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C H A P T E R  I

IN TR O D U C TIO N

H eat t r a n s fe r  in  tu rb u len t f lo w  fr o m  e x te r n a l s u r fa c e s  h a s  

b e e n  in v e s t ig a te d  e x t e n s iv e ly  in  th e p a s t . M o st o f the th e o r e t ic a l  and  

e x p e r im e n ta l w o rk  d e a ls  w ith  a tw o d im e n s io n a l b ou n d ary  la y e r  on  

is o th e r m a l  o r  u n ifo r m  h e a t  f lu x  s u r fa c e s  w ith  lo n g itu d in a l te m p e r a tu r e  

v a r ia t io n . H o w e v e r , l i t t l e  a tte n tio n  h a s  e v e r  b een  p a id  to  th e  c a s e  

in  w h ich  the te m p e r a tu r e  o f th e  p la te  v a r ie s  t r a n s v e r s e ly .  T h is  i s  a 

th r e e  d im e n s io n a l p r o b le m  due to  th e sp a n w ise  v a r ia t io n  o f th e  th e r m a l  

b ou n d ary  la y e r .  The m o s t  e le m e n ta r y  e x a m p le  of th is  i s  th e  b ou nd ary  

fo r m e d  by th e su d d en  te m p e r a tu r e  im p u ls e  th a t a c t s  t r a n s v e r s e ly  

a c r o s s  a f la t  p la te  a s  sh ow n  in  F ig .  1. T h e o r e t ic a l ly ,  th is  sp a n w ise  

b ou n d ary  in c r e a s e s  th e  h e a t  t r a n s fe r  c o e f f ic ie n t .  A  k n o w led g e  of 

th is  i s  im p o r ta n t in  th e  f ie ld  o f h e a tin g  and c o o lin g  s y s t e m  d e s ig n .

It i s  a ls o  im p o r ta n t fo r  th e  in v e s t ig a t io n  o f s p o t-h e a t  f lu x  m e a s u r e 

m e n t.

The p u r p o se  o f th is  t h e s i s  i s  to  stu d y  th is  sp a n w ise  bou nd ary  

e f f e c t  on h ea t t r a n s fe r  in  tu rb u len t f lo w  fr o m  u n ifo r m ly  h e a te d  s tr ip s  

on a la r g e  p la te . T h is  sp a n w ise  b o u n d ary  e f f e c t  w i l l  be d e s ig n a te d

1
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a s  the " edge e f fe c t .  "
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In o r d e r  to  a c c o m p lis h  th is  r e s e a r c h ,  one u n ifo r m ly  

r e s is t a n c e - h e a t e d  p la te  and f iv e  u n ifo r m ly  r e s is t a n c e - h e a t e d  s t r ip s  of 

d iffe r e n t  a s p e c t  r a t io n  (w id th  to  le n g th  ra .tio), e a c h  f lu sh  im b ed d ed  in to  

an  in s u la te d  fo a m  p la te , w e r e  u s e d  to  s im u la te  a  p la e  w ith  a t r a n s v e r s e  

s te p  te m p e r a tu r e  v a r ia t io n . The in v e s t ig a t io n  w a s  p e r fo r m e d  in  a  

w in d  tu n n el a t  a v a r ie ty  o f s p e e d s .

T he e x p e r im e n ta l r e s u l t s  w e r e  c o m p a r e d  w ith  a th e o r e t ic a l  

p r e d ic t io n  fo r  a  f la t  p la te  h a v in g  an  u n h ea ted  s ta r t in g  len g th .



C H A PT E R  II

SU R V E Y  O F PR E V IO U S WORK

In th e p a s t  v a r io u s  e x p e r im e n ta l in v e s t ig a t io n  and th e o r e t ic a l  

a n a ly s e s  h a v e  b e e n  u n d erta k en  to e v a lu a te  the h e a t  tr a n s fe r  fr o m  

p la te s  and tu b e s  u n der d if fe r e n t  h ea tin g  c o n d it io n s . M o st of the w o rk  

w a s  done in  so lv in g  p r o b le m s  in  w h ich  th e h ea t f lu x  or te m p e r a tu r e  

v a r ie d  in  th e  f lo w  d ir e c t io n  but w a s  c o n sta n t in  the t r a n s v e r s e  d ir e c 

tio n . A s  an  e x a m p le , S og in  and G o ld ste in  (7) (8) p u b lish e d  a stu d y  of 

la m in a r  and tu rb u len t h e a t  t r a n s fe r  fr o m  is o th e r m a l sp a n w ise  s tr ip s  

on a f la t  p la te .  In th is  stu d y , n ap h th a len  c a s t - in - t r a y s  v /a s  u s e d  to  

s im u la te  the is o th e r m a l  s t r ip s  w h ile  the in e r t  m a te r ia l  b e tw e e n  th em  

s im u la te d  a d ia b a tic  s t r ip s .

T h e r e  h a s  b e e n  so m e  w o rk  done sh ow in g  the e f fe c t  o f t r a n s 

v e r s e  te m p e r a tu r e  v a r ia t io n  in  tube f lo w  su ch  a s  th e th e o r e t ic a l  study  

of h ea t tr a n s fe r  to  fu lly  d e v e lo p e d  la m in a r  f lo w  in  a c ir c u la r  tube w ith  

a r b itr a r y  c ir c u m fe r e n t ia l  h e a t f lu x  by R ey n o ld s  (1 1 ). In th is  stu d y , 

R ey n o ld s  h ad  ta k en  th e  c a s e  o f a tube w ith  co n sta n t h ea t f lu x  o v e r  a 

s m a ll  p o r tio n  of i t s  c ir c u m fe r e n c e  and in s u la te d  o v e r  the r e m a in d e r  a s  

show n in  F ig . 2 . R ed u ctio n  o f th is  so lu tio n  to  th e l im it in g  c a s e  of

4
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S e a t in g  p v e r  p  .d iffe r e n tia l segm ent, of c ir c u m fe r e n c e  le a d s  to  a  

g u p e r p o s it io n  k e r n e l w h ich  in  tu rn  a llo w s  th e a r b itr a r y  c ir c u m f e r 

e n t ia l  h e a t  flu x  p r o b le m  to  b e h a n d led  u n der the r e s t r ic t io n  o f c o n 

s ta n t  a x ia l  h e a t  in p u t. T he r e s u l t s  o f th is  stud y  a r e  c a lc u la te d  and  

p lo t te d  w ith  ISTusselt n u m b er y e r s u s  the w idth  of th e  u n ifo r m ly  

h e a te d  a n g u la r  s e g m e n t  a s  show n  in  F ig . 3, F r o m  th e s e  r e s u l t s  w e  

§gg fh a t  th e in f lu e n c e  o f g i:rg u m f e r e n t ia l  h e a t  f lu x  pn w a ll  te m p e r a tu r e  

f s  s ig n if ic a n t .  Q f  p a r t ic u la r  in t e r e s t  in  th is  stud y  i s  th at th e  n a r r o w 

e r  th e h e a te d  r e g io n  th e  h ig h er  the N u s s e lt  n u m b e r . T h is  sh o w s  the  

n a tu re  o f th e  ed g e  e f fe c t ,

H a ter , R ey n o ld s  (7) ex ten d ed  the ab ove m e n tio n e d  a n a ly s is  

Ip tu rb u len t f lo w , in  w h ich  he s t r e s s e d  th at the e f f e c t s  of c ir c u m fe r 

e n t ia l h g a t f lu x  v a r ia t io n  in  tu rb u len t f lo w  w e r e  s o m e t im e s  m o r e  

p ro n o u n ced  than  in  la m in a r  f lo w . H is  a n a ly s is  w a s  b a se d  on the  

id e a l iz a t io n  th a t the eddy d if fu s iv ity  fo r  h e a t  in  r a d ia l and c ir c u m f e r 

e n t ia l # r g c t i o n  §.re id e n t ic a l ,  in  th is  a n a ly s is  the w a ll  h ea t f lu x  

YU?ia tip n  w a s  e x p r e s s e d  a s  a m ea n  v a lu e , q^, p lu s  a h e a t f lu x  

V a ria tio n  F  (©) about th e m ean :

T hen  F  ( § )  gou ld  fee r e p r e s e n te d  a s  a F o u r ie r  s e r i e s  to  ob ta in  an  

a r b itr a r y  v a r ia t io n  in  h e a t  f lu x ,

0W(0 )  = q’p + F  (G )

T he fim etip n  F  ( 0 )  s a t is f ie d  the r e la t io n
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A t the sa m e  t im e , th e  p r o b le m  o f tu rb u len t h ea t tr a n s fe r  in  a 

tube w ith  c ir c u m fe r e n t ia l  v a r y in g  te m p e r a tu r e  or  h ea t flu x  w a s  s tu d ied  

b y  S p arrow  and L in  (1 3 ).

