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A bstract

The v a r ia tio n  in  th e  lo c a l r a d ia l  heat t r a n s f e r  c o e f f ic ie n t  i s  

rep o rted  fo r  a  d isc  ro ta tin g  in  s t i l l  a i r  up to  I 65O r .p .m . and in  a 

tra n sv e rse  o r crossflow  a i r  stream  o f  speeds up to  33m^s. These 

m easu rg en ts  have been made w ith  th e  a id  o f  a sm all sen so r, using 

th e rm is to rs  as heating  elem ents. I t  i s  found th a t  th e  heat t r a n s fe r  

c o e f f ic ie n t  i s  governed by th e  main a i r  flow , th e  ro ta t io n  o f  th e  d isc  

re s u lt in g  in  a  sm all upward p e rtu rb a tio n  on th i s  le v e l .  T ests w ith 

d if fe re n t d isc  aspect r a t i o s ,  s im ulated  by th e  d isc  p ro tru d in g  from a 

lead in g  edge shroud, show th a t  th e  ra d ia l  d is t r ib u t io n  i s  g re a tly  

m odified, but again  th e  main a i r  stream  dominates th e  p rocess .

A th in  film  senso r has been developed to  m onitor th e  f lu c tu a tio n s  

in  th e  heat t r a n s f e r  c o e f f ic ie n t  about th e  mean le v e l  as th e  d isc 

ro ta te s  in  th e  a i r  stream . The lo c a l  e f fe c ts  o f  ro ta t io n  a re  examined 

c lo se ly . The v e lo c ity  d is tr ib u tio n s  around th e  s ta t io n a ry  and ro ta t in g  

d isc  in  s t i l l  a i r  and a tra n sv e rse  flow are  p re sen ted .

The experim entation i s  f in a l ly  extended to  th e  case o f  a simple 

t r a in  wheel shape, thus attem pting  to  model th e  convective heat d i s s i 

pa tion  fo r  th e  condition  o f  t r a i n  wheel b rak ing .
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C h ap te r 1

1 .1 . In tro d u c tio n

This work a ro se  from an i n t e r e s t  in  th e  tem p era tu re  d i s t r ib u t io n  and 

consequent s t r e s s  d i s t r ib u t io n  in  t r a i n  w heels r e s u l t i n g  from a  con tinued  

b rak in g  c o n d itio n .

In  i t s  co n v en tio n a l form b rak in g  i s  ach ieved  w ith  a  s e r ie s  o f  pads 

rubbing  on th e  p e rip h e ry  o f  th e  w heel. A la rg e  p e rcen tag e  o f  th e  heat 

g en era ted  by th e  f r i c t i o n  i s  im parted  th rough  to  th e  wheel w ith  th e  sub

sequen t r i s e  in  tem p era tu re  th roughou t i t s  volume. Over a  con tinued  

p e r io d  o f  b rak in g  th e s e  tem p era tu res  r i s e  by s e v e ra l hundreds o f  deg rees . 

S e rio u s  s t r e s s e s  can occur and th e re  i s  th e  danger o f  th e  wheel s e r io u s ly  

d i s to r t in g  and c rack s  form ing.

The tem p era tu re  d i s t r ib u t io n  i s  governed by th r e e  f a c to r s .  F i r s t l y  

by th e  h ea t im parted  to  th e  rim  o f  th e  id ie e l, determ ined  by th e  s i z e ,  shape 

and m a te r ia l  used  fo r  b rak in g  and th e  b rak ing  lo a d . Secondly by th e  h eat 

conduction  th rough  th e  wheel which w i l l  depend upon th e  geom etry and th e r 

mal p ro p e r t ie s  o f  th e  ^ e e l ,  and t h i r d ly  th e  h e a t d is s ip a te d  away from th e  

su rfa c e  v ia  convection  and r a d ia t io n .

I t  i s  th e  co n v ec tiv e  co o lin g  p ro cess  which i s  th e  su b je c t o f  t h i s  

t h e s i s .  The geometry under in v e s t ig a t io n ,  a  p la n e  r o ta t in g  d isc  in  a 

f r e e  j e t ,  i s  id e a l iz e d  from th e  t r a i n  s i t u a t io n .  There th e  wheel shape 

i s  n o t a  p lan e  d isc  and th e  surround ing  suspension  g e a r , th e  t r a c k  and th e  

ground cau se  c o n s id e ra b le  shrouding  around th e  w heel. N ev erth e le ss  th e  

p re s e n t id e a l iz e d  geom etry i s  an obvious s t a r t i n g  o f f  p o in t from which to  

b u ild  ex p erience  in  t h i s  f i e l d .  The su rfa c e  tem p e ra tu re  i s  iso th e rm a l 

and h ea ted  in t e r n a l ly  r a th e r  th a n  a t  th e  rim .



M easurem ents o f  h e a t  t r a n s f e r  c o e f f i c i e n t s  from  a  r o t a t i n g  d isc  in

s t i l l  a i r  and in  an a i r  s tream  normal t o  th e  d isc  su rfa c e  have been 
1 2re p o r te d  * . In th e  case  o f  a  r o ta t in g  d isc  in  an a i r  s tream  p a r a l l e l

t o  th e  d isc  su rfa c e  (h e re in  r e f e r r r e d  to  a s  t r a n s v e r s e  flow ), th e  only
(21)

re le v a n t  work th a t  has been done i s  by D ennis, Newstead and Ede , While 

th e  s iz e  o f  t h e i r  a p p ara tu s  and range o f  r o ta t io n a l  and f r e e  stream  Reynolds 

numbers a re  comparable w ith  th e  p re se n t w ork, t h e i r  measurements only  

in v o lv ed  average h e a t t r a n s f e r  c o e f f ic ie n ts  o v e r th e  whole d is c .  In  th e  

problem  o f  c a lc u la t in g  th e  tem p era tu re  d i s t r ib u t io n  in  t r a i n  w heels,w here 

th e re  a re  c o n s id e ra b le  changes in  th e  r a d ia l  th ic k n e s s  o f  th e  w heel, th e  

r a d ia l  v a r ia t io n  o f  th e  h ea t t r a n s f e r  c o e f f ic ie n t  a t  th e  su rfa c e  i s  

re q u ire d . This work become l^nouia a f t e r  th e  ex p erim en ta tio n  was

com pleted.

For a  d isc  r o ta t in g  in  s t i l l  a i r ,  th e  ta n g e n t ia l  f r i c t i o n  drag a t  th e  

su rfa c e  im p arts  a c irc u m fe re n tia l  v e lo c i ty  to  th e  a i r  and , due to  th e  

c e n t r i f u g a l  fo rc e s ,  an outw ard r a d i a l  flow  o ccu rs . At h ig h  d isc  speed 

th e re  i s  a t r a n s i t i o n  in  th e  r e s u l t a n t  s p i r a l  flow  from lam in a r to  tu rb u 

l e n t .  For th e  lam inar case  a n a ly t ic  s o lu t io n s  have been produced , and 

w ith  s u i ta b le  assum ptions, p re d ic t io n s  have been made fo r  th e  f u l ly  t u r 

b u le n t c a se . Comprehensive surveys o f  bo th  ex p erim en ta l and a n a ly t ic a l  

work i n  t h i s  f i e l d  have been p u b lish e d  by Dorfinan^ and K re ith ^  and Rcfe 22-29.

