946 4301 3270 1974 950 597 
Thermocouple No. Temperature (OF) 

Ref lector: Uninsulated 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 

856 
889 
979 

105 5 
1017 
897 

967 
887 
846 

1135 
1149 
808 
840 
929 

1080 
996 
900 
860 

1060 
998 
890 
850 

1152 
1167 

- 
1064 

792 
820 
894 
962 
928 
826 

968 
883 
816 
780 

1026 
1039 

- 

752 
780 
854 
988 
915 
834 
801 
973 
918 
827 
793 

1053 
1065 

695 
716 
772 
823 
798 
722 

828 
762 
713 
686 
872 
881 
662 
684 
742 
847 
790 
720 
704 
833 
791 
722 
696 
893 
900 

- 

553 
566 
602 
635 
619 
570 

638 
595 
564 
5 47 
664 
670 
529 
543 
579 
652 
617 
578 
561 
645 
618 
575 
5 58 
683 
687 

- 

~ ~~ 

932 a74 776 
962 w9 794 

io50 972 848 
1124 1036 897 
1089 1006 873 
972 905 798 

1038 961 839 
961 896 793 
921 863 768 

1221 1123 962 
885 4331 739 
913 857 757 

1158 1068 923 
1073 993 866 
977 912 805 
939 877 779 

1141 1048 907 
1079 995 865 
969 901 796 
935 873 770 

1226 1127 966 

- - - 
1136 1045 903 

1207 1107 952 

1001 931 812 

1247 1146 980 

646 
657 
692 
723 
706 
658 

728 
685 
656 
640 
760 
767 

- 

613 
624 
661 
742 
703 
664 
646 
731 
704 
659 
645 
774 
782 

-- 

566 
575 
601 
624 
613 
577 

628 
596 4= 

575 
563 
651 
656 
540 
5 49 
576 
6 39 
611 
582 
569 

- 
vl 

631 
611 
578 
568 
662 
667 

, 
. .  

, 



Table B . l .  (continued) 

Run Numbers 1 2 3 4 5 6 7 8 9 

Pressure (mm Hg  abs) 750.57 749.43 736.6 749.05 2.4 2 .1  2.2 2.5 2.0 

Reflector: Uninsulated 
Shutter: Open 

Power (watts) 4312 3200 1980 946 4301 3270 1974 950 597 
Thermocouple No. Temperature (OF) 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

329 301 265 204 
345 315 279 212 
348 317 280 213 

279 255 225 172 
297 270 239 181 
297 271 240 182 

334 305 269 207 

286 261 231 176 

391 
411 
4-11 
396 
384 
403 
403 
392 
63 
63 
61 
58 
58 
57 
69 
72 
72 

66 
67 

370 
389 
389 
37 4 
363 
382 
381 
370 
58 
58 
56 
54 
54 
54 
60 
63 
64 

58 
59 

- 

325 268 
343 282 
344 282 
329 271 
320 263 
338 277 
338 278 

61 62 
61  62 
60 61  
58 59 
58 59 
57 59 
62 61 
63 62 
64 62 

60 59 
61 60 

327 268 

- - 

232 
244 
245 
235 
229 
241 
241 
234 

ul 
ul 



Table B.l. (continued) 

Run Numbers 10 11 12 13 14 15 16 17 18 

Pressure (mm Hg abs) 741.43 736.35 736.35 735.58 741.43 2.2 1.9 2.1 2.5 
Power ( w a t t s )  2149 1688 1119 586 235.6 1653 1252 790 280.5 

Reflector:  Uninsulated 
Shutter:  Closed 

Thermocouple No. Temperature (OF) 

1 
2 
3 
4 
5 
6 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

898 
921 
979 

1019 
990 
906 

1025 
977 
928 
901 

1085 
1094 
847 
870 
924 

1017 
954 
887 
858 

1006 
978 
908 
882 

1079 
1087 
407 

826 
846 
896 
930 
905 
832 
935 
893 
851 
827 
988 
995 
779 
799 
888 
929 
871 
817 
791 
920 
895 
836 
813 
983 
990 
3-70 