B la c k  and S p arrow  (14) p e r fo r m e d  an. e x p e r im e n t  to  d e te r m in e  

th e h e a t  t r a n s fe r  c h a r a c t e r is t ic s  fo r  tu rb u len t flo w  in  a c ir c u la r  tube 

w ith  c ir c u m fe r e n t ia l ly  v a r y in g  w a ll  h e a t  f lu x . The r e s u l t s  in d ic a te d  

th a t th e p r e d ic t io n  o f the p r io r  a n a ly s e s  o f R ey n o ld s  (12 ) and S p arrow  

and L in  (13) a p p ea r  to  o v e r e s t im a te  th e c ir c u m fe r e n t ia l  v a r ia t io n  of 

th e  h e a t  tr a n s fe r  c o e f f ic ie n t s ,  e s p e c ia l ly  a t h igh  R ey n o ld s  n u m b e r s .  

B la c k  and S p a rro w  (14) s u sp e c te d  th at th e d is c r e p a n c y  a r o s e  b e c a u s e  

o f  th e  a s su m p tio n  o f eq u a l tu rb u len t d if fu s iv it ie s  in. the r a d ia l and  

ta n g e t ia l  d ir e c t io n s .  T hrough the stu d y  o f th is  e x p e r im e n t , S p arrow  

and B la c k  (14) found that in  the n e ig h b o rh o o d  of th e  w a ll ,  th e  ta n g e n tia l  

tu rb u len t d if fu s iv ity  i s  g r e a te r  than  the r a d ic a l  tu rb u len t d if fu s iv ity .

A lth ou gh  so m e  in fo r m a tio n  i s  a v a ila b le  r e g a r d in g  th e in f lu e n c e  

of c ir c u m fe r e n t ia l  h ea t f lu x  v a r ia t io n  on h e a t  tr a n s fe r  to fu lly  d e v e lo p e d  

la m in a r  and tu rb u len t flo w  in. a c ir c u la r  tu b e , th e r e  i s  s t i l l  none  

r e g a r d in g  the ed g e  e f fe c t  o f a lo n g itu d in a l s t r ip  on a f la t  p la te . The

p r e s e n t  w o rk  c o n s t itu te s  a stu d y  in  th is  d ir e c t io n .



C H A PT E R  III

DESIG N A N D  C O N STRU CTIO N  O F TEST SY STEM

In th e  d e v e lo p in g  the h e a t  t r a n s fe r  s y s t e m  to  d e te r m in e  the  

ed g e  e f fe c t  e x p e r im e n ta lly ,  the fo llo w in g  a p p a ra tu s  and eq u ip m en t  

w e r e  u t i l iz e d .

I. S u b so n ic  w in d  tu n nel and c a lm in g  ch a m b er

II. In su la tio n  fo a m  p la te s  and m ou n tin g  fr a m e

III. F iv e ,  6 in ch  lo n g  s t r ip s  of d if fe r e n t  w id th s  and  

a  6 in ch  sq u a r e  p la te .

IV. P la te  h e a te r s

V. In c lin e d  m a n o m e te r

VI. P ito t  tu b es  and th e r m o c o u p le s

VII. A u x ilia r y  eq u ip m en t

A . D . C. p o w e r  su p p ly

B . p o te n t io m e te r

C . v o ltm e te r ,  a m m e te r , w a ttm e te r  and  

o h m m e te r

D . b a la n ce  d e v ic e

T he a r r a n g e m e n t  o f th e  ab o v e  m e n tio n e d  a p p a ra tu s  a r e  show n  in  F ig .  4
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and F ig .  5.
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W ind tu n n el

T he w in d  tu n nel u s e d  an  op en  c ir c u it  w ith  a  D. C . fan  at the  

Outlet en d . In o r d e r  to  p r e v e n t la r g e  s c a le  tu r b u le n c e  fr o m  e n te r in g  

thg tu n n e l n o z z le  a p a lm in g  ch a m b er  (15) u s in g  c h e e s e  c lo th , fu rn a ce  

f i l t e r s  gnd in s e c t  s c r e e n  w a s  a tta c h e d  fo  th e  in le t  o f th e  w in d  tu n n e l. 

The c o n tr a c t io n  r a tio  pf the n o z z le  w a s  a p p r o x im a te ly  8:1 .

The t e s t  s e c t io n  o f th e  w in d  tu n n e l had a 12 in ch  sq u a r e  c r o s s  

s e c t io n  and w a s  22  in c h e s  in  le n g th . B oth  th e v e r t ic a l  s id e s  o f th e  t e s t  

s e c t io n  w g r e  m a d e  o f a c r y l ic  p la s t ic  so  th a t a yisua.1 o b s e r v a t io n  of 

th e t e s t  m o d e l w a s  p o s s ib le .  The a ir  sp e e d  w a s  r e g u la te d  by a d ju stin g  

a  yaria-b le r e s is t a n c e  bank. The a ir  sp e e d  v a r ie d  fr o m  20 f e e t  p er  

S econ d  to  105 f e e t  p er  seco n d .

In su la tio n  fo a m  p la te s  and m ou n tin g  frarn e

T he fr a m e  w a s  m a c h in e d  fr o m  pak, The d e s ig n  i s  show n  in  

F ig .  6? A lon g  both  s id e s  th e r e  w e r e  h o le s  d r i l le d  fo r  m ou n tin g  the  

fr a m e  in  the w in d  tu n nel t e s t  s e c t io n  w ith  m e ta l gscrew f a s t e n e r s .

The le a d in g  ed g e  w a s  c ir c u la r  in  sh a p e  to  p r o v id e  sm o o th  b ou n d ary  

la y e r  d e v e lo p m e n t w ith ou t se p a r a t io n . A  1 /4  in ch  by 1 /4  in ch  trou gh  

w a§ |?aachined on the in s id e  of the tw o s id e  co m p o n en ts  o f th e  f r a m e .

The iu su la tp n  fo a m  p la te  w a s  11 in c h e s  by H  in c h e s  by  

3 /4  inch* The d e ta ils  a r e  show n in  F ig , 7 , A  r e c e s s  6 in c h e s  lo n g ,



F ig . 4 . - - T e s t  a s s e m b ly  I, sh ow ing  (a) in c lin e d  m a n o m e te r , (b) w ind tu n nel, ( c ) t e s t  
m o d e l, (d) r e fe r e n c e  bath, (3) ro ta tin g  tap sw itch , (f) w a ttm e te r , (g) a m m e te r , (h) p ow er  
su p p ly , (i) v o ltm e te r , (j) p o te n tio m e te r
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F ig . 5 . - - T e s t  s y s te m  II, (L) ca lm in g  ch a m b er , (M) 
th erm o co u p le



DETA IL



F ig .  7 . - -F o a m , d e ta il
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1 /4  in ch  d eep  w ith  a w id th  c o r r e sp o n d in g  to  the w id th s  o f ea ch  of 

th e  a lu m in u m  s tr ip s  w a s  m a ch in ed  on e a c h  p la te .  A  1 /8  in ch  by 

1 /4  in ch  e l ip t ic a l  h o le  wa.s d r il le d  th rou gh  th e c e n te r  o f th e  tr a il in g  

ed g e  fo r  the p o w er  le a d s  and th e r m o c o u p le s  w ir e s  to  c o m e  th rou gh  

f r o m  th e t e s t  sa m p le  to the m e a su r in g  d e v ic e s  and p o w er  s o u r c e .

T.he in su la ,tin g  fo a m  p la te  w a s  d e s ig n e d  to a llo w  at l e a s t  one in ch  

o f in su la t in g  m a te r ia l  su rro u n d in g  and h a lf  in ch  of m a te r ia l  u n d ern ea th  

th e  t e s t  sa m p le .

To in s u r e  th at the top s u r fa c e s  o f th e  w ood en  fr a m e  and the  

in s u la t in g  fo a m  p la te  w ou ld  be m ou n ted  f lu s h ,  the s id e  ed g e  of the  

in s u la t in g  fo a m  p la te  w a s  m a ch in ed  to  s l ip  f i t  in to  the w o o d en  fr a m e .

T e s t  s a m p le s

The t e s t  sa m p le s  in c lu d e d  f iv e  6 in ch  lo n g  s t r ip s  w ith  w id th s  

o f 1 /4  in ch , 1 /2  in ch , 3 /4  in c h , 1 in ch , and 1 1 /2  in ch  and a 6 in ch  

sq u a r e  p la te . A ll  of the t e s t  s a m p le s  w e r e  3 / 1 6  in c h  th ic k  and w e r e  

fa b r ic a te d  fr o m  c o m m e r c ia l  a lu m in u m  s h e e t .  The a lu m in u m  w a s  

c h o s e n  to  m in im iz e  the te m p e r a tu r e  g r a d ie n t in  a ll  d ir e c t io n s  m ak in g  

i t  p o s s ib le  to  a tta in  a r e a so n a b ly  u n ifo r m  su r fa c e  te m p e r a tu r e . A  

1 / 1 6  in ch  h o le  w a s  d r i l le d  in to  the s id e  ed g e  of the p la te  and s tr ip s  

fo r  th e r m o c o u p le  in s ta lla t io n . The s u r fa c e s  of the pla.te and s tr ip s  

w e r e  sa n d ed  to  a  d e g r e e  of s m o o th n e s s  th a t w a s  f e l t  to  e l im in a te  

th e  r o u g h n e s s  e f fe c t  (16) .