In  th e  case  o f  a  r o ta t in g  d isc  in  a t ra n s v e r s e  a i r  flow , th e  flow 

p a t te r n  i s  o f a  complex th re e  d im ensional n a tu re  g iv in g  l i t t l e  hope o f 

an a n a ly t ic a l  s o lu t io n  a t  p r e s e n t .  Thus th e  em phasis in  t h i s  work i s  

e x p e r im en ta l.

The th e s i s  x ep o rts  measurements o f  h e a t t r a n s f e r  from a h e a te d  i s o 

th e rm al d isc  r o ta t in g  in  a  t r a n s v e r s e  a i r  flow . To enab le  lo c a l  h e a t 

t r a n s f e r  c o e f f ic ie n ts  t o  be m easured a sm all h e a t f lu x  sen so r has been 

used in  which a  th e rm is to r  p ro v id es  a  lo c a l iz e d  energy so u rce . The



th e rm al mass o f  th e  sen so r does n o t a llow  t r a n s ie n t  measurements to  he 

made, average values over th e  c i r c u la r  p a th s  tr a v e r s e d  a re  o b ta in ed .

For a  d isc  r o ta t in g  in  a  t ra n s v e rs e  a i r  flow  measurements have been 

ta k en  over a range o f  a i r  j e t  sp eed s . A ir speeds bo th  below and above 

th e  d isc  p e r ip h e ra l  speed have been in v e s t ig a te d  and p a r t i c u l a r  a t te n t io n  

pcdd to  th e  c o n d itio n  where a i r  speed  and d isc  p e r ip h e ra l  speed a re  

matched.

In  reach in g  an un d ers tan d in g  o f  th e  measurements f u r th e r  t e s t s  on th e  

d is c  s ta t io n a iy  in  th e  t ra n s v e rs e  a i r  s tream  to g e th e r  w ith  flow  v is u a l iz a 

t io n  u sin g  smoke have been u s e fu l .  A ll th e  r e s u l t s  su g g es t t h a t  th e  h e a t 

t r a n s f e r  p ro c e ss  i s  dom inated by th e  main a i r  flow , th e  secondary flow 

cau sed  by th e  d isc  r o ta t io n  having a  minor e f f e c t .  In  p a r t i c u l a r  flow 

se p a ra tio n  a t  th e  le a d in g  edge fo llow ed  by rea ttach m en t to  th e  d isc  face  

i s  in p o r ta n t .  The e x te n t  o f  th e  s e p a ra tio n s  and rea ttach m en t zones a re  

determ ined  by th e  a sp e c t r a t i o  o f  th e  d isc  (d is c  r a d iu s /d is c  th ic k n e s s ) .

So f u r th e r  measurements have been made fo r  a  range o f  d isc  a sp e c t r a t i o s .  

These have been s im u la ted  u sin g  th e  sim ple d isc  by r o ta t in g  i t  w ith in  a  

shroud. Ry a llo w in g  th e  d is c  to  p ro tru d e  from  th e  shroud in to  th e  t r a n s 

v e rse  a i r  s tream  any d e s ir e d  a sp e c t r a t i o  i s  s e t  up. For very  la rg e  

a sp e c t r a t i o s  (very  l i t t l e  s e p a ra tio n )  and a  range o f  m atched speeds th e  

r e s u l t s  have been c o r r e la te d  by a  g e n e ra l e x p re ss io n . The p ro cess  i s  shown 

to  compare c lo s e ly  w ith  th e  th e o r e t i c a l  p r e d ic t io n  fo r  th e  h ea t t r a n s f e r  

from  tu rb u le n t  flow  ov er a  f l a t  s ta t io n a r y  p la te .

A th in  f ilm  f a s t  re sp o n se  sen so r has been used t o  m easure th e  in s ta n 

taneous h e a t t r a n s f e r  c o e f f ic ie n t  a s  th e  d isc  r o ta te s  i n  th e  a i r  s tream .

For la rg e  a sp e c t r a t i o s  th e  h ea t t r a n s f e r  v a r ia t io n  i s  as a n t ic ip a te d ,  

b e in g  s ig n i f i c a n t ly  g r e a te r  when th e  flow  i s  a g a in s t  th e  ro ta t io n  th an  when 

i t  i s  in  th e  same d i r e c t io n .  The r e s u l t s  a re  examined q u a l i t a t iv e ly  and 

th e  e f f e c t  o f  r o ta t io n  i s  t e n ta t iv e ly  a sse sse d  by com parison w ith  th e



s ta t io n a r y  t e s t s  in  a i r  w ith  th e  p rev io u s  se n so r . For la rg e  a sp e c t 

r a t i o s  th e  dominance o f  th e  s e p a ra tio n  and rea ttach m en t on th e  lo c a l  

c o e f f ic ie n t  i s  examined.

The v e lo c i ty  p r o f i l e s  a t  p o s i t io n s  c lo se  t o  t h e d s c  su rfh ce  have 

been m easured w ith  th e  a id  o f  a  h o t w ire  anemcxneter, f o r  a  wide range o f  

a i r  speeds w ith  th e  d isc  r o ta t in g  and s ta t io n a iy .  For a s ta t io n a r y  d isc  

th e  e f f e c t  o f  th e  a sp ec t r a t i o  on th e  v e lo c i ty  p r o f i l e s  has been examined 

and th e  r e s u l t s  have confirm ed th e  e f fe c t iv e n e s s  o f  the le a d in g  edge shroud. 

With th e  d isc  r o ta t in g ,  measurement? o f  th e  flow  p a t te r n  a re  com plicated  

by th e  r e v e r s a l  o f  flow  c lo se  t o  th e  s u r fa c e . However, fo r  a  p a r t i c u l a r  

r o t a t i o n a l  speed over a  wide range o f  a i r  sp ee d s , th e  r e s u l t s  have con

firm ed  th e  mcdn stream  dominance and g iv e  a  good in d ic a t io n  o f  th e  flow  

p a t te r n .

