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I N T R O D U C T I O N  

1. During t h i s  p e r i o d  t h e  f o l l o w i n g  a s p e c t s  o f  t h e  s t u d y  of  hea t  

t r s z s fe r  a c r o s s  s u r f a c e s  i n  c o n t a c t  under  t r a n s i e n t  c o n d i t i o n s  

were emphasized: 

1.1 EXPERIMENTAL - 
As w e  p o i n t e d  o u t ,  it w a s  n e c e s s a r y  t o  d e s i g n ,  assemble, 

and t e s t  a new means f o r  p r o v i d i n g  a x i a l  f o r c e  c o n t r o l  

f o r  t h e  c y l i n d e r s  i n  c o n t a c t .  T h i s  h a s  been  completed 

and a c o u p l e  o f  t es t s  have shown t h a t  t h e  sys tem i s  oper -  

a t i n g  s u c c e s s f u l l y .  T h e  d e s c r i p t i o n  of f o r c e  sys tem and 

these  f i rs t  expe r imen t s  are d e s c r i b e d  l a t e r  i n  t h i s  re- 

1 .2  

Por t .  

THEORETICAL STUDIES - 
A n u m e r i c a l  s o l u t i o n  f o r  two d i m e n s i o n a l  hea t  t r a n s f e r  

a c r o s s  s u r f a c e s  i n  c o n t a c t  under  t r a n s i e n t  c o n d i t i o n s  h a s  

been comple ted  and s e v e r a l  c a s e s  have been run. I n  t h i s  

s t u d y  w e  are  concerned w i t h  q u e s t i o n s  such  as: How w i l l  

a s i n g l e  c y l i n d e r  i n  c o n t a c t  w i t h  a p l a t e  r e a c t  t o  changes 

i n  c o n t a c t  r e s i s t a n c e  and t h e r m a l  env i ronmen t ,  and how 

c l o s e l y  can c y l i n d e r s  be p l a c e d  on a p l a t e  w i t h o u t  t h e r m a l  

i n t e r f e r e n c e ?  T h i s  t y p e  o f  i n f o r m a t i o n  cou ld  be u s e f u l  i n  

d e s i g n i n g  t h e  l a y o u t  for hea t  g e n e r a t i n g  equipment  i n  s p a c e  

sys tems.  The d e s c r i p t i o n  of  ou r  model and some o f  t h e  re-  

s u l t s  w i l l  be d e s c r i b e d  l a t e r  i n  t h e  r e p o r t .  
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1.3 A POSSIBLE COMTROL A P P L I C A T I O N  - 
There  h a s  been a wide i n t e r e s t  i n  t h e  development o f  pas-  

s i v e  c o n t r o l  d e v i c e s .  In t h e  p r e v i o u s  r e p o r t  it w a s  

ment ioned  t h a t  i f  two c o n d u c t o r s  hav ing  s l i g h t l y  d i s h e d  

Out s e c t i o n s  i n  one o r  more p l a c e s ,  w e r e  p l a c e d  i n  r i g i d  

c o n t a c t  , as t h e  t e m p e r a t u r e  i n c r e a s e d  t h e  two materials 

would be  f o r c e d  t o g e t h e r  which would i n c r e a s e  t h e  h e a t  

f l u x  and t h e r e b y  t e n d  t o  d e c r e a s e  t h e  t e m p e r a t u r e .  If 

t h e  m a t e r i a l s  w e r e  not s t r e s sed  beyond t h e  e l a s t i c  l i m i t ,  

when t h e  t e m p e r a t u r e  l e v e l s  d e c r e a s e d  t h e  area of c o n t a c t  

would d e c r e a s e  l i k e w i s e  t h e  h e a t  f l u x .  It  w a s  o u r  i n t e n -  

t i o n  t o  make some t h e o r e t i c a l  s t u d i e s  i n  o r d e r  t o  e v a l u a t e  

t h e  f e a s i b i l i t y  of such an i d e a .  During t h i s  p e r i o d  w e  

have d e v i s e d  a s i m p l e  sys tem t o  t e s t  o u t  t h i s  i d e a  e x p e r i -  

m e n t a l l y .  The system and t h e  r e s u l t s  w i l l  b e  d e s c r i b e d  

l a t e r .  

1 . 4  METAL THERMAL C O N D U C T I V I T Y  - 
I n  o r d e r  t o  o b t a i n  m o r e  a c c u r a t e  v a l u e s  for c o n t a c t  con- 

duc tance  c o e f f i c i e n t s  i t  i s  d e s i r a b l e  t o  measure t h e  t h e r -  

m a l  c o n d u c t i v i t y  of t h e  meta ls  which w e  u s e  i n  o u r  sys t ems .  