P la t e  h e a te r
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A. h ea tin g  e le m e n t  m a d e  fr o m  n ic h r o m e  w ir e  w a s  lo c a te d  on  

th e b o tto m  o f e a c h  s tr ip  and th e  sq u a r e  p la te .  To h a v e  r e a so n a b ly  

u n ifo r m  h ea t f lu x  th rou gh ou t th e  s tr ip s  th e  h ea tin g  w ir e  w a s  la id  w ith  

eq u a l sp a c in g . A  th in  la y e r  o f e l e c t r ic a l  in s u la t io n  c e m e n t w a s  p la c e d  

on  th e  p la te  to  p r e v e n t  sh o r tin g  o f the n ic h r o m e  w ir e .

The n ic h r o m e  h ea tin g  w ir e  w a s  a tta c h e d  to  th e p la te  by g la s s  

c lo th  e l e c t r ic  ta p e  ( 3 - M  p ro d u ct, N o. 27) .  T h is  tap e  w a s  u s e d  b e c a u se  

th e bounding a g en t on th e  ta p e  w a s  a th e r m a l se tt in g  m a te r ia l  and the  

g la s s  fa b r ic  b a ck in g  had good  h igh  te m p e r a tu r e  p r o p e r t ie s .  E ach  

f in is h e d  s tr ip  w a s  t e s t e d  b e fo r e  b e in g  in s ta l le d  in  th e fo a m  p la te  

fo r  e l e c t r ic a l  sh o r t  c ir c u i t s .  The d e ta ils  o f the d e s ig n  a r e  show n in  

F ig .  8.

A  D . C. r e g u la te d  p o w er  su p p ly  (R e g a tr a n  S em ico n d u cto r  

p o w e r  su p p ly . E le c tr o n ic  M e a su r e m e n t  C o. ) w ith  an  output c a p a c ity  

o f 0 - 5 0  v o lt s  a t 0 - 1 5  a m p s , w a s  u s e d  to  su pp ly  p o w er  to the h e a te r .

In str u m e n ta tio n

Ir o n -C o n sta n ta n  th e r m o c o u p le s  w e r e  u s e d  fo r  a l l  te m p e r a tu r e  

m e a s u r e m e n ts .  The te m p e r a tu r e  d is tr ib u t io n  a lo n g  the 6 in ch  by  

6 in c h  p la te  w a s  s e n s e d  by fo u r  th e r m o c o u p le s .  The th e r m o c o u p le s  

w e r e  in s e r t e d  a.bout 1 3 / 4  in c h e s  in to  the fo u r  e d g e s  of th e  p la te . O nly  

on e th e r m o c o u p le  w a s  u s e d  to  m e a s u r e  th e s tr ip  te m p e r a tu r e  b e c a u se  

o f s iz e  l im ita t io n . U n d ern ea th  th e s tr ip s  and th e p la te  an a d d itio n a l
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Figure 8r-P late h ea ter  d e ta il
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th e r m o c o u p le  w a s  a f f ix e d  to  s e n s e  th e  b o tto m  te m p e r a tu r e  of th e  p la te  

h e a te r .  The d e ta ils  a r e  ShOwii in  F ig . 9- The te m p e r a tu r e  of a ir  in  

th e f lo w  s tr e a m  w a s  s e n s e d  by tw o th e r m o c o u p le s .  The e le c tr o m o t iv e  

f o r c e  o f th e  th e r m o c o u p le s  w a s  m e a s u r e d  w ith  a H o n ey w e ll p o te n t io 

m e te r  (m o d e l 27 3 2 ). T he th e r m o c o u p le  s y s t e m  w a s  r e f e r e n c e d  to  an  

ic e - w a t e r  bath . A  r o ta t in g  tap  sw itc h  w a s  u s e d  in  th e s y s te m  n ot o n ly  

to  a llo w  a s in g le  r e f e r e n c e  bath  to be u s e d  but a ls o  to  f a c i l l i ta t e  q u ick  

te m p e r a tu r e  m e a s u r e m e n t  o f a l l  p o in ts  in  th e s y s te m .

T he a ir  flo w  r a te  and p r e s s u r e  in  th e  t e s t  s e c t io n  of th e  w in d  

tu n n e l w e r e  m e te r e d  b y  a  p ito t  tu b e. The s ta t ic  p r e s s u r e  and  

k in e t ic  p r e s s u r e  w e r e  r e a d  fr o m  a M er ia n  in c lin e d  m a n o m e te r . The 

a tm o s p h e r ic  p r e s s u r e  w a s  m e a s u r e d  by a b a r o m e te r .

The h e a te r  p o w e r  w a s  m e a s u r e d  by a v o ltm e te r  and an a m m e 

t e r .  T he rea d in g  w a s  a l s o  c h e c k e d  by a w a ttm e te r .



F ig . 9. - - T e s t  sa m p le , sh ow ing  (a) in su la t in g  fo a m  p la te  (b) p la te  and s tr ip s  
(c) w ood en  (oak) fr a m e  (d) a s s e m b le d  t e s t  m o d e l



C H A P T E R  IV

E X P E R IM E N T A L  P R O C E D U R E

T he fo llo w in g  p r o c e d u r e  v /a s  a p p lie d  in  the e x p e r im e n t  to  

ob ta in  the r a te  o f  h ea t tr a n s fe r  fr o m  the p la te  and s t r ip s .

A fte r  the p la te  and th e  s t r ip s  w e r e  in s t a l le d  in  th e in su la t in g  

fo a m  p la te  a s  show n in  F ig . 10 th e  w h o le  t e s t  s y s te m  w a s  th en  m o u n ted  

h o r iz o n ta l ly  in to  the t e s t  s e c t io n  o f the w in d  tu n n e l. A  l e v e l  v /a s  u s e d  

to  a s s u r e  th a t the t e s t  s y s t e m  w a s  b e in g  in s ta l le d  a b s o lu te ly  p a r a l le l  

to  th e flo w  a s  show n in  F ig . 5 . H aving  th e  w a ll  p a n e ls  s e c u r e d  

p r o p e r ly  in p la c e  and a l l  th e  c r e v ic e s  f ir m ly  s e a le d  w ith  m a sk in g  tap e  

to  e l im in a te  the a ir  le a k a g e , th e  p o w er  su p p ly  fo r  the e l e c t r ic  h e a te r  

and th e w ind  tu n n e l m o to r  w e r e  th en  tu rn ed  on to  e s ta b lis h  th e h e a t  flu x  

and f lo w  s tr e a m , r e s p e c t iv e ly .

The t im e  r e q u ir e d  to  r e a c h  the s te a d y  s ta te  w a s  a p p r o x im a te ly  

tw o h o u r s . H aving th e f lo w  r a te  m a in ta in e d  a t  a c o n sta n t sp e e d  and th e  

p o w er  in p u t to  the h e a te r  r e g u la te d , th e  p la te  or  th e  s tr ip  te m p e r a tu r e  

w a s  c h e c k e d  e v e r y  te n  o r  f if t e e n  m in u te s  u n til th e  te m p e r a tu r e  o f the  

p la te  o r  th e s tr ip  r e a c h e d  s te a d y  s ta te .  T h is  s te a d y  s ta te  w a s  a s s u m e d  

to  h a v e  b e e n  r e a c h e d  a t th e  t im e  th a t th e p la te  te m p e r a tu r e  r e m a in e d
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F ig . 1 0 . - - T e s t  m o d e ls
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c o n sta n t o v er  a  f if te e n  m in u te  in te r v a l .  T he e x p e r im e n ta l v a r ia b le s ,  

in c lu d in g  th e r m o c o u p le  r e a d in g s , m a n o m e te r  r e a d in g s , p o w er  input 

re a d in g  and b a r o m e te r  p r e s s u r e  w e r e  th en  r e c o r d e d  e a c h  t im e  a fte r  

the p la te  or s tr ip  te m p e r a tu r e  a c h ie v e d  th e  s te a d y  s ta te .

T he p ow er su p p lied  to  th e s tr ip  h e a te r  w a s  v a r ie d  d ir e c t ly  

w ith  th e  a s p e c t  r a t io  o f th e  p la te  and th e s t r ip s .