At th e  re q u e s t o f  th e  B r i t i s h  Railway Board, R esearch and Development 

D iv is io n , a s tudy  o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  v a r ia t io n  from a sim ple 

t r a i n  wheel shape has been u n d ertaken . The wheel i s  th e  p la in  d isc  w ith  

an a n n u la r  r in g  a tta c h e d  a t  th e  p e r ip h e ry  to  re p re se n t th e  th ic k e n in g  a t  

th e  f lan g e  and a  c e n t r a l  boss t o  re p re se n t th e  hub o f  th e  \d iee l. The 

e f f e c t  o f  th e  ro ta t io n  i s  again  a s se s se d  end com parisons made w ith  th e  

p re v io u s  work on p la in  d is c s .  Flow v is u a l iz a t io n  t e s t s  have h e lp ed  to  

e x p la in  th e  n a tu re  o f  th e  c o e f f ic ie n t  v a r ia t io n s  and a lso  g iv e  a  q u a l i t a t iv e  

id e a  o f  th e  flow  d i s t r ib u t io n  over th e  w heel,

1 .2 , Heat T ra n s fe r  C o e f f ic ie n ts

The num erical value o f  th e  h e a t  t r a n s f e r  c o e f f ic ie n t  a t  a  p o in t in  a 

system  depends on th e  geom etry o f  th e  su rfa c e  anddie v e lo c i ty  o f  th e  f l u i d ,  

as w e ll a s  on th e  p h y s ic a l p ro p e r t ie s  o f  t h a t  f l u i d  and o f te n  even th e  

tem p era tu re  d i f f e r e n c e ,  ST. As th e s e  q u a n t i t ie s  a re  r a r e ly  c o n s ta n t 

over a  s u r f a c e ,  th e  h ea t t r a n s f e r  c o e f f ic ie n t  v a r ie s  from p o in t  to  p o in t .



So i t  is  necessazy to  d is tin g u ish  between a p o in t ,  a lo c a l  and an average 

heat t r a n s fe r  c o e f f ic ie n t .  The heat t r a n s f e r  c o e f f ic ie n t  a t  a p o in t, 

bp, i s  defined  by

dq » hp dA(T -  T ) o r  s ® (1.1)

In  most e3q>eriments involved  in  heat trc m sfe r measurement the  sensing 

a rea  i s  sm all but f i n i t e .  The heat t r a n s f e r  determ ined by th e  sensor 

i s  given as

Up (Tg -  T_)dA (1 .2 )

where a  lo c a l  heat t r a n s f e r  c o e f f ic ie n t  h i s  defined  asc

(1 .3 )

For a ro ta tin g  d isc  i t  i s  necessary  to  define  a lo c a l r a d ia l  h ea t t r a n s fe r  

c o e f f ic ie n t ,  hp, which i s  a  measure o f  th e  average h ea t t r a n s f e r  fo r  th e  

p a th  tra v e rse d  by the  sen so r, i . e .
2ir

h d(& c (1 .4 )

The average heat t r a n s f e r  c o e f f ic ie n t  h^ fo r  th e  whole iso therm al d isc i s  

d e fined  as

Q = h ttR  ̂ (T -  T ) c c o s  » (1 .5 )

and i s  r e la te d  to  th e  lo c a l  and r a d ia l  c o e f f ic ie n ts  by th e  expressions

« o ' hg(T -  T )2itRdE I\ s ®

2ir
h (T -  T )Rd(>dR (1 .6 ) c s *

o o

For fu tu re  re fe re n ce , measurements described  in  Chapters 2 and 3 r e f e r  

t o  th e  determ ination  o f  th e  lo c a l r a d ia l  c o e f f ic ie n ts ,  hp. Chapter 4

deals  w ith  measurements o f  th e  lo c a l h eat t r a n s f e r  c o e f f ic ie n t ,  h^.



1 ,3 .  M ethods o f  m easu rin g  h e a t  t r a n s f e r  c o e f f i c i e n t s

The h e a t t r a n s f e r  from th e  su rfa ce  o f  a  r o ta t in g  d isc  can he measured 

usin g  a number o f  ex p erim en ta l te c h n iq u e s . The r e l a t i v e  m e rits  o f  th e se  

tech n iq u es  a re  d iscu ssed . Four methods a re  co n sid e red

1) D ire c t lo c a l iz e d  h e a t t r a n s f e r  m easurem ent.

2) Thermal boundary la y e r .

3) I n te r n a l  tem p era tu re  d i s t r ib u t io n .

U) Mass t r a n s f e r  Mercury e v a p o ra tio n .

1 .3 * 1 . D ire c t lo c a l iz e d  h e a t t r a n s f e r  measurement

Perhaps th e  most obvious method o f  m easuring lo c a l  h e a t t r a n s f e r  

c o e f f ic ie n t s  between a  su rfa c e  and a  f l u i d  flow ing p a s t ,  i s  th e  measurement 

o f  th e  energy  t r a n s f e r r e d  a c ro ss  a  sm all a re a  o f  th e  su rfa ce  lo c a te d  a t  th e  

p o in t  o f  i n t e r e s t ,  th e  su rfh c e  tem p era tu re  and th e  am bient tem p e ra tu re .

This r e a d i ly  le a d s  t o  th e  concept o f  a  sm all c a lo r im e te r  i n s e r t  in to  th e  

su rfa c e  C arry ing  a  h e a te r  and a tem p era tu re  m easuring d e v ice .

F ig . (1 .1 )  shows one design  o f  a  c a lo r im e te r  i n s e r t .  A sm all 

e l e c t r i c a l l y  h e a te d  d is c  A i s  su rrounded  by a  guard  r i n g ,  C , t o  ensure  

th a t  a l l  th e  m easured energy  in p u t ,  q , p a sse s  th ro u g h  th e  d is c  A and 

i s  co n v ec ted  away in to  th e  ne ighbouring  a i r .  The i n s e r t  i s  mounted in  

th e  main r o ta t in g  d is c  w ith  i t s  su rfa c e  f lu s h  w ith th e  su rro u n d s .

However i t  i s  n o t s u f f i c i e n t  j u s t  t o  in tro d u c e  a  h e a te d  i n s e r t  in to  

an o th e rw ise  unheated  s u r fa c e .  For flow  o v e r a  h e a te d  f l a t  p l a t e ,  in  

a d d itio n  t o  th e  v e lo c i ty  boundary la y e r ,  a  th e rm a l boundary la y e r  can be 

d e fin ed  a c ro ss  which th e  f l u i d  tem pera tu re  v a r ie s  from th e  su rfa c e  tem per

a tu re  to  th e  f r e e  stream  te m p e ra tu re . T h is  th e rm a l boundary la y e r  has 

zero  th ic k n e s s  a t  th e  s t a r t  o f  th e  h e a te d  p o r t io n  o f  th e  s u r fa c e . In  t h i s

la y e r  th e  h e a t  t r a n s f e r / u n i t  a re a  q a t  th e  w a ll  i s
c
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where ( | ^ )  i s  th e  value o f  th e  tem pera tu re  g ra d ie n t a t  th e  w a ll and k 
N V  z»o

th e  th e rm a l c o n d u c tiv ity  o f  th e  f lu i d .  At th e  s t a r t  o f  th e  therm al 

boundary la y e r  th e  tem peratu re  g ra d ie n t i s  i n f i n i t e  b u t r a p id ly  f a l l s  o f f  

a long  th e  h e a te d  s u rfa c e . The h e a t t r a n s f e r  c o e f f ic ie n t  d e fin ed  through 

th e  ex p re ss io n

%  ’  ^pC^s -  (1 -8 )

shows th e  same v a r ia t io n .  Thus a  h e a te d  i n s e r t  in  an o th erw ise  unheated 

su rfa c e  would g ive  a  h ig h e r  h e a t t r a n s f e r  c o e f f ic ie n t  th an  th e  i n s e r t  in  

a  su rfa c e  h e a te d  to  th e  same tem peratu re  a s  th e  i n s e r t .  In  th e  f i r s t  

case  th e  h e a t t r a n s f e r  c o e f f ic ie n t  v a r ie s  over th e  i n s e r t  a re a  f h l l in g  

from i n f i n i t y  a t  th e  le a d in g  edge. In  th e  second case  th e  h e a t t r a n s f e r  

c o e f f ic ie n t  i s  o f  a  low er value  and v a r ie s  on ly  s lo w ly . Thus in  s e t t in g  

up an experim ent t o  measure h e a t t r a n s f e r  c o e f f ic ie n ts  by t h i s  manner i t  

i s  n ecessa ry  to  p ro v id e  a  d is c  which i s  h e a te d  over i t s  e n t i r e  su r fa c e .