719 
734 
773 
802 
782 
810 
806 
772 
740 
721 
847 
853 
679 
694 
733 
802 
758 
713 
693 
795 
775 
729 
711 
846 
851 
315 

565 
575 
602 
622 
608 
569 
623 
600 
578 
566 
649 
653 
533 
544 
570 
620 
591 
561 
548 
616 
602 
571 
5 59 
647 
650 
239 

380 986 
384 1001 
399 1050 
410 1077 
403 1054 
382 985 
411 1085 
398 io48 
386 1011 
380 989 

425 1152 
361 960 
367 976 
380 1019 
409 1103 
394 1047 
379 991 
372 967 
407 1094 
399 1074 
383 1017 
377 1001 
423 1167 
423 1176 
160 504 

423 1145 

921 
934 
974 
998 
978 
918 
100 5 
974 
942 
923 

1058- 
1065 
897 
953 
948- 

1022 
972 
924 
902 

1011 
995 
946 
933 

1077 
1084 
467 

809 
8il9 
849 
868 
852 
806 
873 
849 
826 
812 
914 
918 
788 
799 
827 
887 
848 
811 
795 
878 
866 
829 
819 
928 
934 
406 

584 
588 
603 
613 
604 
580 
615 
602 
63 5 
584 
635 
638 
569 
574 
589 
623 
603 
584 
576 
619 
613 
594 
589 
644 
645 
289 

Ln cn 

. . 
-_ 

I Q 

- . . . . ... - ... 
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Table B . l .  (continued) 

Run Numbers 10 11 12 13 14 15 16 17 18 

Pressure (mm H g  abs) 741.43 736.35 736.35 735.58 741.43 2.2 1.9 2.1 2.5 
Power ( w a t t s )  2149 1688 1119 586 235.6 1653 1252 790 280.5 

Reflector:  Uninsulated 
Shutter:  Closed 

Thermocouple N o .  Temperature (OF) 

28 
29 
30 
31 
32 
33 
34 
47 
49 
50 
51 
52 

412 
417 
411 
338 
345 
346 
339 
388 
386 
274 
269 
269 

375 
378 
372 
306 
313 
313 
306 
343 
341 
241 
237 
237 

320 
323 
318 
258 
265 
265 
259 
282 
282 
198 
194 
195 

243 
245 
241 
196 
201 
201 
196 
207 
208 
147 
144 
145 

163 
16 4 
161 
178 
137 
137 
135 
140 
141 
10 4 
102 
103 

506 
507 
500 
491 
496 
495 
492 
595 
584 
595 
594 
589 

470 
47 1 
464 
456 
461 
461 
458 
5 39 
530 
5 39 
539 
535 

410 
410 
405 
397 
403 
404 
400 
448 
440 
444 
444 
442 

293 
293 
288 
282 
287 
288 
284 

ul 284 
280 4 

276 
276 
276 



Table B . l .  (continued) 

Run Numbers 19 20 21  22 23 24 25 26 27 
Reflector: Uninsulated 
Shutter: Closed (flat shutter) 

Power ( watts ) 1530 1186 802 447 188.3 1451 1143 759 297 
Thermocouple No. Temperature (OF) 

Pressure (m Hg abs) 737.36 737.11 735.08 736.6 736.6 1.9 2.0 2.8 2.6 

1 
2 
3 
4 
5 
6 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

918 
934 
980 

1008 
984 
915 

io14 
980 
944 
923 
999 

1070 
800 
819 
864 
940 
888 
834 
812 
936 
914 
860 
834 
983 

1006 
424 

843 
856 
896 
921 
900 
840 
927 
896 
866 
848 
950 
976 
735 
753 
791 
860 
814 
766 
747 
85 3 
832 
784 
760 
890 
909 
387 

731 
741 
772 
750 
776 
728 
796 
771 
748 
733 
819 
835 
632 
646 
677 
734 
698 
661 
645 
729 
711 
673 
653 
755 
774 
332 

574 
581 
602 
617 
606 
573 
620 
602 
586 
576 
630 
644 
483 
493 
514 
513 
533 
508 
497 
553 
5 38 
5 12 
498 
563 
579 
255 

384 
387 
398 
406 
401 
384 
408 
398 
389 
385 
4-11 
419 
317 
322 
334 
358 
346 
334 
329 
356 
347 
334 
325 
356 
368 
171 