For t h i s  p u r p o s e  w e  a r e  c o n s t r u c t i n g  an a p p a r a t u s  a lmos t  

i d e n t i c a l  t o  t h e  one d e s c r i b e d  by Watson and Robinson (1) 

( l ) T .  W. Watson and H .  E .  Robinson, "Thermal C o n d u c t i v i t y  of Some 
Commercial I ron -Nicke l  A l loys  ," J o u r n a l  of  Heat T r a n s f e r ,  Nov.  1961, 
pp 403-408 
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2. ONE DIMEIVSIOEAL TRABSIENT EXPERIMEHTS 

2.1 FORCE CONTROL SYSTEM - 
The force c o n t r o l  system i s  b a s i c a l l y  a c l o s e d - l o o p  

e l e c t r o - h y d r a u l i c  servomechanism. F i g u r e  2.1 i s  a 

s c h e m a t i c  of t h e . m a i n  components of t h e  system. 

doub le  ended hydtaulic c y l i n d e r  a p p l i e s  t h e  f o r c e  

t o  t h e  t e s t  samples .  The c y l i n d e r  is s u p p l i e d  w i t h  

A. 

a c o n s t a n t  preesure, c o n s t a n t  f l ow stream of h y d r a u l i c  

oil by a h y d r a u l i c  pump and f low r e g u l a t o r .  A pro-  

p o r t i o n a l  t y p e  s e r v o v a l v e  controls t h e  p r e s s u r e  d i f -  

f e r e n t i a l  a c r o s s  t h e  p i s t o n  of t h e  h y d r a u l i c  c y l i n d e r  

and t h u s  c o n t r o l s  t h e  f o r c e  a p p l i e d  t o  t h e  t e s t  samples .  

The s e r v o v a l v e  a d j u s t s  t h e  d i f f e r e n t i a l  p r e s s u r e  ac- 

c o r d i n g  t o  t h e  magnitude and  p o l a r i t y  o f  t h e  e l e c t r i c a l  

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

As shown in Figure 2.2, t h e . a p p l i e d  f o r c e  is t r a n s m i t -  

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

d e v i c e .  

t h a t  t h e  unba lanced  y o l t a g e  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  

f o r c e .  T h i s  v o l t a g e  is used  as a feedback s i g n a l .  By 

It is used  & one l e g  of  a w h e a t s t o n e  b r i d g e  so 

v 

means o f  a p o t e n t i o m e t e r  an  i n p u t  s i g n a l  i s  s u p p l i e d  t o  a 

summing j u n c t i o n  a t  a , p o l a r i t y  o p p o s i t e  t o  t h e  f eedback  

s i g n a l .  T h e  d i f f e r e n c e  between these  two v o l t a g e s  i s  t h e  

e r r o r "  s i g n a l ,  i . e .  it i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  0 

between t h e  i n p u t  and t h e  feedback  f o r c e .  T h i s  e r r o r  s i g n a l  

is a m p l i f i e d  and  used  t o  d r i v e  t h e  s e r v o v a l v e .  Thus,  when 
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t h e  f eedback  e q u a l s  t h e  i n p u t  t h e  s e r v o v a l v e  h o l d s  t h e  

d e s i r e d  f o r c e  on t h e  system. The i n p u t  c o n t r o l  c o n s i s t s  

Of two p o t e n t i o m e t e r s  connec ted  by a two p o s i t i o n  s w i t c h ,  

w h i c h  a l l o w s  a s t e p  change i n  t h e  i n p u t  t o  be accompl ished .  

T e s t s  have shown t h a t  t h e  sys t em r e s p o n s e  t i m e  i s  of t h e  

o rde r  sf m i l l i s e c o n d s ,  t h u s ,  f o r  p r a c t i c a l  p u r p o s e s ,  t h e  

l o a d  changes  are i n s t a n t a n e o u s .  

I n  a d d i t i o n  t o  p r o v i d i n g  a f eedback  s i g n a l  f o r  t h e  

c o n t r o l l e r  t h e  f o r c e  cell s i g n a l  is also a m p l i f i e d  and 

r e c t i f i e d  f o r  u s e  i n  r e c o r d i n g  t h e  f o r c e  on t h e  samples  

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

i s  c a l i b r a t e d  by comparing t h e  t r a c e  d e f l e c t i o n  t o  t h e  

o u t p u t  of a n o t h e r  l o a d  c e l l  which h a s  been  c a l i b r a t e d  on a 

t e s t i n g  machine.  
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2.2 EXPERIMENTAL RESULTS 
~ ~~ 

W e  have prepared 8 test samples so far ,  4 aluminum 

(2024S-T356) and 4 s t a i n l e s s  steel (Type 303-MA). Of 

each of these  mater ia ls  2 are 2.54 cm long and 2 are 

5.08 cm long, one each with a "medium" and "rough" 

f i n i s h  or; tCs amtact surface. A m x o  Iron szzples of 

the  same nature  are current ly  being prepared. Thus f a r  

w e  have made f i v e  sets of test runs on samples. A l l  

are with sample 2 on the ho t  s i d e  and sample 1 on the  

cold s ide.  Sample 2 is a 2.54 cm long aluminum sample 

with a surface roughness of 0.71 m i c r o m e t e r  (rms) and 

sample 1 is a 5.08 c m  long aluminum sample with a sur- 

face roughness of 0.35 micrometer (rms) . Some of t h e  

r e s u l t s  of these  f i v e  runs are presented i n  Figures 2.3 

through 2.5. A l l  of these runs w e r e  made i n  t h e  same 

manner which is  as follows: 

Phase 1.) The samples are pressed together  between 

t h e  source and sink blocks as  shown i n  Figure 2.2. 