The com parative ease  in  determ in ing  lo c a l  h e a t t r a n s f e r  c o e f f ic ie n ts  

by such a c a lo r im e te r  i s  co n sid e red  an obvious advan tage . F le x ib i l i ty  

in  p o s i t io n in g , ad ap tion  to  d i f f e r e n t  s i tu a t io n s  and th e  im p o rtan t fe a tu re  

o f  n o n - in te r ru p tio n  o f  th e  v e lo c i ty  and te n p e ra tu re  co n d itio n s  a re  fu r th e r  

ad v an tag es .

The d isadvan tage  o f  t h i s  method i s  t h a t ,  as power i s  re q u ire d  to  h ea t 

th e  su rfa c e s  o f  th e  r o ta t in g  d is c  and i n s e r t  and su rfa c e  tem p era tu res  must 

be m o n ito red , s l i p  r in g s  a re  needed. This means a  complex and expensive 

r i g .  Also th e  method i s  su b je c t to  c e r ta in  in a c c u ra c ie s  from h e a t 

leakage from th e  i n s e r t  o th e r  th an  th rough  th e  su rfa ce  A in to  th e  neigh

bouring  a i r .

A sen so r o f  t h i s  ty p e  i s  r e l a t i v e l y  m ass iv e , s o , when th e  d isc  i s  

r o t a t i n g ,  th e  sen so r w i l l  n o t m on ito r an g u la r changes in  th e  lo c a l  h ea t



t r a n s f e r  c o e f f i c i e n t .  I n s te a d  a  l o c a l  r a d i a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,

h _ , i s  m easured. x\

1 . 3 . 2 . Thermal boundary la y e r  measurement

In  t h i s  method th e  h e a t t r a n s f e r  c o e f f ic ie n ts  a re  determ ined from 

d i r e c t  measurement of th e  tem pera tu re  p r o f i l e  in  th e  a i r  s tream  a t  any 

p a r t i c u la r  lo c a t io n .  In  any f lu i d  m otion a th in  la y e r  c lo se  to  th e  

s u rfa c e  o f  th e  w a ll i s  p o s tu la te d  where th e  p ro cess  o f  h e a t t r a n s f e r  i s  

a ch iev ed  by m o lecu lar co n d u ctio n . Measurements o f  th e  tem p era tu re  a t  

d is c r e te  p o in ts  c lo se  t o  th e  w a ll en ab le  th e  h e a t t r a n s f e r  from th e  

su rfa c e  to  be determ ined  from

= hp(T -  T_) (1 . 9 )
z=o

dTT his method r e l i e s  on th e  accuracy  o f  th e  measurement o f  - r -dz and
z=o

t h i s  im p lie s  measurement o f  a i r  tem p era tu res  vezy c lo se  to  th e  w a ll. An

e s tim a te  o f  a  norm al boimdary la y e r  th ic k n e ss  su g g es ts  t h a t  th e  probe must 

be p o s it io n e d  w ith in  0 .1  mm from th e  w a ll. The o v e ra l l  s iz e  o f  th e  probe 

i s  th e r e f o r e  l im i te d .  Very th in  therm ocouple o r  p la tinum  r e s is ta n c e  

w ires  a re  re q u ire d .

A part from th e se  d i f f i c u l t i e s  in  p o s i t io n in g  and m anufacture th e  flow  

d is t r ib u t io n  and hence tem p era tu re  d i s t r ib u t io n  a re  a f fe c te d  by th e  i n s e r t  

o f  th e  probe in to  th e  boundary la y e r .  F urtherm ore , h e a t conduction  down 

th e  le ad s  o f  th e  w ires  produces co n s id e ra b le  e r r o r s  in  th e  tem p era tu res  

m easured.

Cobb and Saunders^ overcame some o f  th e se  problem s by s t r e tc h in g  a 

t h in  N ick e l-C o n stan tan  therm oco ip le  a c ro ss  a  Perspex  fo rk  w ith  th e  ju n c tio n  

in  th e  m idd le . A rranging th e  w ire  as  n e a r ly  a s  p o s s ib le  along  an i s o 

th e rm a l w ith  th e  w ire  p e ira l le l  to  th e  su rfa ce  and a c ro ss  th e  mean d ir e c t io n  

o f  th e  flow  reduced  th e  h e a t leakage down th e  le a d s .  In  th e  case  o f  a



r o ta t in g  d isc  in  a  tra n sv e rse  a i r  s tre am , p o s i t io n in g  th e  fo rk  a long  an 

iso th e rm a l i s  in p o s s ib le  as th e  flow  d ir e c t io n  i s  unknown and v a r ie s  from 

p o in t  t o  p o in t .

The advantage o f  t h i s  method i s  t h a t  h e a t t r a n s f e r  c o e f f i c i e n t s ,  h p , 

can  be o b ta in e d . However f o r  a  com prehensive p ic tu re  o f  th e  h e a t t r a n s f e r  

c o e f f ic ie n t  v a r ia t io n  t h i s  means th e  measurement o f  many te n p e ra tu re  

p r o f i l e s .  The accuracy  o f  th e  method does no t j u s t i f y  th e  la rg e  amount 

o f  work th a t  would be re q u ire d .

1 .3 .3 .  I n te r n a l  Temperature D is tr ib u t io n

Although term ed an in te r n a l  tem p era tu re  d is t r ib u t io n  tech n iq u e  t h i s  

method r e q u ire s  d is c  su rface  tem p e ra tu res  and uses them t o  p r e d ic t  th e  

i n t e r n a l  d i s t r ib u t io n  by L a p la c e 's  e q u a tio n ,

where i s  th e  a x ia l  d is ta n ce  from th e  f r o n t  face  o f  th e  d is c .  The 

s u rfa c e  h e a t t r a n s f e r  i s  th en  o b ta in e d  by d i f f e r e n t i a t i n g  a  polynom ial 

f i t  o f  th e  a x ia l  tem pera tu re  d i s t r ib u t io n  i . e .

‘ h_(T_ -  T_) (1 .1 1 )
2 '  *0

Owen, Haynes and Bayley^ m easured h e a t t r a n s f e r  c o e f f ic ie n t s  from a 

r o ta t in g  d isc  in  t h i s  manner. F ig . (1 .2 )  shows th e  d isc  w ith  e l e c t r i c

radiôAi: h e a te r s  a t  th e  back. Thermocouples were embedded in  th e  f ro n t

and back faces  o f  th e  d is c .  The m easured su rfa c e  tem p e ra tu res  T^^, T^q 

and T^i^, Tg^ e tc .  v e re  th en  f i t t e d  t o  a  cub ic  s p lin e  and th e  in te r p o la te d  

va lu es  u sed  a s  th e  boundary c o n d itio n s  in  th e  f i n i t e  d if f e re n c e  s o lu tio n  

o f  eq u a tio n  ( l . l O ) .