B e c a u s e  the e n v ir o n m e n t fo r  the t e s t  w a s  r e la t iv e ly  im p o r ta n t,  

m o s t  o f th e  e x p e r im e n ts  w e r e  ru n  a t n ig h t. T h is  h e lp e d  to  e l im in a te  

so m e  o f th e  u n d e s ir a b le  s id e  e f f e c t s  of te m p e r a tu r e  f lu c tu a tio n s  

g e n e r a l ly  c a u se d  by m a c h in e r y  in  o p e r a t io n . B e fo r e  the e x p e r im e n t  

b eg a n , th e  e n v ir o n m e n ta l c o n d it io n s  w e r e  c a r e fu l ly  a d ju sted  w h e r e  

p o s s ib le  to  r e d u c e  the v a r ia t io n s  in  su rro u n d in g  c o n d itio n s  su ch  a s  

th e a r r a n g e m e n t  of th e  r o o m  h e a t e r s .



C H A P T E R  V

C A LIBR A T IO N  O F IN ST R U M E N T S A N D  M E A SU R E M E N T  O F  

FO AM  TH E R M A L  C O N D U C TIV ITY

To m in im iz e  e x p e r im e n ta l e r r o r ,  both the th e r m o c o u p le s  and  

th e in c lin e d  m a n o m e te r  w e r e  c a l ib r a te d  b e fo r e  th ey  w e r e  u s e d . A ls o ,  

th e  th e r m a l c o n d u c tiv ity  o f th e  in su la t in g  fo a m  p la te  w a s  m e a s u r e d .

The in c lin e d  m a n o m e te r  u s e d  in  th is  e x p e r im e n t  w a s  c a lib r a te d  

w ith  a M er ia n  M od el 3 4 F B 2 T M  m ic r o m a n o m e te r . The r e s u lt  o f the  

c a lib r a t io n  i s  sh ow n  in  F ig .  11.

The th e r m o c o u p le  w ir e  w a s  c a lib r a te d  w ith  the E SI M od el 

1302 T h e r m o m e te r  A s s e m b ly .  T he a s s e m b ly  c o n s is te d  o f a p la tin u m  

r e s is t a n c e  th e r m o m e te r ,  a ESI M o d el 300 P V B  p o te n t io m e tr ic  v o l t 

m e t e r ,  a ESI M od el 1303 th e r m o m e te r  a d a p ter , a  R o se m o u n t M od el 

319A  c a lib r a t io n  bath , a  R o se m o u n t M o d el 911 c o n sta n t te m p e r a tu r e  

i c e  bath , and a T ro n a c  M o d e l P T C  100 te m p e r a tu r e  c o n tr o l le r .  The  

liq u id  u s e d  w a s  D ow  C orn in g  200 s i l i c o n  liq u id . T he w h o le  th e r m o 

m e te r  a s s e m b ly  p r o v id e d  an a c c u r a c y  o f jt 0. 1° C in  the ran g e  of 

2 0 °  C -1 0 0 °  C. The r e s u l t s  o f th e  th e r m o c o u p le  c a lib r a t io n  i s  show n
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in  F ig .  12.
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T he a p p a ra tu s  u s e d  to  d e te r m in e  th e co n d u c tiv ity  o f the  

in su la t in g  fo a m  p la te  i s  shov/n  d ia g r a m m a tic a lly  in  F ig . 13. The 

t e s t  a s s e m b ly  c o n s is t e d  of sa n d w ich in g  a f la t  e le c t r ic a l ly  headed p la te  

b etw een  tw o e q u a lly  s iz e d  in su la t in g  fo a m  p la t e s .  T h is  sa n d w ich

lik e  a s s e m b ly  w a s  th en  c la m p e d  in  b e tw e e n  tw o 1 / 8  in ch  a lu m in u m
r ‘

p la te s .  C la m p s w e r e  u s e d  to  p r o v id e  u n ifo r m  p r e s s u r e  o v e r  th e  fo a m  

and m a in ta in  go o d  s u r fa c e  c o n ta c t . T h e r m o c o u p le s  w e r e  u s e d  fo r  

te m p e r a tu r e  m e a s u r e m e n t .  T he d e ta il  of th e  t e s t  a s s e m b ly  i s  show n  

in  F ig . 14.

S in c e  th e  in su la t in g  fo a m  p la te s  w e r e  eq u a l in  th ic k n e s s  L , 

a r e a  A  and th e r m a l c o n d u c tiv ity , and  the r a te  o f h ea t flow’ q fr o m  the  

h e a te r  w a s  know n by m e a n s  o f  p r e c i s e  e l e c t r ic a l  m e a s u r e m e n t , the  

th e r m a l c o n d u c tiv ity  w a s  th u s c a lc u la te d  a c c o r d in g  to  th e fo llo w in g  

eq u ation

q / 2  = KSAT

w h e r e  S i s  th e  g e o m e tr ic  sh a p e  fa c to r .

The sh a p e  fa c to r  o f th e  fo a m  p la te s  u s e d  fo r  the th e r m a l  

co n d u c tiv ity  m e a s u r e m e n t  and the in su la t in g  fo a m  p la te  in  th e  m a jo r  

e x p e r im e n t  w e r e  found  b y  m e a n s  o f e l e c t r ic a l  a n a lo g y  u s in g  a  co n d u c

t iv e  p a p er  m o d e l.  In th e e x p e r im e n t  th e b ou nd ary  c o n d itio n s  c o r r e s 

p on d in g  to a c o n sta n t  te m p e r a tu r e  p o te n t ia l th e r m a l m o d e l w e r e  

o b ta in ed  by a p p ly in g  co p p er  w ir e  and h ig h ly  co n d u ctiv e  s i lv e r  p a in t to  

th e  su r fa c e  o f th e  p a p er  and a tta c h in g  th em  to  d ir e c t -v o lta g e  s o u r c e .



13. T h erm a l co n d u ctiv ity  m e a su r e m e n t  s y s te m
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P la te  o f m a te r ia l  to be t e s te d

F ig . 1 4 . - - T h e r m a l  co n d u c tiv ity  m e a s u r e m e n t  a s s e m b ly
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The u n p ain ted  e d g e s  c o r r e sp o n d e d  to  the in s u la te d  s u r fa c e s  in  the  

th e r m a l m o d e l. R e c o r d in g  the e q u ip o ie n t ia l and f lo w  l in e s  w a s  

a c c o m p lis h e d  b y  m e a n s  o f a  S im p so n  311 V o lt -O h m -A m m e te r  a s  

show n  in  F ig . 15 . F o r  the p u r p o se  of f in d in g  the s ig n if ic a n t  h ea t  

con d u ctio n  l o s s  d is ta n c e  th rou gh  th e in su la t in g  fo a m  p la te  an eq u a l 

p o te n tia l f ie ld  w a s  p lo tte d  a s  sh ow n  in  F ig .  16. T he r e s u lt  in d ic a te d  

that o n ly  the f i r s t  h a lf  in ch  fr o m  the ed ge  o f the p la te  i s  s ig n if ic a n t .  

H en ce the p la te  co u ld  be c o n s id e r e d  a s  end  in s u la te d . T he m eth o d  fo r  

c a lc u la t in g  th is  i s  g iv e n  in  A p p en d ix  C. T he c a lc u la te d  th e r m a l  

co n d u ctiv ity  w a s  0 .0 1 1 2  B T U /h r . ft . ° F .



F ig . 15. - - E le c t r i c a l  a n a lo g y  by co n d u ctiv e  sh e e t  m o d e l sh ow ing  (a) in su la t io n  
p la te  m o d e l, (b) and (c) m o d e ls  u se d  fo r  th e r m a l co n d u ctiv ity  m e a s u r e m e n t , (d) oh m -  
m e te r ,  (e) r e c ta n g u la r  m o d e l

o



F ig . 16. E q u al p o te n t ia l f ie ld  o f the in su la t in g  fo a m  p la te



C H A P T E R  VI

P R E S E N T A T IO N  A N D  DISCUSSION O F R E SU L T S

T he e f fe c t  o f  t r a n s v e r s e  te m p e r a tu r e  v a r ia t io n  on h e a t  t r a n s 

fe r  fr o m  a p la te  in  tu rb u len t f lo w  w a s  s tu d ied  in  th is  t h e s i s .  T he

a s p e c t  r a tio  and a 6 in ch  sq u a r e  p la te  e a c h  m o u n ted  in  a 1 fo o t sq u a r e  

in su la t in g  fo a m  p la te .  The r e s u l t s  a r e  sh ow n  fr o m  F ig .  1 7 -2 6  and  

T ab le  1 -6 .

The p lo ts  o f N u s s e lt  n u m b er  a s  a fu n c tio n  o f R ey n o ld s  n u m ber  

fo r  th e in d iv id u a l s tr ip s  a r e  p r e s e n te d  fr o m  F ig . 17 th rou gh  F ig . 21 . 

In the f ig u r e s  a c o m p a r is o n  w ith  the m e a s u r e d  r e s u l t s  o f th e  6 in ch  

p la te  a r e  a ls o  sh ow n .