Cooling w a t e r  i s  c i r c u l a t e d  through both the  source 

and the  s ink blocks t o  bring the  samples to  a uni- 

form temperature. Next, t he  samples are lowered 

so t h a t  the  upper (hot  s ide )  sample no longer makes 

contact  w i t h  t h e  source block. The system is  then 

evacuated t o  a pressure of 1-5 microns Hg. Then 

the  source block is heated up to t he  des i red  value 

(nominally 1 5 O O C ) .  F ina l ly ,  t h e  samples are r a i s e d  

-5- 



and pressed together a t  a constant  contact  pressure,  

T h i s  c lose ly  approximates a s t e p  rise i n  the upper 

boundary temperature ,  

Phase 2,) After phase 1 has reached i t s  steady 

state the contac t  pressure is raised suddenly t o  

a new constant value by I'lipphg a switch ol"r the 

force con t ro l l e r .  The system is held a t  this 

pressure u n t i l  steady state has been reached, 

Phase 3 . )  The procedure of phase 2 is reversed, 

re turn ing  the contact pressure t o  i t s  o r i g i n a l  

(lower) value and holding it constant  u n t i l  steady 

state is reached, 

Phase 4 , )  Holding t h e  contac t  pressure constant ,  

a i r  i s  allowed t o  e n t e r  the vacuum chamber as f a s t  

as possible and a new steady state is reached. 

The test  data show t h a t  this is  e f f ec t ive ly  a very 

rap id  change, That is, the temperature traces on 

the osci l lograph record respond almost as rap id ly  as 

in the phase 1 portion of the tests. 

2.2 , 1 CONTACT CONDUCTANCE 

For t h e  data reported here T a b l e  2.1 shows the 

contact  pressures  employed and the ca lcu la ted  steady 

state conductance, Note t h a t  s eve ra l  add i t iona l  runs 

w e r e  made i n  a i r  i n  runs 4 and 5 ,  These w e r e  made to 

obta in  s o m e  check values f o r  steady state. 

-6- 
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Figures 2.3 and 2.4  s h o w  the t r a n s i e n t  contact  conductance 

Comparison of phase 1 and phase 3 steady state values r e s u l t s ,  

(for the same run) ind ica te  t h a t  the  conductance is f a i r l y  

repeatable a t  these l o w  contact pressures ,  These p l o t s  also 

s h o w  that the conductance is r e l a t i v e l y  constant  after about 

15-20 seconds for phases 1, 2,  3, but  t he  phase 4 changes 

settle o u t  a l i t t l e  slower. 

time whether the sharp va r i a t ion  i n  t h e  conductance during the 

e a r l y  times is  real  o r  w h e t h e r  it is a r e s u l t  of the calcula-  

W e  are uncertain a t  t h e  present  

t i o n  method. 

present  t i m e  , 

W e  are inves t iga t ing  this question a t  t he  

As a means of judging the over-al l  accuracy of our con- 

ductance values we have compared the steady state r e s u l t s  in 

a vacuum w i t h  some values reported by Fried (AIAA Paper 

No. 65-661, September 1965). The r e s u l t s  are shown i n  

Figure 2.5. Two sets of Fried's data are shown, one set for  

a sur face  roughness of 0.2 micrometer ( C L A ) ,  and one set f o r  

a 1.1 micrometer (CLA) roughness, both are 2024S-T4 aluminurn. 

The r e s u l t s  used are for those i n  which Fried assembled the  

j o i n t s  i n  vacuum, Although our  j o i n t s  w e r e  touching before 

the air  w a s  evacuated it is believed t h a t  these r e s u l t s  are 

more representa t ive  due to t h e  nature  of our contact  surfaces .  

That is, the contac t  surfaces  are parallel ridges placed 

perpendicularly t o  each o t h e r  and should thus outgas quite 

e a s i l y ,  As can be seen in  Figure 2.5 our r e s u l t s  f a l l  i n  be- 

tween Fried 's  data ,  Since our sur face  roughness (0.35 and 

0.71 micrometer RMS) was also i n  between h i s  values  w e  feel 

t h i s  i s  a goad indica t ion  of the accuracy of our r e s u l t s .  
-7- 
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2.2.2 CONTACT TEMPERATURE DROP 

Figure 2.6 shows how the contact  temperature drop 

varied with time during the phase 1 p a r t  of runs 1 and 3. 

The amount of overshoot in  ATc, i.e., the percentages greater 

than the steady state value, is apparently s e n s i t i v e  to h 

for these l o w  values  of h,  This r e s u l t  w a s  expected from 

our earlier theoretical work. 

is  the theo re t i ca l  predict ion for  a system consis t ing of the 

same materials (thermal properties), lengths ,  and contac t  

The  dashed curve i n  Figure 2.6 

conductance as those of run No. 3, A comparison shows t h a t  

the amount (i.e. per c e n t  of steady state value) of t h e  peak 

overshoot i n  ATc is lower than t h e  theoretical, and tha t  t h e  

t i m e  of occurrence of t h i s  peak is later than the theo re t i ca l .  