One d isadvan tage  w ith  a  tech n iq u e  o f  t h i s  n a tu re  i s  t h a t  a  la rg e  

number o f  s l i p - r i n g  ch an n e ls  a re  needed f o r  m o n ito rin g  th e  te m p e ra tu re s .
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I f  lo c a l  r a d i a l  v a lu es  a re  re q u ire d  o v er t h i r t y  channels must be p ro v id ed .

I t  i s  a ls o  im p o rten t t h a t  th e  therm ocouples and t h e i r  re s p e c tiv e  m ountings 

do n o t a l t e r  th e  in te r n a l  te n p e ra tu re  d i s t r ib u t io n  w ith in  th e  d is c .

1 .3 .b .  Mass T ra n s fe r  -  Mercury ev ap o ra tio n

An a l te r n a t iv e  t o  a  d i r e c t  h e a t t r a n s f e r  measurement i s  to  c a rry  out 

a  mass t r a n s f e r  experim en t. Heat t r a n s f e r  c o e f f ic ie n t s  a re  th e n  p re d ic te d

u sin g  th e  C h ilto n  Colburn^ analogy  between mass and h e a t t r a n s f e r .

F ig . (1 .3 )  shows a ty p ic a l  experim ent f o r  de term in in g  a  mass t r a n s f e r  c o e f f ic 

i e n t  ffom a  c o a te d  s u r fa c e . For th e  analogy  to  be v a l id  th e  momentum

(v e lo c i ty )  p r o f i l e s  must be id e n t i c a l  and th e  mass (c o n c e n tra tio n )  p r o f i l e s  

s im ila r  t o  th e  th e rm al ( te n p e ra tu re )  p r o f i l e s .  Furtherm ore id e n t ic a l

upstream  c o n d itio n s  must be m a in ta in ed .
6 TNash and Maxwell * r e p o r te d  th e  use o f  t h i s  analogy  and i t s  a t t r a c 

t iv e n e s s  in  overcoming problem s connected  w ith  r o ta t io n a l  sy stem s, e .g .  

th e  te n p e ra tu re  measurement and p ro v is io n  o f  power th rough  s l i p  r in g s .

T h e ir s tudy  enployed th e  Mercury e v ap o ra tio n  te ch n iq u e  \rtiich has th e  advan

ta g e  o v e r o th e r  mass t r a n s f e r  te ch n iq u es  o f  p ro v id in g  th e  means by which 

e x is t in g  su rfa c e s  a re  e a s i ly  co a ted  w ith  M ercuiy. I t  does n o t in v o lv e  

th e  in s e r t io n  o f  p lu g s  o r  a c c u ra te  w eighings b e fo re  and a f t e r  each t e s t  as 

w ith  N ap thalene . The low vapour p re s su re  o f  Mercury en su res  low evapora

t io n  r a t e s  and re q u ire s  low energy  t r a n s f e r  r a t e s  o f  th e  moving f lu i d  p h ase . 

T h e ir experim ents m easured mass t r a n s f e r  r a t e s  in  b o th  s ta t io n a r y  and 

r o ta t in g  c y l in d e r s ,  sp h eres  and d is c s .

In  th e  co n tex t o f  a  r o ta t in g  d isc  in  s t i l l  a i r ,  th e  d isad v an tag es  o f  

t h i s  tech n iq u e  a re  t h a t  on ly  o v e r a l l  mass t r a n s f e r  c o e f f ic ie n t s  a re  

measured w ith  any degree o f  a ccu racy . Locsd r a d ia l  v a lu es  may be 

m easured by ap p ly in g  su c c e ss iv e  c o a tin g s  as  i l l u s t r a t e d  by F igure  ( l .U ) .  

ap p ly ing  a  c o a tin g  o f  Mercury t o  th e  a re a  o f  ra d iu s  R^, d e te c t in g  Hie
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r e s u l t in g  c o n c e n tra tio n  C^, th en  re p e a tin g  th e  t e s t  w ith  a l a r g e r  a re a  o f  

ra d iu s  and c o n c e n tra tio n , C^, en ab le s  th e  lo c a l  r a d ia l  mass t r a n s f e r  

c o e f f ic ie n t  a t  + Rg)/2 to  be determ ined  from th e  d if fe re n c e  in  concen

t r a t i o n s ,  Cg -  C^.

This method i s  n o t co n sid e red  p a r t i c u l a r ly  a cc u ra te  as i t  in v o lv es  

sm all d if f e re n c e s  between ccm p sra tiv e ly  low c o n c e n tra tio n s . I t  cannot
*

be a p p lie d  to  th e  case o f  a  r o ta t in g  d isc  in  a  tra n sv e rse  a i r  s tream  as 

i l l u s t r a t e d  by F ig u res  (1 .5  a  and b ) .  The upstream  c o n d itio n  i s  

s a t i s f i e d  to  th e  l e f t  o f  YY b u t n o t t o  th e  r ig h t  o f  Y'Y . E s s e n t ia l ly  

th e  arrangem ent i s  analogous t o  a n o n -iso th e im a l d isc  w ith  th e  su rfa ce  

tem p era tu re  p r o f i l e  shown in  F igure  (1 ,5 c ) .

S p e c if ic  problems were encoun tered  when t h i s  method was f u l ly  in v e s t i 

g a ted . F i r s t l y  i t  was found t h a t  m odelling  and s c a l in g  down th e  d isc  fo r  

use in  th e  Maxwell-Nash t e s t  r i g ,  a  15 cm x 15 cm d u c t, produced rotationaU . 

and a i r  speeds w e ll beyond th e  f a c i l i t i e s  a v a i la b le « in  a d d itio n  to  very  

low Mercury c o n c e n tra tio n s . At s iz e s  where th e ^ e e d s  co u ld  be ach ieved  

th e  la rg e  volumes o f  Mercury p re s e n t  were c le a r ly  n o t p r a c t i c a l  and co n sid 

e re d  hazardous t o  h e a l th .  S econdly , th e  M ercury d e te c tio n  m eter was 

u n re l ia b le  and re q u ire d  Arequent c a l i b r a t io n .  This c a l i b r a t io n  procedure  

e n t a i l s  b o i l in g  Mercury u n t i l  a  s a tu r a te d  m ix tu re  o f  Mercury vapour in  a i r  

i s  ach ieved . T his c o n d itio n  i s  ex trem ely  d i f f i c u l t  to n a in ta in  and r e s u l t s  

in  la rg e  e r r o r s  i n  th e  c a l ib r a t io n  i t s e l f .  F urtherm ore , th e  accuracy o f  

th e  computed h e a t t r a n s f e r  c o e f f ic ie n t s  r e l i e s  on th e  C hiIton-C olburn  

analogy which i s  no t an e x a c t tran sfo rm .