Show n in  F ig .  22 i s  th e  N u s s e lt  n u m b er v e r s u s  R ey n o ld s  

n u m b er p lo t  o f th e  6 in c h  sq u a r e  p la te ,  a n ,a n a ly t ic a l  so lu t io n  of 

tu rb u len t h e a t t r a n s fe r  fr o m  a f la t  p la te  h a v in g  an u n h ea ted  s ta r t in g  

le n g th  i s  a ls o  in c lu d e d . T he a n a ly t ic a l  so lu t io n  w a s  w o rk ed  out 

th ro u g h  e rmaHrvn

stu d y  w a s  a c c o m p lis h e d  w ith  f iv e  u n ifo r m ly  h e a te d  s t r ip s  o f d if fe r e n t

The a b o v e  eq u a tio n  w a s  d e r iv e d  fr o m  (1 ).

32
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F ig . 17 . - - F o r c e d  c o n v e c t io n  c o r r e la t io n  on  1 /4  in ch  s tr ip , tu rb u len t flo w
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F ig .  1 9 . - - F o r c e d  c o n v e c t io n  c o r r e la t io n  on 3 / 4  in ch  s tr ip , tu rb u len t f lo w
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F ig . 26 . - -C o r r e la t io n  o f P r a n d tl m ix in g  len g th  w ith  s tr ip  len g th



43
9 -  —

S t  Pr ° 4 = 0 - 0 2 9  5 Rex*°'2 (i ~  ( i r j

F ig . 24  and F ig .  25 i l lu s t r a t e  th e ch an ge in  the s lo p e  o f the

N u s s e lt  n u m b er-R -ey n o ld s n u m b er  c o r r e la t io n  fo r  in c r e a s in g  a s p e c t

r a t io ,  r e s p e c t iv e ly .

F ig u r e s  17 th ro u g h  21 in d ic a te  th a t w ith  the R ey n o ld s  n u m b er

h e ld  c o n sta n t, a d e c r e a s e  o f a s p e c t  r a t io  r e s u l t s  in  an  in c r e a s e  o f the

h e a t  t r a n s fe r  c o e f f ic ie n t .  T ak e fo r  in s ta n c e , w ith  R ey n o ld s  n u m b er

5
h e ld  c o n sta n t, a t 1 X  10 and h av in g  the 6 in c h  sq u a r e  p la te  a s  sta n d a rd  

fo r  c o m p a r iso n , th e  in c r e a s e  o f h e a t  t r a n s fe r  c o e f f ic ie n t s  c o r r e s p o n d 

in g  to  1 /4  in ch , 1 /2  in c h , 3 /4  in ch , 1 in c h  and 1 1 /2  in ch  s t r ip s  a r e  

34 p e r  cen t, 25 p er  c e n t , 20 p er  c en t, 19 p er  cen t and 19 p er  cen t  

r e s p e c t iv e ly .  T h is  v e r i f i e s  th e  p r e d ic t io n  th e au th or m a d e  in  the  

in tr o d u c tio n  th a t th e  ed g e  e f f e c t  p r o m o te s  h e a t  c o n v e c tio n .

A fter  a c lo s e  e x a m in a t io n  o f F ig .  24 , it  i s  s e e n  th a t the s lo p e  

of th e N u s s e lt  n u m b e r -R e y n o ld s  n u m b er  c o r r e la t io n  fo r  s t r ip s  h av in g  

s m a ll  a s p e c t  r a t io  i s  n o t a s  la r g e  a s  th a t fo r  a f la t  p la te . A s  the  

a s p e c t  r a tio  in c r e a s e d  th e  c u r v e  h a s  the te n d e n c y  to  a p p ro a ch  the v a lu e  

o f f la t  p la te  a s y m p to t ic a lly .  W e can  in te r p r e t  fr o m  F ig . 24  th at the  

n a r r o w e r  the s tr ip , th a t i s  th e  s m a lle r  th e  a s p e c t  r a t io , the m o r e  

s ig n if ic a n t  i s  th e  ed ge  e f f e c t .  T h is  a g r e e s  w e l l  w ith  R e y n o ld s  a n a ly s is  

( 1 1 ) ( 1 2 ) o f tu rb u len t and la m in a r  h e a t  t r a n s fe r  in  c ir c u la r  tube w ith  

v a r ia b le  c ir c u m fe r e n t ia l  h e a t flu x  a s  show n  in  F ig .  3 . The e x p la n a tio n  

of th is  p h en om onan  m a y  b e p a r t ia l ly  e x p la in e d  b y  P r a n d t l's  M ix in g



L en gth  T h eo ry .
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U nd er the a s su m p tio n  th at m o m en tu m  of f lo w  i s  a tr a n sp o r t  

q u an tity  and th e  m o m en tu m  and  e n e r g y  tr a n s fe r  in  tu rb u len t f lo w  a r e  

tr a n sp o r te d  by th e sa m e  m e c h a n is m , P r a n d tl a r r iv e d  at an  e x p r e s s io n  

fo r  th e eddy d if fu s iv ity  o f h e a t  a s

6 =
d il
Xy ( 2 )

H ere  "1 ,! i s  th e  m ix in g  le n g th  in  a d ir e c t io n  n o r m a l to  the p la te . If i t  

i s  a s s u m e d  th at tru b u len ce  i s  is o t r o p ic  th en  "1", th e  m ix in g  len g th , 

sh o u ld  b e the sa m e  in  a l l  th r e e  c o o r d in a te  d ir e c t io n s .  T hen  "1" can  

be in te r p r e te d  a s  the d is ta n c e  the e d d ie s  m o v e  in  the t r a n s v e r s e  

d ir e c t io n  w h ich  w ou ld  tr a n s p o r t  e n e r g y  aw a y  fr o m  th e  ed ge  o f the  

h e a te d  s t r ip s .

F o r  c o n sta n t f r e e  s t r e a m  v e lo c it y  flo w  o v e r  an e x te r n a l s u r 

fa c e ,  th e  m ix in g  len g th  can  be found by th e fo llo w in g  eq u a tio n s  g iv e n  

in  K ays (1): _

0 . 0 9 7  

6 i  — O.0 3 7  R e - 0 '2 X 

w h e r e  Si i s  the m o m en tu m  th ic k n e s s  and S i s  th e  b ou n d ary  la y e r

A ssu m in g

w h e r e

th ic k n e s s .

w e  h ave

T  = k S

k  =  0 . 4 -

£ --0 -153  Re X ( 3 )
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The m ix in g  le n g th  "1" a lo n g  th e  lo n g itu d in a l ed ge  o f the s tr ip s  

o f th e p r e s e n t  study w a s  c a lc u la te d  at a d is ta n c e  fr o m  the w a ll  eq u a l 

to  th e boundary la y e r  th ic k n e s s .  T he r e s u l t s  a r e  p r e s e n te d  in  F ig . 26  

sh o w in g  tw ic e  th e m ix in g  le n g th  a s  a fu n c tio n  of s tr ip  le n g th . T he  

d a sh  lin e  in  F ig .  26 i s  th e  1 /4  in c h  w id th  s tr ip .

The s ig n if ic a n c e  of th e  2L  v e r s u s  L p lo t  i s  th a t the a r e a  

c o v e r e d  by the t r a n s v e r s e  m ix in g  le n g th  i s  38 . 6 p e r  c en t, 19. 3 p er  

c e n t , 12. 9 p e r  c e n t , 9 . 65 p er  ce n t, 6 . 54 p e r  cen t and 1 . 61 p er  cen t of 

the 1 /4  in ch , 1 /2  in c h , 3 /4  in ch , 1 in ch  and 1 1 /2  in c h  s tr ip s  and the  

6 in ch  sq u a r e  p la te ,  r e s p e c t iv e ly .  S in ce  the eddy d if fu s iv ity  fo r  h ea t  

t r a n s fe r  i s  r e la te d  to th e  P r a n d tl m ix in g  le n g th  a s  g iv e n  in  E q u ation  

( 2 ), i t  i s  ev id e n t th at th e m o r e  th e  h e a te d  s u r fa c e  a r e a  c o v e r e d  b y  the  

e d d ie s  the h ig h e r  w i l l  be th e t r a n s v e r s e  e n e r g y  r e m o v a l fr o m  the  

h e a te d  s tr ip s .  T h is  h e lp s  to e x p la in  w hy  th e n a r r o w e r  th e s tr ip  the  

h ig h e r  the h ea t tr a n s fe r  r a te .