996 927 
1009 940 
1052 975 
1078 999 
1047 980 
992 924 

1087 1006 
1055 977 
1021 94% 
1000 930 
1089 991 
1143 1054 
971 903 
987 916 

1026 952 
1103 1021 

973 
996 948 
973 908 

1091 1011 
1031 996 
1021 949 

1167 1078 
498 464 

$005 936 - - 

811 
820 
048 
%f57 
es3 
809 
873 
849 
827 
813 
@9 
910 
788 
798 
826 
884 
846 
812 
796 
876 
8-62 
827 
817 

924 
398 

- 

582 
587 
602 
613 
605 
582 
615 
602 
590 
583 
630 
635 
565 
570 
586 
621 
602 
582 
575 
617 
608 
589 
584 
632 
6 39 
280 
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Table B.1 (continued) 

Run Numbers 19 20 21 22 23 24 25 26 27 
Ref lector: Uninsulated 
Shutter: Closed (flat shutter) 

Power (watts) 1530 1186 802 447 188.3 1451 1143 759 297 
Thermocouple No. Temperature ( O F )  

Pressure (mm Hg abs) 737.36 737.11 735.08 736.6 736.6 1.9 2.0 2.8 2.6 

28 
29 
30 
31 
32 
33 
34 
48 
49 
50 
51 
52 

433 395 338 259 174 507 471 407 
437 398 340 260 175 509 443 409 
433 394 336 258 173 501 466 402 
324 291 243 180 122 490 454 394 
338 303 252 187 126 501 464 403 
340 304 253 188 126 501 465 404 
331 295 246 183 123 496 4-60 400 
563 495 411 310 202 678 606 511 
495 445 375 286 188 597 547 467 
384 338 277 201 131 595 546 466 
443 388 315 224 142 654 597 506 
413 363 297 213 138 624 575 490 



Table B . l .  (continued) 

Run Numbers 28 29 30 31 32 33 34 

Pressure (mm Hg abs) 729.36 733.67 734.06 734.06 2.5 3.1 2.4 
Power (watts) 4279 3205 1972 936 4242 3200 1961 

Reflector: Insulated 
Shutter: Open 

Thermocouple No. Temperature (OF) 

1 
2 
3 
4 
5 
6 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 I 
20 
21 
22 
23 
24 
26 
27 
28 

873 812 708 567 955 895 796 
907 841 730 580 987 923 816 
999 918 788 618 1076 997 871 
1076 986 840 652 1156 1067 924 
io41 955 817 637 1125 1040 903 
922 853 741 587 1011 944 831 
1087 995 847 656 1171 1080 933 
995 915 785 615 1076 997 870 
916 849 736 584 1001 934 824 
877 815 711 568 962 901 799 
1148 io48 885 680 1231 1132 974 
1164 1062 896 687 1245 1144 984 
815 759 663 533 911 854 760 
850 788 685 547 942 880 779 
938 862 742 583 1031 956 836 
1093 1000 850 659 1195 1104 955 

916 848 736 585 1022 955 843 

1022 938 802 628 1121 io40 904 
917 849 736 586 1013 947 836 
877 815 710 569 980 920 815 
1178 1031 go4 693 1277 1179 1012 
443 402 336 257 583 551 476 
456 414 347 266 607 572 495 

lo09 927 794 623 1115 1034 901 

873 812 708 567 984 923 818 
1082 990 843 654 1177 lo90 943 

1' . 

e- , 

. ch -.. 
0 
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Table B . l .  (continued) 

Run Numbers 28 29 30 31 32 33 34 
Reflector:  Insulated 
Shutter:  Open 
Pressure (mm Hg abs)  729.36 733.67 734.06 734.06 2.5 3.1 2.4 

Thermocouple No Temperature ( O F )  

Power ( w a t t s )  4279 3205 1972 936 4242 3200 1961 

29 462 419 350 268 612 576 499 
30 456 413 345 264 600 564 487 
31 341 308 257 198 587 553 480 
32 357 323 269 206 609 573 498 
33 370 335 279 212 615 577 
34 372 337 280 213 606 569 
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