1 . 3 . 5 . C onclusions

On balemce th e  c a lo r im e te r  i s  favoured . Although th e  the rm al boundary 

la y e r  and in t e r n a l  d i s t r ib u t io n  measurements a re  p o s s ib le  ways o f  overcoming 

some o f  th e  c a lo r im e te r 's  d isad v an tag es  th e y ,  th e m se lv e s , have so  many 

f u r th e r  in h e re n t d isad v an tag es  t h a t  th e y  o f f e r  no r e a l  advan tage . The
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M ercuiy e v ap o ra tio n  method in  essence  ho ld s  out th e  p o s s ib i l i t y  o f  ov er

coming a l o t  o f  th e se  d isad v an tag es , fo r  exem ple,th e  p ro v is io n  o f  s l i p  

r in g s  and d is tu rb in g  th e  flow  by in s e r t in g  p ro b e s , b u t i t  to o  p re s e n ts  

f u r th e r  problem s in  m odelling  emd i s  s u b je c t to  s ig n i f ic a n t  in a c c u ra c ie s .



13

C hapter 2 

E xperim ental Arrangement

The ap p ara tu s  u sed , shown d iag ram m atica lly  in  F igure  ( 2 .1 ) ,  c o n s is ts  

o f  a  51cm* d iam eter h e a te d  com posite aluminium-wooden d isc  c a r r ie d  over

hung a t  one end o f  a  s h a f t  mounted in  s e l f  a lig n in g  h a l l  h earin g s*  Lead 

w ires  from h e a te r s ,  therm ocouples and th e  h e a t  t r a n s f e r  sen so r a re  b r o u ^ t  

o u t th rough  s l i p  r in g s  mounted on th e  sh aft*  The s h a f t  a ls o  c a r r ie s  

p u lle y s  which a llow  th e  system  to  be b e l t  d riv en  from an e l e c t r i c  motor 

a t  a  number o f  speeds up t o  165O r*p*m*

The s t r u c tu r e  i s  p la ce d  w ith  th e  d is c  c e n t r a l  in  th e  neck  o f  an open 

j e t  wind tu n n e l ,  w ith  d is c  face  a lig n e d  w ith  th e  d i r e c t io n  o f  flow  o f  th e  

a i r  ^et*  To avo id  any v ib ra t io n s  which co u ld  a f f e c t  th e  la m in a r- tu rb u 

l e n t  t r a n s i t i o n  in  th e  boundary la y e r  form ed, th e  system  i s  m echan ically  

balanced*

2*1* The Disc

The d is c  i s  a  com posite s t r u c tu r e  and i s  shown sch e m a tic a lly  in  

F igure  (2 .2 )*  An aluminium p la te  51cm. d iam eter and 2*5 cm .th ick ,

(made from two p l a t e s ,  because o f  m a te r ia l  a v a i l a b i l i t y )  c o n ta in s  e le c 

t r i c a l  h e a te rs  lo c a te d  in  f iv e  an n u la r grooves* T his m eta l p a i r  i s  

made m assive to  even o u t th e  energy d i s t r ib u t io n  fTt>m th e  h e a te rs  and 

ensure  a  uniform  su rfa c e  te m p e ra tu re . The h e a te r s ,  each r a te d  a t  500 

w a tts ,  a re  Inco loy  sh ea th ed  w ith  m in era l in s u la t io n .  They a re  o f  c i r 

c u la r  c ro ss  s e c t io n ,  8mm* nom inal d iam e te r , and a re  a  push f i t  a g a in s t  

th e  s id e s  and bottom  o f  th e  re c e s se s  to  g iv e  good th e rm al c o n ta c t w ith  

th e  eiluminium. The back face  i s  shown in  Fig* (2.U) and i s  covered  by 

an a sb e s to s  board  to  reduce h e a t lo s s  from t h a t  s u r f a c e ,  fo llow ed  by a 

wooden back ing  b o a rd . The com posite , 5cm. th ic k  i s  clamped to g e th e r  by 

tw elve b o lts*
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A s b e s t o s  Aluminium (each  1 25cm)
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Fig 2.2 H e a t e d  Disc
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Fig 2 4 B a c k  f a c e  of A l u m i n iu m  d i s c  s e c t io n  s h o w i n g  o n n u l a r  h e a t e r s ,  

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



Fig 2*5 F r o n t  f a c e  o f  d i s c
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The f r o n t  su rfa c e  te n ^ e ra tu re  i s  m easured by seven Chromel/Alumel 

therm ocoup les, o f  th e  ty p e  shown in  F ig u re  ( 2 .3 ) ,  d i s t r ib u te d  a c ro ss  a  

d iam e te r . These a re  pushed in to  b l in d  h o le s  which lo c a te  th e  thermo

couple. ju n c tio n s  j u s t  below th e  aluminium s u r fa c e , th e  ju n c tio n s  be ing  

p re s se d  h a rd  a g a in s t  th e  m e ta l.

In  p r a c t ic e  w ith  t h i s  c o n s tru c tio n  a  uniform  s u rfa c e  tem p era tu re  i s  

ach ieved . The therm ocouples lo c a te d  n e a r th e  edge and n e a r th e  c e n tre  

o f  th e  d is c  show th e  l a r g e s t  v a r ia t io n s  b u t th e se  a re  w ith in  fo u r  p e r  cen t 

o f  th e  mean tem p era tu re  d if fe re n c e  betw een th e  d isc  fa c e  and th e  ambient 

a i r .

The com posite d isc  c a r r ie s  h o le s  to  a llow  m ounting th e  h e a t f lu x  sen so r
A

in  any one o f  seven r a d ia l  p o s i t io n s ,  w ith  th e  sen so rs  face  f lu s h  w ith  th e  

f r o n t  fa c e  o f  th e  aluminium. The h o le s  n o t in  use  sure f i l l e d  w ith  dummy 

aluminium p lu g s . F igu re  (2 .5 )  shows th e  f ro n t  face  o f  th e  aluminium d isc  

w ith  th e  p lugs removed.

2 .2 .  Heat F lux Sensor

The h e a t f lu x  sen so r i s  shown in  F igu re  ( 2 .6 ) .  A th i n  copper d isc  

A i s  mounted on a  T ufnol w asher B, which i s  se a te d  f lu s h  in s id e  a  hollow  

copper c y lin d e r  C. A sm all h e a tin g  elem ent D, i s  a t ta c h e d  to  th e  under

s id e  o f  th e  d is c  A, and a  s im ila r  h e a te r  E , to  th e  back o f  c y lin d e r  C.