It is also noted that the steady state value of ATc is lower 

than predicted (measured 41.1OC compared t o  the theoretical 

55.OoC), The data show tha t  there w e r e  contact  res i s tances  

a t  the source and sink ends of the  samples, Calculat ions 

show that  this aadunted to conductances of about 6250 and 

5680 Watts/rn2-OC on the h o t  and cold ends, respect ively.  

Using these values to account for the addi t iona l  o v e r a l l  

res i s tance  the theore t ica l  ATc becomes 40.8°C. 

very w e l l  t o  a measured va lue  of 41, lOC. Thus it is  our 

This  compares 

preliminary conclusion t h a t  the contac t  res i s tance  on the 

ends of the samples is t h e  primary cause of the difference 

between theory and experiment, This is backed up by the  

-8- 
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theory i n  t h a t  it has  shown t h a t  higher res i s tances  

( e i t h e r  i n  t h e  materials or i n  contacts)  has t h e  same effect 

on t h e  amount and occurrence t i m e  of t h e  overshoot peak. 

2.2.3 TIME TO REACH S a A D Y  STATE 

Por t h e  t i m e  to  reach steady state co r re l a t ions  w e  

have gone t o  63.2% instead of t h e  99 .0% of steady state.  

This f r a c t i o n  i s  the standard i n  most t r a n s i e n t  work i n  

various f i e lds .  It gives t h e  t i m e  t o  approach t o  within 

one "time constant" of steady state, i.e. t o  within e-1, 

thus the  f r a c t i o n  is 1-6 = 63.2%. 

because it reduces the  s e n s i t i v i t y  t o  experimental error. 

This  change was made 

Using t h i s  c r i t e r i o n  the tes t  r e s u l t s  are compared w i t h  t h e  

t h e o r e t i c a l  p red ic t ion  i n  Figure 2.7. The predicted values 

assume no end res i s tance  i s  present .  From t h e  curves it 

appears t h a t  the experimental t i m e  i s  approximately t w i c e  

the  theoretical t i m e .  

I n  order t o  evaluate t h e  conclusicn mentioned above 

t h e  t h e o r e t i c a l  t r ans i en t  program is  being modified t o  

include t h e  end res i s tances  and these r e s u l t s  w i l l  be 

compared with the experimental r e s u l t s  . 
2.2.4 FUTURE EXPERIHENTS 

The r e s u l t s  obtained t o  date are encouraging and it 

appears t h a t  the apparatus and procedures are sa t i s f ac to ry .  

Further experiments are  i n  progress and s t i l l  others are 

planned. These include combinations of lengths  and mater- 

ials cons i s t ing  of 2.54 and 5.08 cm samples of 2024S-T356 

-. -9- 
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aluminum, type 303-MA stainless steel and Annco Iron, 

With these combinations it is felt that the theoretical 

predictions can be teste6 in a conclusive manner, and the 

experimental results, regardless of how the comparison 

turns out, will Se indicative since these three materials 

are representative of the range OF thermal properties of 

metals - 

-10- 



3. TWO DIMEBSIOIAL HEAT TRANSFER ACROSS SURFACES I N  COBTACT: 

A THEORETICAL STUDY 

3.1 BACKGROUND - 
In t h e  case vhere s e v e r a l  p i e c e s  of equipment  are 

a t t ached  t o  a common s i n k  f t  would be desirable  t o  

d e t e r m i n e  t h e  t h e r m a l  i n t e r f e r e n c e  of one p i ece  of 

equipment  w i t h  ano the r .  For p l a n n i n g  p u r p o s e s ,  i f  

w e  knew t h e  e x t e n t  of t h e  t h e r m a l  i n t e r f e r e n c e ,  it 

would be p o s s i b l e  t o  dec ide  how many i t e m s  c o u l d  be 

placed a g a i n s t  a common s u r f a c e .  

3.2  THE MODEL - 
In view of our i n t e r e s t  i n  t h e  t r a n s i e n t  r e s p o n s e  o f  

s y s t e m s  i n  which  e i t h e r  the envi ronment  o r  t h e  c o n t a c t  

conductance  changes  our  model i n c l u d e s  s u r f a c e s  i n  con- 

t a c t  where t h e  c o n t a c t  conduc tance  c o e f f i c i e n t s  can be 

var ied .  T h i s  model can be u s e d  for t h e  c a s e  where t h e  

c o n t a c t  conduc tance  is i n f i n i t e ,  t h a t  i s ,  where t h e r e  i s  

no c o n t a c t  f o r  h e a t  t r a n s f e r  p u r p o s e s .  T h e  model con- 

s idered  so f a r  c o n s i s t s  of a r e c t a n g u l a r  b l o c k  p l a c e d  i n  

c o n t a c t  w i t h  a p l a t e  ( F i g u r e  3.1). We assume a d i a b a t i c  

s u r f a c e s  from t h e  s i d e  of t h e  b lock  and from t h e  t o p  o f  

t h e  p l a t e .  I n i t i a l l y  b o t h  t h e  b l o c k  a n d  t h e  p l a t e  are a t  

t h e  S ink  t e m p e r a t u r e .  Suddenly  t h e  t o p  of t h e  b l o c k  i s  

b rough t  t o  t h e  s o u r c e  t e m p e r a t u r e  and t h e  n u m e r i c a l  sol- 

u t i o n  of t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n  p r o v i d e s  temper- 

a t u r e  v e r s u s  d i s t a n c e  and t i m e  f o r  t h e  whole system. I n  

view of t h e  computer  t i m e  r e q u i r e d ,  i t  was decided t o  

-11- 
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c o n s i d e r  t h i s  phase  of t h e  t h e o r e t i c a l  exper iment  complete  

when t h e  r a t i o  of t h e  h e a t  l e a v i n g  t h e  p l a t e  t o  t h e  heat 

e n t e r i n g  from t h e . s o u r c e  a t  t h e  t o p  o f  t h e  b lock  e q u a l s  

0.67. For some c a s e s  a s t e p  f u n c t i o n  change i n  t h e  con- 

t a c t  conductance  was assumed a f t e r  t h e  comple t ion  of phase  

One and t h e  same t y p e  of i n f o r m a t i o n  w a s  o b t a i n e d .  