F u r th e r  in v e s t ig a t io n  the "1" - L  c u rv e  in d ic a te d  th at a s  the  

w id th  o f the s tr ip  n a r r o w s  w h ile  the R ey n o ld s  n u m b er i s  h e ld  c o n sta n t, ' 

th e s tr ip  w id th  w ill  so o n  r e a c h  a v a lu e  o v e r  w h ich  the e d d ie s  o c c u r in g  

in  the tu rb u len t flo w  w i l l  be g r e a te r  than  th e w id th  o f the s tr ip  and the  

f lo w  w i l l  b e c o m e  m o r e  s im ila r  to th a t p e r p e n d ic u la r  to  the lo n g itu d in a l  

a x is .  T h is  r e f l e c t s  th e  a n a lo g y  to  the e x p e r im e n t  o f h ea t t r a n s fe r  in  

the f lo w  of a f lu id  p a r a l le l  to a w ir e  p e r fo r m e d  by M u e lle r  a s  p r e s e n te d  

in  Jak ob  (3 ).
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D ata  in  F ig .  26 sh ow s th at the lo w e r  the R ey n o ld s  n u m ber the  

m o r e  s ig n if ic a n t  i s  the t r a n s v e r s e  m ix in g  len g th  e f fe c t .  F o r  the  

n a r r o w e r  s tr ip s  the t r a n s v e r s e  m ix in g  le n g th  e f fe c t  c a u s e s  a s ig n i f i 

c a n tly  h ig h e r  in c r e a s e  ii i  h ea t t r a n s fe r  at: lo w e r  R ey n o ld s  n u m b er than  

at h ig h  R ey n o ld s  n u m b e r s . T h is  w o u ld  h e lp  to  e x p la in  w hy  th e s lo p e  of 

the N u s s e l t  n u m b e r -R e y n o ld s  n u m b er c u r v e  i s  l e s s  fo r  the n a r r o w e r  

s t r ip s .  It a p p e a r s  that a t a s u ff ic e n t iy  h ig h  R ey n o ld s  n u m b er the  

c u r v e s  m a y  a l l  a p p roach  ea ch  o th er  w ith  no ed g e  e f fe c t  p r e s e n t .

F ig . 25 i s  a p lo t o f N u s s e lt  n u m b er  a s  a fu n ctio n  o f a s p e c t  

r a t io . It sh o w s th at the e f fe c t  o f th e  w id th  o f the s tr ip  on th e  N u s s e lt  

n u m b er  i s  n o t a sm o o th  co n tin u ou s c u r v e  but s e e m s  to  f la t te n  in  the  

ra n g e  o f 3 /4  in c h  to  1 1 /2  in ch  w id th s . T h is  w a s  r e c lie c k e d  e x p e r i

m e n ta lly  s e v e r a l  t im e s  and s e e m e d  to  be r e p r o d u c e a b le . It i s  not 

c le a r  w hy th is  o c c u r s  but p e r h a p s  i t  i s  a ls o  r e la te d  to  the t r a n s v e r s e  

ed d y  m o tio n .

The c o m p a r iso n  b e tw e e n  th e e m p ir ic a l  r e s u l t s  and th e th e o 

r e t ic a l  so lu tio n  of the 6 in ch  sq u a r e  p la te  in  F ig . 22 in d ic a te s  that the  

e x p e r im e n ta l r e s u l t s  a r e  about 20% h ig h e r . T h is  d if fe r e n c e  m a y  be 

p a r t ly  c a u se d  by th e u n c e r ta in ty  in  the e f f e c t iv e  s ta r t in g  p o in t o f the  

tu rb u len t b ou nd ary  la y e r .  T h is  p a r t  o f th e  e x p e r im e n t  w a s  r e r u n  

m o r e  than  th r e e  t im e s  in  d if fe r e n t  c o n d it io n s  but th e r e s u l t s  w e r e  

c o n s is ta n t .  B e c a u s e  of the r e p r o d u c ib i l ity  o f the e x p e r im e n ta l  

r e s u l t s ,  th is  le a d s  the au thor to  b e l ie v e  th at the r e s u lt s  p r e s e n te d
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h e r e  a r e  r e l ia b le  and c o r r e c t .



C H A P T E R  VII

C O N C LU SIO N  A N D  R EC O M M EN D A TIO N S

In r e v ie w in g  th is  e x p e r im e n ta l w o rk , one g e n e r a l and s ig n i f i 

can t fa c t  h a s  b e e n  f ir m ly  e s ta b lis h e d . T he ed g e  e f fe c t  d o e s  a f fe c t  th e  

fo r c e d  c o n v e c t iv e  h ea t t r a n s fe r  and th e in c r e a s e  i s  in v e r s e ly  r e la te d  

to  th e a s p e c t  r a t io  of th e  s t r ip s .  In the r a n g e  o f R ey n o ld s  n u m b er  

t e s t e d  th e e f f e c t  i s  m o r e  s ig n if ic a n t  a t low  R ey n o ld s  n u m b e r s  than  

a t s u f f ic ie n t ly  h igh  R e y n o ld s  n u m b e r s .

B a s e d  upon  th e e x p e r ie n c e  g a in ed  b y  th e  au th or in  p e r fo r m in g  

th e e x p e r im e n t  th e fo llo w in g  r e c o m m e n d a t io n s  a r e  m a d e  fo r  im p r o v e 

m e n t o f  the a p p a ra tu s  in  a fu tu re  e x p e r im e n ta l p r o g r a m :

1. To e l im in a te  th e e f f e c t  o f ro o m  te m p e r a tu r e  f lu c tu a t io n s ,  

fu r th e r  e x p e r im e n ts , sh ou ld  be p e r fo r m e d  in  a  w e l l  c o n tr o lle d  t e m p e r a 

tu r e  r o o m .

2 . In fu r th e r  e x p e r im e n ta l w o rk  su ch  a s  d e s c r ib e d  in  th is  

t h e s i s ,  an  in s u la t io n  m a t e r ia l  h a v in g  a  sm o o th  f in is h in g  su r fa c e  su ch  

a s  a p la s t ic  sh o u ld  be u s e d  in s te a d  o f fo a m . T h is  w i l l  g iv e  a b e tte r  

s u r fa c e  c o n ta c t  and s u r fa c e  c o n d itio n  a s  w e l l .

3 . T he w in d  tu n n e l sh o u ld  h a v e  a  b ig g e r  r a n g e  o f sp e e d . T h is
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w ou ld  a llo w  a w id e r  ra n g e  o f in v e s t ig a t io n .

4. A  H o tw ire  a n e m o m e te r  sh ou ld  be u s e d  to  ch eck  the  

tu r b u le n c e  p h en om en on .



a p p e n d ix



A P P E N D IX  A

V E L O C IT Y  IN V ESTIG A TIO N

S ee in g  th at f lo w  s tr e a m  p la y s  an im p o r ta n t r o le  in  the f ie ld  of

fo r c e d  c o n v e c tio n  h ea t t r a n s f e r ,  a stud y  o f the u p - s t r e a m  and dow n

s tr e a m  a ir  flo w  d is tr ib u t io n  in  th e  t e s t  s e c t io n  o f the w in d  tu n n e l w a s  

m a d e  to  ex a m in e  the s ta b i l i ty  o f a ir  f lo w . T h is  stud y  w a s  m a d e  by  

m e a n s  o f tw o p ito t tu b e s  and an  in c lin e d  m a n o m e te r . T he p ito t  tu b es  

w e r e  v e r t ic a l ly  in s e r t e d  in to  th e  a ir  s tr e a m  w ith  th e h ea d  a x is  

a e lig n e d  a lon g  th e w in d  d ir e c t io n  and th e op en  en d s c o n n e c te d  to  the  

in c l in e d  m a n o m e te r  in  o r d e r  to  m e a s u r e  th e  d yn am ic  p r e s s u r e .  The 

v e lo c it y  p r o f i le s  of th e  a ir  f lo w  in  the t e s t  s e c t io n  h a v in g  t e s t  sa m p le  

m ou n ted  on a r e  ill.u stra .ted  in  F ig . 27 . The r e s u l t s  in d ic a te  th at the  

a ir  f lo w  in  the w in d  tu n n e l w a s  u n ifo r m  enough  fo r  th is  r e s e a r c h  

p r o g r a m . The c o n v e r s io n  of th e  d y n a m ic  p r e s s u r e  to  v e lo c it y  w a s  

m a d e th rou gh  eq u ation
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A P P E N D IX  B

U N C E R T A IN T Y  A N A LY SIS

In o r d e r  to  d e te r m in e  th e a c c u r a c y  of th is  e x p e r im e n t  an  

u n c e r ta in ty  a n a ly s is  w a s  co n d u cted  to d e te r m in e  p o s s ib le  e r r o r  that 

co u ld  h a v e  b een  e n c o u n te r e d  in  th is  e x p e r im e n t .