Disc th e rm is to rs  a re  id e a l  fo r  t h i s  p u rp o se . They g iv e  uniform  energy 

g e n e ra tio n  th r o u ^ o u t  t h e i r  volume and av o id  th e  n e c e s s i ty  o f  w inding sm all 

h e a tin g  c o i l s .  I t  was hoped th a t  in  a d d it io n  to  p ro v id in g  a h e a t so u rc e , 

th e se  th e rm is to rs  would be s u i ta b le  f o r  m easuring th e  te m p e ra tu res  o f  

copper d is c  A and c y lin d e r  C. A lthough th e rm is to rs  a re  norm ally  used 

f o r  m easuring tem p e ra tu res  t h i s  i s  n o t p o s s ib le  when th e y  a re  s im u ltan 

eously  used  as h e a te r s .  Experim ents to  c a l i b r a t e  th e  th e rm is to r s  under 

th e  r e l a t i v e ly  heavy e l e c t r i c a l  lo a d in g  proved u n su c c e ss fu l. Large 

e r ro r s  were caused  by th e  in t e r n a l  th e rm al g ra d ie n ts  w ith in  th e  th e rm is to r .
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T here fo re  th re e  Chromel-Alimel therm ocouples were a tta c h e d  in  th e  p o s it io n s  

shown, th e  ju n c tio n s  b e in g  in  good th e rm al c o n ta c t V ith  th e  copper. The 

th e rm is to r  E c o n tro ls  th e  tem p era tu re  o f  th e  guard  r in g  C, w h ils t  D p ro 

v id es  th e  in p u t energy fo r  th e  h e a t t r a n s f e r  m easurement.

The s iz in g  o f  th e  Tufhol washer i s  a  compromise betw een m echanical 

s t r e n g th ,  m inim izing h e a t lo s s  from th e  d isc  A th rough  th e  wcLsher in to  th e  

surround ing  m eta l C, and m inim izing h e a t lo s s  t h r o u ^  th e  w asher in to  th e  

su rround ing  a i r  by co n v ec tio n . The guard  r in g  C a ls o  p re v e n ts  leakage  

from th e  back and s id e s  o f  th e  th e rm is to r  D.

During o p e ra tio n  th e  sen so r i s  p o s it io n e d  in s id e  th e  main r o ta t in g  d isc  

w ith  i t s  f ro n t  su rfa c e  f lu s h  w ith  t h a t  o f  th e  d i s c .

2 .2 .1 .  Thermal Design

Two ty p e s  o f  e r ro r s  can occu r in  th e  v a lu e  o b ta in e d  f o r  th e  h e a t 

t r a n s f e r  c o e f f ic ie n t  m easured. F i r s t l y  sy stem a tic  e r r o r s  occu r due to

a ) Heat leakage  from th e  copper d is c  A th rough  th e  T ufhol washer 

to  th e  ambient a i r .

b) Tem perature v a r ia t io n  a c ro ss  th e  copper d isc  A.

c ) R ad ia tio n  from d is c  A.

see  i l l u s t r a t i o n .  F igure  ( 2 .7 ) .

Secondly random e r ro r s  may o ccu r. These a re  caused  by h e a t leakage 

between th e  copper d is c  A and th e rm is to r  D com bination and th e  guard  r in g  C 

due to  tem pera tiire  in e q u a l i t i e s  a t  p o s i t io n s  1 , 2 and 3 , a s  i l l u s t r a t e d  by 

F igure  ( 2 .8 ) .

A d e ta i le d  a n a ly s is  o f  th e se  lo s s e s  i s  g iven  in  Appendix (A l) based  

upon th e  th e rm al r e s is ta n c e  v a lu es  o f  th e  c o n s t i tu e n t  p a r t s  o f  th e  se n so r . 

These r e s is ta n c e s  a re  g iven  in  F igure  (2 .9 )  and Table ( l ) .
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Fig 2 9 S e n s o r s  I n t e r n a l  T h e r m a l  Res i s t ance s

R AT/Q
dcgC/W D e s c r i p t i o n .

1 390 1391 Convective t r a n s f e r  from A

2 0 9 Radia l  conduct ion through A

3 0-0076 Axial  II H II

U 5 5 . 4 Radial  „ « B

5 2850 12851 Convective t r a n s f e r  f r om  B

6 3880 D881 ii >1 ii C

7 0-0813 Radial cond. th ro ugh  btm. of C

8 0 0482 Axial t  . *  II C

9 i - 6 7 Axial • - wall of C

10 0-0036 Radial  « C

11 2450 Cond. from D toC  th rough a i r  g a p

12 230 elect, l eads

Tab le  1

Bracketed q u a n t i t i e s  re fer  to h=150 W/m4degC
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A summary o f  b o th  th e  sy s tem a tic  and random e r ro r s  i s  g iven  in  th e  

Table below where th e  e f f e c t s  o f  b o th  h ig h  and low h e a t t r a n s f e r  c o e f f i c  

ie n ts a n d  tem p era tu re  g ra d ie n ts  a re  c o n s id e re d . The f ig u re s  g iven  a re  

p e rcen tag e  e r r o r s .

Table 1

1 1 
1 AT«100deg. C1 AT»20deg, C

a ) Heat leakage 1 15W/m®aeg.C j  + 6 .8 1 + 6 ,8

from A t o  B ! 150 ! + 6 .8 j + 6 .8

b ) Tem perature 15 ! -

v a r ia t io n 150 1 + 1 .2 j + 1 .2

c ) R ad ia tio n
15 1 + 3 .25 + O.U

150 j + 0 .325
1

T o ta l
15 1 10.05

i
1 7 .2

150 1 8*325 i  6 .0

Tem perature 15 1 ±  2 .2 1 ±11.2
j

in e q u a l i t ie s 150 1 ±  0.Ü2 I " 1 - 1 2

1) System atic  
e r ro r s

2) Random e r ro r s

(due to  0 .25deg.C  
in  b a lan ce  in  
therm ocouples 1 
and 2 (&3)

In  th e  t a b le  above th e  t o t a l  sy s te m a tic  and random e r ro r s  a re  g iv en .

I t  i s  seen t h a t  when m easuring low h e a t t r a n s f e r  c o e f f ic ie n ts  (l5W/m deg.C) 

c a re  must be tak en  t o  ensu re  r a d ia t io n  lo s s e s  rem ain sm all by m a in ta in in g  

th e  su rfa c e  tem p era tu re  as low as  p o s s ib le .  In  c o n tra s t  random e r r o r s ,  

caused  by tem p era tu re  in e q u a l i t i e s  a re  more s ig n i f i c a n t  a t  th e s e  low tem

p e ra tu re s .  C are fu l b a lan c in g  i s  n e ce ssa ry  when low h e a t t r a n s f e r  c o e ff 

i c i e n t s  e re  b e in g  m easured. At h ig h e r  vedues th e  se n so r i s  expected  

to  be more a c c u ra te  in  i t s  measurement o f  h e a t  t r a n s f e r .
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In  C hapter 3 p r a c t i c a l  measurements a re  made to  check th e  perform ance 

o f  th e  h e a t f lu x  sen so r by com parison w ith  p rev io u s  work on r o ta t in g  d is c s  

in  s t i l l  a i r .  The r e s u l t s  show good agreem ent w ith  th e s e  works and a re  

w ith in  th e  l im i t s  o f  accuracy  as determ ined  from th e  above an a ly s is*

An e s tim a te  o f  th e  random e r ro r s  in v o lv ed  in  th e  measurements p lace  

th e  h e a t t r a n s f e r  c o e f f ic ie n ts  v a lu es  a c c u ra te  w ith in  ± 2^ . This i s  borne 

o u t by th e  re p ro d u c a b i li ty  o f  th e  r e s u l t s  o b ta in e d  from re p e a t t e s t s .