I n  a l l  c a s e s  t h e  p l a t e  w a s  assumed t o  be aluminum, 

25.4 c e n t i m e t e r s  w i d e  and 1.77 c e n t i m e t e r s  deep. The 

b l o c k s  c o n s i s t e d  of aluminum, armco i r o n ,  o r  s t a i n l e s s  

s t e e l .  T h e  w id th  f o r  t h e  b lock  w a s  k e p t  c o n s t a n t  i n  a l l  

c a s e s  s t u d i e d  so f a r  at 2.54 c e n t i m e t e r s  b u t  t h e  l e n g t h  

v a r i e d  from 1.77 c e n t i m e t e r s  t o  17.7 c e n t i m e t e r s .  The 

c o n t a c t  conductance  c o e f f i c i e n t s  ranged  from 142 w a t t s /  

M2-HR-OC ( 2 5  Btu/hr / f t2 'F)  t o  56,700 w a t t s / M 2 - H R - O C  

(10,000 B t u / h r  F ) .  I n  e v e r y  c a s e  where a new c o n t a c t  

conductance w a s  i n t r o d u c e d  as a s t e p  f u n c t i o n  ( p h a s e  two) 

t h e  o r i g i n a l  c o n t a c t  conductance w a s  5670 w a t t s / H R  M 2  O C  

(1000 B t u / h r / f t 2 0 F )  . 

20 

3 . 3  SOME RESULTS - 
I n  Table 3.1 are d e s c r i b e d  some of t h e  r e s u l t s  for t h e  c a s e s  

s t u d i e d  t o  d a t e .  Columns 1 and 2 i n d i c a t e  t h e  system f o r  

t h e  upper  b l o c k  and lower p l a t e .  

two c r i t i c a l  dimensions f o r  t h e  upper  b l o c k  and f o r  t h e  

lower p l a t e .  Columns 7-9 d e a l  w i t h  t h e  p e r t i n e n t  i n f o r -  

Columns 3-6 l i s t  t h e  

mation f o r  phase  one of t h e  t h e o r e t i c a l  expe r imen t .  

-12 - 
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Column 7 l i s t s  t h e  c o n t a c t  conductance  c o e f f i c i e n t .  

The t i m e  f o r  t h e  r a t i o  o f  t h e  h e a t  o u t  from t h e  lower  

. p l a t e  t o  t h e  h e a t  i n t o  t h e  upper  b l o c k  e q u a l  0.67 i s  

l i s t e d  in Column 8 .  The t h e r m a l  i n f l u e n c e  d i s t a n c e  

(TID) v h i c h  is t h e  d i s t a n c e  f r o m  t h e  edge o f  t h e  uppe r  

b i o c k  a l o n g  tne p l a t e  where t h e  t e m p e r a t u r e  i s  e q u a l  

t o  o r  g r e a t e r  t h a n  0.0001 (TsOUrCe -Tsink 1.  

10-14 are l i s t e d  i n f o r m a t i o n  c o n c e r n i n g  phase  two (where  

t h i s  w a s  r u n  on t h e  computer ) .  Column 10 h a s  t h e  new 

In Columns 

c o n t a c t  conduc tance  c o e f f i c i e n t .  Column 11 h a s  t h e  t i m e  

c o r r e s p o n d i n g  t o  Column 7. Column 1 2  h a s  t h e  maximum 

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

when h i s  s u d d e n l y  d e c r e a s e d  a t  t h e  end  o f  p h a s e  one. 

The number l i s t e d  i n  t h i s  column i s  t h e  f r a c t i o n  o f  t h e  

t e m p e r a t u r e  d i f f e r e n c e  between t h e  s o u r c e  and t h e  s i n k .  

In Column 1 3  i s  l i s t e d  t h e  t i m e  it t a k e s  from t h e  s t a r t  

of phase  t v o  f o r  t h i s  maximum t e m p e r a t u r e  d e p r e s s i o n  to 

occur .  The T I D  is l i s t e d  i n  Column 1 4 .  T h i s  t e m p e r a t u r e  

d e p r e s s i o n  o c c u r s  because  t h e  lowered  c o n t a c t  conduc tance  

c o e f f i c i e n t  adds a t h e r m a L  r e s i s t a n c e  t o  t h e  s y s t e m  i n  

such  a way t h a t  t h e  p l a t e  l o s e s  more h e a t  . than it r e c e i v e s  

from t h e  b lock .  The b l o c k  h e a t s  up because  of t h e  e x t r a  

r e s i s t a n c e .  When t h e  t e m p e r a t u r e  a c r o s s  t h e  c o n t a c t  i s  

h i g h  enough t h e  f l u x  i n c r e a s e s  t h e r e b y  t h e  t e m p e r a t u r e  

on t h e  p l a t e  s i d e  of t h e  c o n t a c t  b e g i n s  t o  i n c r e a s e  a g a i n ,  

u n t i l  t h e  new s t e a d y  s t a t e  c o n d i t i o n  i s  r e a c h e d .  It w a s  

i n t e r e s t i n g  t o  observe  i n  t h e  c a s e s  s t u d i e d  t h a t  t h e  t i m e  