T he c a lc u la te d  u n c e r ta in ty  b a se d  on  the a u th o r 's  a d ju stm en t  

and the K lin e and M cC lin to c k  (17)  m eth o d ,

w h e r e  (jJ^_ = u n c e r ta in ty  in te r v a l

jp  = l in e a r  fu n c tio n  of n in d ep en d en t v a r ia b le s  

uX = m a x im u m  d e v ia t io n  o f th e  i ^ 1 v a r ia b le  fr o m  i t s  

m e a n

i s  Jr 4 . 5 p e r  cen t fo r  R ey n o ld  n u m b er  and _+ 4 . 4 p e r  cen t fo r  N u s s e lt  

n u m b e r . T h is  co u ld  c e r ta in ly  in c r e a s e  o r  d e c r e a s e  the e m p ir ic a l  

r e s u l t  a s  c o m p a red  w ith  th e th e o r e t ic a l  v a lu e  a s  in d ic a te d  in  F ig . 2 2 .
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A P P E N D IX  C

R E Y N O L D  N U M B E R  C A L C U L A T IO N  

The g e n e r a l e q u a tio n  fo r  fin d in g  th e R ey n o ld s  n u m b er  i s

R e *  =

S in c e  both ^  and JJL a r e  fu n c tio n s  o f te m p e r a tu r e  and th e t e m p e r a 

tu r e  in  th is  e x p e r im e n t  w a s  n ot c o n sta n t, u s in g  p  and JX  

a s  c o n sta n t v a lu e s  w i l l  le a d  to  e r r o r .  T h u s, a s im p lif ie d  g e n e r a l  

eq u a tio n  to  fin d  th e R ey n o ld s  n u m b er w a s  w o rk ed  out a s  fo llo w s :

w ith

and

w h e r e  = F r e e  s tr e a m  p r e s s u r e  in  the t e s t  s e c t io n

= 7 0 . 7 3  (b a r o m e te r  re a d in g ) - 0 . 827h  X 5. 2
to

A  = v i s c o s i t y  o f a ir  a t r o o m  te m p e r a tu r e  

f l = m a n o m e te r  r e a d in g , in c h , M e r ia n  R ed  o i l
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n u s s e .l t  n u m b e r  c a l c u l a t i o n

T h e N u s s e lt  n u m b er  ^yas c a lc u la te d  a s  fo llo w s ;  T he te m p e r 

a tu r e  u se ,d fp r  £he h e a t  co n d u ctio n  l o s s  c a lc u la t io n  w a s  th e  p la te  

te m p e r a tu r e  in  ° F ? and  th e  T e m p e r a tu r e  u s e d  fo r  fin d in g  the r a d ia tio n  

h p a t l o s s  w a s  th e p la te  te m p e r a tu r e  in  °R .

y /ith

pnd A  =■ LW

T h e N u s s e lt  n u m b er  w a s  r e d u c e d  to

Nu = — 3-----
m  ■ k A ( A l )

W herg q w a s  the n e t h e a t  l o s s  th rou gh  c o n v e c t io n  and w a s  d e fin ed  a s

S “ S in  r S co n d u ctio n  and r a d ia tio n  h ea t l o s s .  

T he co n d u ctio n  h e a t  l o s s  w a s  found  b y  th e fo llo w in g  eq u ation  

Tg©p4 u.etipn l o s s  =■ kS A  T 

W hgrg -  th e r m a l co n d u ctiv ity  of a ir

= p. p i 12 B T y / l ir - f f > ° F  

g.iid S i s  th e  g e o m e tr ic  sh a p e  fa c to r  o f the fo a m  and w a s  c a lc u la te d
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fr o m  the fo llo w in g  eq u a tio n

S = 1 2 ( r e c e s s  w idth) -1 1. 6 5 ( r e c e s s  p e r im e te r )  

T he d e r iv a t iv e  o f the a b ove eq u a tio n  w a s  g iv e n  in  A p p en d ix  D.

The r a d ia t io n  h e a t  l o s s  w a s  found  b y  the fo llo w in g  eq u a tio n

^ rad . l o s s  = A  (T { T4 -  T 4 )
P P

w h e r e  A p = p la te  su r fa c e  a r e a

(T = S tefan  B o ltz m a n n  c o n sta n t

= 0 . 1714 X 10"8 B T U /h r - f t 2 - ° R 4 

Tp = p la te  te m p e r a tu r e  in  °R  

Too = a m b ie n t te m p e r a tu r e  in  °R  

T he ju s t i f ic a t io n  o f th e  ab o v e  eq u a tio n  w a s  b a se d  on th e  a s su m p tio n  

th a t the su r r o u n d in g s  w e r e  a  b la c k  body.



A P P E N D IX  D

SH A P E  F A C T O R  M E A SU R E M E N T

T he sh a p e  fa c to r  o f th e  in su la t io n  fo a m  p la te  u s e d  in  th is  

e x p e r im e n t  w a s  m e a s u r e d  b y  m e a n s  o f an e l e c t r ic a l  co n d u ctiv e  

p a p er  a n a lo g . The a n a lo g  c o n s is t e d  o f a  s c a le  c o n d u ctiv e  p a p e r  m o d e l  

and a r e c ta n g u la r  c o n d u ctiv e  p a p er  m o d e l a s  show n  in  F ig .  15. 

A ss u m in g  a u n it d ep th , th e  sh ap e fa c to r  o f th e  r e c ta n g u la r  co n d u ctiv e  

p a p er  m o d e l w a s  c a lc u la te d  fr o m

S =
* w id th  (1)

and w a s  u s e d  a s  a  s ta n d a rd  fo r  c o m p a r iso n . The s im u la te d  co n sta n t

te m p e r a tu r e  b o u n d a r ie s  o f th e  co n d u ctiv e  m e d iu m  w e r e  o b ta in ed  by

a p p ly in g  co p p er  w ir e s  and h ig h ly  co n d u ctiv e  s i lv e r  p a in t to  th e ed g e  of

the m o d e l.  H av ing  th e  e l e c t r ic a l  r e s is t a n c e  a c r o s s  th e  b o u n d a r ie s

o f th e  m o d e ls  m e a s u r e d  b y  m e a n s  o f an o h m m e te r  th e sh ap e fa c to r  of

th e co n d u ctio n  m e d iu m  w a s  c a lc u la te d  b y  th e  fo llo w in g  r e la t io n s h ip

.th, = J k
S2 R (2)

S i = Shape fa c to r

R 1 = E le c t r ic a l  r e s is t a n c e

57
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E q u a tio n  (1) w a s  d e r iv e d  b a se d  on th e a n a lo g y  b e tw e e n  b ea t  

f lo w  and e l e c t r ic a l  c u r r e n t  f lo w . T hat i s ,  th e  h ea t flo w  th rou gh  a 

th e r m a l r e s i s t a n c e  i s  a n a lo g o u s  to  th e f lo w  o f c u r r e n t th rou gh  an  

e l e c t r ic a l  r e s i s t a n c e .

T he c o n d u ctiv e  p a p er  e le c t r ic a l  a n a lo g  m o d e l o f th e  in su la t in g  

fo a m  p la te  h a v in g  a 6 in c h  b y  6 in c h  by 1 /4  in ch  r e c e s s  i s  show n  

in  F ig . 2 8 . T he d isc o n tin u o u s  gap show n in  th e f ig u r e  s im u la te d  the  

te m p e r a tu r e  d isc o n tin u o u s  b e tw e e n  th e fo a m  and th e h e a te d  p la te .

The m e a s u r e d  v a lu e  o f th e  sh ap e fa c to r  w a s

s  to ta l = 7 - 65 

T h e e q u a l p o te n t ia l f ie ld  p lo t , a s  sh ow n  in  F ig . 16. in d ic a te d

th at o n ly  a n a r r o w  d is ta n c e  fr o m  th e  r e c e s s  ed g e  w a s  s ig n if ic a n t  to

con d u ctio n  h e a t  l e s s  th rou gh  th e fo u r  e d g e s . T hus th e  s y s te m  co u ld

b e c o n s id e r e d  a  tw o d im e n s io n a l and the to ta l m e a s u r e d  sh ap e fa c to r

fo r  th is  c o u ld  b e  ju s t i f ie d  a s

^ to ta l = ^ b a s e  ^ e d g e  

T he sh a p e  fa c to r  of th e  b a se  w a s

Si - 6m a s  ~

= 6

su b tr a c tin g  th e  b a se  sh a p e  fa c to r  fr o m  the to ta l w e  g e t

^ ed g e  * *^5

B a s e d  upon th e a b o v e  m e a s u r e d  v a lu e s  and the u n it depth

a s su m p tio n  th e  g e n e r a l eq u a tio n  fo r  fin d in g  th e  sh a p e  fa c to r  o f th e
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w h o le  p la t e  w a s  d e r iv e d  a s

% >tal ~ 12 o c e s s  w idth) + 1, 6 l ( r e c e s s
p e r im e te r )

T he d im e n s io n s  o f tne w id th  ,and the p er im ie ter  a r e  in  f e e t .