-13- 



for t h e  m a x i m u m  t e m p e r a t u r e  d e p r e s s i o n  t o  o c c u r  

v a r i e d  between two a n d  t h r e e  seconds  f o r  a l l  t h e  

c a s e s .  T h i s  i n c l u d e s  a v a r i a t i o n  i n  t h e  b l o c k  mater ia l  

and t h e  h e i g h t  of t h e  b l o c k  ma te r i a l .  The o r i g i n a l  and 

t h e  new c o n t a c t  conductance  c o e f f i c i e n t s  w e r e  t h e  same 

in sll cases as w e l l  as t h e  material sild g e t a e t r g  f o r  

t h e  lower  p l a t e .  

One can see q u a l i t a t i v e l y  from t h i s  t a b l e  t h a t  as 

t h e  c o n t a c t  conductance  c o e f f i c i e n t  i n c r e a s e s  t h e  t h e r m a l  

i n f l u e n c e  d i s t a n c e  ( T I D )  a l s o  i n c r e a s e s .  T h i s ,  of c o u r s e ,  

would be e x p e c t e d  as t h e  t o t a l  sys tem r e s i s t a n c e  d e c r e a s e s .  

The  t r a n s i e n t  r e s p o n s e  t i m e s  for phase  one a l s o  behaves  

as one might  e x p e c t  q u a l i t a t i v e l y ,  namely; t h a t  t h e  approach  

t o  e q u i l i b r i u m  takes l e i s  t i m e  as t h e  c o n t a c t  conduc tance  

c o e f f i c i e n t  i n c r e a s e s  for a g i v e n  mater ia l  and t h a t  t h e  

t h e r m a l  p r o p e r t i e s  a l s o  a f f e c t  t h e  t r a n s i e n t  r e s p o n s e  t i m e  

b e i n g  l e s s  a f f e c t e d  by t h e  c o n t a c t  as t h e  t h e r m a l  r e s i s t a n c c  

of t h e  mater ia l s  i n  c o n t a c t  i n c r e a s e .  

Bo g e n e r a l  c o r r e l a t i o n s  vere  a t t e m p t e d  w i t h  t h e  data  

o b t a i n e d  t o  date because  t h e r e  are some changes t h a t  w e  

wotAld l i k e  to add t o  t h i s  program which would make it of 

more g e n e r a l  v a l u e .  S p e c i f i c a l l y ,  nonvec t ion  and  r a d i a t i o n  

from t h e  s ides  p l u ,  i n t e r n a l  power g e n e r a t i o n  would make 

t h e  program f a -  more g e n e r a l .  If i n  a d d i t i o n  t o  t h i s ,  we’ 

v e r e  t o  includ::  v a r i a b l e  p r o p e r t i e s  t h e  program would be 

q u i t e  v a l u a b l e  a t  l ea s t  f o r  t h e  s t u d y  of i n d i v i d u a l  problems.  

-14- 



I n  addi t ion t o  these  modifications which w i l l  not  be  

made s imultaneously w e  will develop a separate pro- 

gram for  the  steady s t a t e  case  which should provide a 

valuable c h e c k  f o r  the t r a n s i e n t  program. 
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4.  A PASSIVE THERMAL COBTROL DEVICE 

The p o s s i b i l i t y  o f  a p p l y i n g  i n f o r m a t i o n  about  sys tems w i t h  con- 

t a c t s ,  for c o n t r o l s  i n v o l v e  two a s p e c t s :  F i r s t ,  t h e  knowledge 

of hoar systems behave under  t r a n s i e n t  c o n d i t i o n s  when e i t h e r  

t h e  environment  or t h e  c o n t a c t  conductance  c o e f f i c i e n t s  change 

would e n a b l e  t h e  d e s i g n e r  of a system t o  p l a n  t h e  c o n t r o l  sys tem 

w i t h  more a s s u r a n c e  concern ing  t h e  r e s p o n s e  t i m e  of such sys tems.  

Second,  it w a s  b e l i e v e d  t h a t  expe r imen t s  under  t r a n s i e n t  c o n d i t i o n s  

w i t h  sys tems where c o n t a c t s  w e r e  p r e s e n t  m i g h t  r e s u l t  i n  t h e  

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

w e  i n d i c a t e d  t h a t  some t h e o r e t i c a l  s t u d i e s  m i g h t  be made con- 

c e r n i n g  f e a s i b i l i t y  of t h e  l a t t e r .  

F i g u r e  4 . 1  is a ske tch  p r e s e n t e d  i n  t h e  l a s t  r e p o r t .  .Two 

r i g i d l y  p l a c e d  conduc to r s  w i t h  some s m a l l  gaps would be p l a c e d  

in c o n t a c t  and t h e  h e a t  f l u x  would be  obse rved  f o r  v a r i o u s  t e m -  

p e r a t u r e  l e v e l s .  Hopefu l ly  t h i s  would t e l l  u s  t h e  v a r i a t i o n  i n  

h e a t  f l u x  for a change i n  t h e  t e m p e r a t u r e  o f  t h e  h o t t e r  p i e c e  of 

a c o n t r o l  d e v i c e .  The  h i g h e r  d q / d t ,  t h e  more e f f e c t i v e  t h e  con- 

t r o l  d e v i c e  i s  f u n c t i o n i n g ,  assuming t h a t  t h e  o b j e c t i v e  o f  t h e  

c o n t r o l  d e v i c e  i s  t o  keep t h e  t e m p e r a t u r e  o f  t h e  h o t  p i e c e  re l -  

a t i v e l y  c o n s t a n t .  

4 . 1  THE APPARATUS AND PROCEDURE - 
T h e  model t h a t  seemed most amenable t o  t h e o r e t i c a l  cons id -  

e r a t i o n  w a s  one i n  which  t h e  two p i e c e s  ( a  s o u r c e  whose 

t e m p e r a t u r e  s h o u l d  be  c o n t r o l l e d  and a s i n k  t o  remove t h e  

h e a t )  s h o u l d  have an in te rmedia te  c o n t r o l  e lement  w h e r e  

t h e  v a r i a b i l i t y  of the  c o n t a c t  area,  ease o f  f a b r i c a t i o n ,  
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Figure  4.1-PASSIVE CONTROL DEVICE 



and p r e d i c t a b l e  b e h a v i o r  could  be e s t & b l i s h e d .  A con- 

i c a l  washer  seems t o  be b e s t  f o r  t h i s  purpose .  

F i g u r e  4.2 i s  a schemat i c  of t h e  sys tem for t e s t i n g  

t h i s  dev ice .  R e t a i n i n g  p l a t e s  and columns are used t o  

p r o v i d e  s r i g i d  sys tem through which t h e  t h e r m a l  conduc to r ,  

ccz ica l  vrsher,  and s i n k  can o p e r a t e .  

Fo r  t e s t i n g  t h e  system t h e  heater w a s  t u r n e d  on t o  a 

f i x e d  l e v e l  and t h e  s t e a d y  s t a t e  t e m p e r a t u r e s  were obse rved .  

The power w a s  t h e n  i n c r e a s e d  u n t i l  a new s t e a d y  s ta te  con- 

d i t i o n  w a s  r eached  where t h e  t e m p e r a t u r e s  would t h e n  be re- 

corded .  

The c o n t r o l l e d  devfce  a c t i o n  vorkrr such  t h a t  as t h e  

Power i n c r e a s e s  t h e  t e m p e r a t u r e  o f  t h e  upper  p i e c e  vou ld  

i n c r e a s e  t h e r e b y  caus ing  (by  t h e r m a l  e x p a n s i o n )  t he  c o n i c a l  

washer t o  e v e n t u a l l y  come i n  c o n t a c t  w f t h  t h e  lower  p i e c e  

t h e r e b y  p r o v i d i n g  a g r e a t e r  c o n t a c t  area so t h a t  f o r  a g i v e n  

t e m p e r a t u r e  a g r e a t e r  flux cou ld  p a s s  t h r o u g h  from t h e  s o u r c e  

t o  t h e  s i n k .  The c o n i c a l  washer  vas d e s i g n e d  i n  such  8 man- 

n e r  t h s t  i t s  e l a s t i c  l i m i t  would n e v e r  be  exceeded t h e r e b y  

r e p r o d u c i b i l i t y  would be expec ted .  

, 

A t  f irst  t h e  heat s i n k  W a s  replaced by a thermal i n =  

s u l a t o r  of h i g h  compressor  s t r e n g t h .  The power i n p u t  w a s  

r eco rded  f o r  a s u c c e s s i o n  o f  s t e a d y  s t a t e  t e m p e r a t u r e s  t o  

de t e rmine  t h e  system losses  t o  t h e  s u r r o u n d i n g s .  

F i g u r e  4.3 shows t h e  power l o s s e s  as a f u n c t i o n  of upper  

c y l i n d e r  t e m p e r a t u r e .  

Wi th  t h i s  i n f o r m a t i o n  a v a i l a b l e  t h e  heat s i n k  was t hen  

-17- 
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i n s t a l l e d  and t h e  v a s h e r  w a s  compressed t o  a p r e d e t e r -  

mined gap a t  i t s  o u t e r  edge and t h e  power i n p u t  was 

i n c r e a s e d  i n  s t e p s  up t o  and beyond t h e  p o i n t  a t  which 

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

r e c o r d e d  a f te r  s t e a d y  s t a t e  w a s  r e a c h e d  a t  each  power 

s e t t i n g .  The i n i t i a l  gap  depended on t h e  allowable 

change i n  t e m p e r a t u r e  b e f o r e  t h e  s u r f a c e  vas t o  c l o s e  

(make c o n t a c t ) .  T h i s  w a s  es t imated by knowing t h e  

l e n g t h ,  c o e f f i c i e n t  of e x p a n s i o n ,  and t h e  differepce 

between t h e  o r i g i n a l  t e m p e r a t u r e  and t h e  c o n t r o l  temper-  

a t u r e .  