F ig . 2 8 . - - E l e c t r i c a l  co n d u ctiv e  p a p e r  m o d e l



61

T A B L E  I

1 /4 "  X  6" S T R IP  PO W ER  IN 2 . 08 W A TT P  = 25 . 57"H g. T = 8 1 . 9 ° F

u R e L q T 0 -  T N u L . c . p . N uL

f t / s e c . X i o 5 B T U /h r . °F hL T o^ L C P
k T

28. 60 0 .7 1 9 5 .8 5 50 . 05 372 . 0 395 . 0
34 . 00 0 .9 2 4 6. 28 4 7 . 42 420 . 5 4 3 8 . 5
44 . 45 1. 105 6. 25 4 1 . 11 48 1 . 0 4 9 8 . 5
49 . 90 1. 240 6. 27 38. 48 526 . 0 54 5 . 0
55 . 20 1 .3 6 0 6. 37 35. 48 544 . 0 56 1 . 0
62. 50 1. 550 6 .4 8 32. 65 627 . 0 646 . 0
77 . 70 1 .9 4 0 6. 51 29 . 27 702 . 0 7 2 0 . 5
9 0 . 60 2 . 235 6. 50 26 . 95 762 . 0 78 0 . 5

1 0 0 .5 0 2 .4 7 0 6. 56 24 . 13 851 . 0 87 0 . 5

T A B L E  II

1 /2 "  X 6" S T R IP  PO W E R  IN 3. 82 W ATT P  = 2 5 . 3"H g. T = 77 . 0 ° F

U R e p q T0 -  T N ul .  c .p . Nu l

f t / s e c X 1 0 5 B T U /h r . ° F hL
k

I o
T

0. 5
N uL C P

30. 40 0 .7 6 6 1 1 .4 2 4 55. 38 33 9 . 0 361 . 0

34 . 78 0 . 890 1 1 .5 2 0 5 1 .5 0 356 . 0 37 2 . 0

45 . 85 1. 160 1 1 .7 0 8 4 3 . 88 4 2 5 . 0 4 4 1 .0

53 . 50 1 .3 4 9 1 1 .8 3 2 38 . 13 4 9 5 . 0 51 2 . 5

59 . 50 1 .5 0 2 1 1 .9 1 5 36 . 05 52 6 . 0 5 4 2 . 2

6 6 . 9 0 1. 694 1 1 .9 6 8 34 . 65 54 9 . 5 566 . 0

82 . 10 2 . 070 1 2 .0 9 0 29 . 33 6 56 . 0 673 . 0

9 6 . 50 2 . 479 1 2 .1 3 5 27 . 16 . 7 1 1 .0 7 2 8 . 0

111. 00 2 . 840 1 2 .1 9 8 24 . 55 7 9 0 . 0 80 7 . 0
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T A B L E  III

:3/.4" x  6 " S T R IP  PO W ER  IN 3. 915 W ATT P = 25 . 48"H g. T = 76 . 7 5 c

y RfJL $ T - T o Nu L . c . p . Nu l

f t / s e c . X 1 0 5 B T y /h r , ° F lo 0- 
k T

5
N uL C P

1 9 .. 40 0. 740 1 2 , p o o 4 1 .4 9 3 07 . 0 320 . 0
3 3 .7 6 0. 851 n ,  io 3 38 . 27 3 36 . 0 348 . 0
4 4 . 30 1. 115 1 2 ,3 1 4 32. 28 4 0 4 . 0 4 1 4 . 5
4 9 . 30 1. 241 1 2 ,4 1 8 29 . 05 4 5 3 . 0 4 6 5 . 0
§ § . §0 1 .4 8 0 1 2 ,5 1 6 2 6 . 00 508 . 0 52 0 . 0
76.. o o 1. 917 1 2 ,6 6 4 2 1 .5 3 624 . 0 634 . 5
§ 6 : 60 2 . 164 1 2 ,7 1 3 1 9 .9 5 67 6 . 0 6 8 8 . 0

jo o . 64 2. 633 12, 797 17. 53 7 9 0 . 0 80 2 . 6

T A B L E  IV

I"  X 6" S T R IP  PO W E R  IN 5, 72 W A TT P  = 25 . 4 4 :iH g. T = 80 . 7 ° F

y  R e L q T 0 -  T N uL . C .P .  N uL

s e c .  X 10^ BTy/hr, °F —  1 o ° -N u l c p
lr

i f r  39 0 . 733 1 7 ,6 4 8 4 8 . 36 2 9 0 . 0 315 . 0
33 . 05 0 . 825 1 7 ,7 8 0 4 4 . 60 31 8 . 0 332 . 0
3 7 ,7 0 0 .9 3 5 1 7 ,9 2 0 4 0 . 93 35 0 . 2 36 3 . 0
4 4 , 2 0 1 .0 9 5 1 8 ,0 9 4 36 . 47 39 6 . 0 40 9 . 0
4 8 , 3p 1. 195 1 8 ,1 7 0 33 . 95 4 2 7 . 0 44 0 . 0
6 2 .4 0 1 .3 0 0 18, 150 31 . 90 4 5 5 . 0 4 6 7 . 5
3 9 ,2 0 1 .4 8 7 1 8 ,2 8 0 28 . 20 5 1 1 .0 5 25 . 0
7 3 ,7 0 1 .8 5 0 1 8 ,1 9 ? 24 . 44 5 8 3 . 0 5 96 . 0
93 , 80 2 . 355 1 8 ,3 5 7 2 0 . 20 7 2 3 . 0 7 35 . 0

106, 30 2 . 660 1 8 ,4 4 7 17. 65 8 3 2 . 0 84 0 . 0
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T A B L E  V

1 1 /2 "  X 6"1 ST R IP PO W ER  IN 7. 63 W A TT P = 2 5 . 56" Iig  T =72. 0 ° F

U R e T
J j q T 0 -  T Nu L . C „ P . N uL

f t / s e c . X 105 B T U /h r . ° F
0 5L T rn v» J

----- - - °  Nut c p  
k T

2 6 . 1 0 . 672 23 . 995 45 . 28 2 7 9 .0  2 9 3 .0
3 1 .4 0 . 832 2 4 .1 2 0 4 0 . 80 3 1 1 .0  3 2 2 .0
4 3 . 0 1. 105 24 . 547 32 . 00 4 1 5 .0  4 2 6 .5
5 0 . 2 1. 291 24 . 670 29 . 40 44 2 . 0 4 5 4 . 0
58 .7 1 .5 1 5 24 . 750 27 . 56 4 7 4 .0  5 8 8 .0
74. 1 1 .9 0 4 2 5 .0 5 0 2 1 .2 5 622 . 0 6 3 4 .5
92 . 7 2 . 365 25 . 270 19. 36 7 3 5 .0  7 4 6 .0

106. 5 2 . 730 2 5 .2 3 5 17. 40 8 3 5 .0  8 4 5 .0

6" X  6"

T A B L E  VI 

P L A T E  PO W E R  IN 30 . 4 W ATT P  = 25 . 5"H g. T = 74 . 3 ° F

U R e L q T o "  T Nul. c .p . Nul

f t / s e c . x  i o 5 B T U /h r ° F
0. 5

hL  T Q
k T Nu l c p

1 1 .2 8 0. 290 9 3 .0 2 0 85 . 37 144. 0 155 . 0
2 1 . 00 0, 539 95 . 739 58 . 43 21 9 . 0 2 3 1 .0
2 9 . 20 0 . 754 9 6 . 139 4 9 . 35 2 6 0 .0 2 72 . 0
33 . 80 0 . 874 97 . 562 4 5 . 28 2 8 8 . 0 3 0 1 .0
38 . 40 0 . 992 98 . 136 4 3 . 05 32 2 . 5 33 5 . 0
4 4 . 30 1. 150 9 8 .6 9 2 4 0 . 93 35 7 . 0 36 9 . 5
5 1 . 00 1 .3 0 0 9 9 .2 5 0 32 . 70 4 0 5 . 0 4 1 6 . 5
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T h is  t h e s is  w a s  an  e x p e r im e n ta l stu d y  of tu rb u len t h ea t  

t r a n s fe r  o v e r  a f la t  p la te  h a v in g  t r a n s v e r s e  te m p e r a tu r e  v a r ia t io n .

T h is  stu d y  v /a s  a c c o m p lis h e d  b y  m e a n s  o f f iv e  u n if o r m ly  r e s i s t a n c e -  

h e a te d  s tr ip s  o f the sa m e  le n g th  but d if fe r e n t  a s p e c t  r a t io ,  ea ch  

em b ed d ed  f lu sh ly  in to  an in s u la t io n  fo a m  p la te  to  s im u la te  the  

p la te  w ith  t r a n s v e r s e  s te p  te m p e r a tu r e  ch a n g e . T he e x p e r im e n t  

w a s  p e r fo r m e d  in  a su b so n ic  w in d  tu n n e l.

T he r e s u lt s  o f th is  stu d y  in d ic a te d  th at u n der co n sta n t R ey n o ld s  

n u m b e r , the h ea t tr a n s fe r  c o e f f ic ie n t  or  N u s s e lt  n u m b er in c r e a s e d  

a s  th e  w id th  o f the s tr ip  d e c r e a s e d .  A t h ig h e r  R ey n o ld s  n u m b er , 

th e  in c r e a s e  in  N u s s e lt  w a s  n o t a s  la r g e  a s  i t  w a s  a t lo w e r  R ey n o ld s  

num be r .
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