AL = BLAT (4-1)  

4.2 RESULTS - 
The r e s u l t s  of t h e  two e x p e r i m e n t s  done t o  da te  are il- 

l u s t r a t e d  i n  F i g u r e  4.4 which i s  a p l o t  of t h e  power i n p u t  

( s u b t r a c t i n g  t h e  l o s s e s )  v e r s u s  t h e  t e m p e r a t u r e  of t h e  

c y l i n d e r  a t  t h e  upper thermocouple  and  a n o t h e r  c u r v e  for 

t h e  l ower  thermocouple .  T h i s  w a s  done for two t e m p e r a t u r e  

l e v e l s .  The c o n t r o l  d e v i c e  seems t o  be working b e t t e r  a t  

t h e  h i g h e r  t e m p e r a t u r e .  T-he c o n t r o l  a c t i o n  can  best  b e  

s e e n  by l o o k i n g  a t  t h e  c u r v e s  f o r  t h e  2OO0P c o n t r o l .  

e x a p l e ,  if one looks a t  t h e  r e s u l t s  of p l o t t i n g  t h e  power 

i n p u t  a g a i n s t  t h e  upper  the rmocoup le  a t  200°F one can  see 

t h a t  somewhere about  180°F, d q / d t  i n c r e a s e s  markedly  v h i c h  

F o r  

is an i n d i c a t i o n  t h a t  t h e  gap h a s  c l o s e d  and t h a t  t he re  

is  more s u r f a c e  a v a i l a b l e  f o r  t r a n s f e r r i n g  h e a t .  The u p p e r  

l i m i t  of t h e  c o n t r o l  d e v i c e  w a s  n o t  r e a c h e d  i n  t h i s  experi-  
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ment p r i m a r i l y  because t h e  c a p a c i t y  o f  t h e  heater w a s  

r eached  end t h e  experiment  had t o  be s topped  t o  p r e v e n t  

burnout .  A t  t h e  p o i n t  where  t h e  c o n t r o l  dev ice  was 

working ( r e f e r r i n g  t o  t h e  same upper  thermocouple  c u r v e )  

t h e  h e a t  t r a n s f e r  rate r anged  f r o m  about  600 t o  1200 Btu/  

hr with a change of about  5OP, 

conductance c o e f f i c i e n t  as a f u n c t i o n  of c y l i n d e r  temper- 

a t u r e  as r eco rded  by t h e  upper  thermocouple  is shown in 

F i g u r e  4.5 

The e f fec t i re  c o n t a c t  
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5 .  PERSONSEL 

B a r o l d  A .  B l u m ,  P r i n c i p a l  I n v e s t i g a t o r ,  P r o f e s s o r  o f  
Mechanica l  Eng inee r ing .  

C l i f f o r d  J .  Moore, Jr.,  Graduate  S t u d e n t ,  e x p e c t e d  t o  comple te  
s t u d i e s  f o r  Ph.I). by September ,  1966. 

Lenox C a r r u t h ,  Gradua te  S t u d e n t ,  Ph.D. s t u d i e s  i n  p r o g r e s s .  

E a r i d  W i l f i e ~ s ,  Gradua te  S t u d e n t ,  exDected t o  comple te  
s t u d i e s  toward  master ' s  deg ree  i n  September ,  1966. 

Frank  A.  F i t z ,  Undergraduate  S t u d e n t ,  working on s p e c i a l  problem 
( i n  c o n n e c t i o n  w i t h  c o n t r o l )  as s e n i o r  p r o j e c t .  

John  Hu tch i son ,  Undergraduate  S t u d e n t ,  s e n i o r  p r o j e c t  ( C o n t a c t  
Conductance S t a n d a r d s ) .  

Thomas Ashley ,  Underaraduate  S t u d e n t ,  t e c h n i c i a n  f o r  p r o j e c t .  

Rober t  Ashley,  Undergraduate  S t u d e n t ,  t e c h n i c i a n  f o r  p r o j e c t .  

W i l l a  B a t e s ,  p a r t - t i m e  s e c r e t a r y .  

S t a r t i n g  in F a l l ,  1966 Messrs. J, V. Kenny and John  H a e s s l y  
I 
i w i l l  be p a r t - t i m e  r e s e a r c h  a s s i s t a n t s .  They will be  working to- i 

w a r d  t h e i r  m a s t e r ' s  deg rees .  Mr. Virei1 Robinson,  a Ph.D. s t u d e n t ,  1 , 

w i l l  s t a r t  h i s  d i s s e r t a t i o n  work i n  t h e  a r e a  of c o n t a c t  conductance .  

I n  t h e  l a s t  s eve ra l  months we have had t h e  i n v a l u a b l e  h e l p  1 
of P r o f e s s o r  Kenneth I i e i z e r  who d e s i g n e d  t h e  e l e c t r o n i c s  f o r  t h e  

f o r c e  sys tem and h e l p e d  s u p e r v i s e  t h e  t e s t i n g  o f  i t .  
I 
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