2 .2 .2 .  T ra n s ie n t Response

The h e a t t r a n s f e r  c o e f f ic ie n t  from a  r o ta t in g  d is c  in  s t i l l  a i r  

rem ains c o n sta n t w ith  an g u la r p o s i t io n .  However when a  t r a n s v e r s e  a i r  

s tream  blows a c ro ss  th e  r o ta t in g  d is c  a  v a r ia t io n  in  th e  h e a t t r a n s f e r  i s  

ex p ec ted  a s  th e  d isc  r o ta te s  th rough  360 d eg rees . The p o in t  i s  i l l u s t r a t e d  

in  F ig u re  (2 .1 0 ) .  P o s it io n  A i s  s u b je c t  to  a  co n v ec tiv e  c o n d itio n  caused 

by a  r e l a t i v e  a i r  stream  v e lo c i ty  U + 2vHR; w hereas a t  p o s i t io n  C a  low er 

h e a t  t r a n s f e r  r a t e  i s  expected  where th e  r e l a t i v e  v e lo c i ty  i s  U •  2irR. 

In te rm e d ia te  v a lu es  a re  expected  in  th e  o th e r  two p o s i t io n s  B and D. A 

p r o f i l e  s im i la r  t o  t h a t  i l l u s t r a t e d  in  F ig u re  (2 .1 1 ) r e s u l t s .

The sen so r was n o t designed  w ith  in s ta n ta n e o u s  measurements in  mind.

The th e rm a l mass o f  th e  copper d is c  A i s  to o  la rg e  t o  p e rm it sudden 

changes in  h e a t t r a n s f e r  to  be m on ito red . The in p u t (h e a t t r a n s f e r  

c o e f f ic ie n t )  i s  c y c l i c a l ly  v a ry in g  y e t  th e  o u tp u t (tenqperature) i s  some 

mean. The in te r p r e ta t io n  o f  t h i s  mean i s  d isc u sse d  in  Appendix(A2). The 

a n a ly s is  f o r  a s in u s o id a l  in p u t shows th e  m easured v a lu e  i s  a  s t r a i ^ t  

average  o f  th e  in p u t and su g g es ts  t h a t  o th e r  wave forms w i l l  produce th e  

same r e s u l t •

The a n a ly s is  i s  ex tended  to  a  ve ry  much f a s t e r  respond ing  sen so r 

w ith  a  th e rm a l mass a  thousand  tim es sm a lle r . In  such a  CEise i t  i s  

shown t h a t  th e  o u tp u t i s  a  s in u so id  whose mean does n o t co rrespond  w ith  

th e  average h e a t t r a n s f e r  c o e f f i c i e n t .  The p o in t  i s  i l l u s t r a t e d  in
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F igu re  (2 .1 2 ) . The c o n s ta n t o u tp u t from th e  h e a t f lu x  sen so r p re v io u s ly  

d e sc rib e d  i s  shown w ith  th e  c y c lic  v a r ia t io n  o f  th e  o u tp u t from a  f a s t e r  

respond ing  sen so r . The mean o f  t h i s  o u tp u t i s  g r e a te r  th a n  t h a t  o f  h e a t 

f lu x  sen so r . I f  th e  m easuring dev ice  i s  unab le  t o  respond t o  th e s e  tem

p e ra tu re  f lu c tu a t io n s  th e n  th e  average h e a t t r a n s f e r  c o e f f ic ie n t  m easured 

w i l l  be in  e r r o r .  However fo r  th e  measurements tak en  w ith  th e  p re se n t 

h e a t f lu x  sen so r i t  can s a f e ly  be assumed th a t  th e  measured v a lu es  a re  

s t r a ig h t  averages o f  th e  h e a t t r a n s f e r  c o e f f i c i e n t .

2 .3 .  S l ip  Rings/Thermocouple Arrangem ents

Two e ig h t channel s l i p  r in g  u n i t s  cure used to  feed  power t o  th e  e l e c t r i c  

h e a te r s  and tra n s m it th e  s ig n a ls  from th e  therm ocouples. Both u n i t s ,

^^pe PC-08-10 a re  m anufactured by I.D.M . E le c tro n ic s  L td . and c o n ta in  s i l v e r  

r in g s  and s i l v e r  g ra p h ite  b ru sh e s . They a re  s p e c i f i c a l ly  designed  to  g ive  

a  very  low n o ise  le v e l  (5yV/mA). JÔlthough a i r  co o lin g  cou ld  be a p p lie d  

t o  reduce sp u rio u s  e .m .f 's  i t  was found im necessary  in  p r a c t ic e .  One o f  

th e  s l i p  r in g  u n i ts  i s  m odified  to  cope w ith  th e  h ig h e r  v o lta g e  requ irem en t 

o f  th e  e l e c t r i c  h e a te r s .

To maximise s l i p  r in g  usage th e  Chromel/Alumel therm ocouples a re  

p a r a l le l e d  th rough  th e  assem bly and th e n  fed  th ro u g h  th e  same e l e c t r i c a l  

c i r c u i t  in  th e  *Comark* tem p era tu re  re c o rd e r  v ia  a  sw itch . The am bient 

tem p era tu re  i s  m onitored  by a  s im i la r  therm ocouple p la ce d  in  th e  a i r  j e t .  

Comparative tem p era tu re  measurements a re  needed to  determ ine th e  h e a t 

t r a n s f e r  c o e f f ic ie n ts  so  th e  accuracy  o f  th e  a b so lu te  l e v e l  i s  n o t to o  

im p o rtan t. The tem p era tu res  can be  re a d  to  w ith in  0 .1  d eg rees .

2 .4 .  The Wind Tunnel

A r e c i r c u la t in g  tu n n e l w ith  an open j e t  i s  a v a i la b le  in  th e  Aerody

namics L abora to ry  o f  th s  U n iv e rs ity  o f  L e ic e s te r  E ng ineering  D epartm ent.

T his wind tu n n e l g iv es  i c i r c u l a r  j e t  o f  6lcm. d iam eter w ith  ar a i r  speed
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up to  33m/s. P i to t  s t a t i c  t r a v e r s e s  a t  th e  mouth show th e  j e t  has a  

sq u are  p r o f i l e .  F ig . (2 .1 3 ) shows th r e e  ty p ic a l  p r o f i l e s  in  bo th  h o r i

z o n ta l  and v e r t i c a l  p la n e s . G en era lly  th e  p r o f i l e  i s  uniform  w ith  

s l i g h t  peaks c lo se  to  th e  tu n n e l w a l l ,  th e  r e s u l t  o f  a  c o n tra c tio n  s e c tio n  

in  th e  wind tu n n e l  upstream  o f  th e  j e t  opening .

W ith th e  d is c  s h a f t  c e n tre d  on th e  tu n n e l a x i s ,  th e  maximum v a r ia t io n  

in  a i r  v e lo c i ty  o v er th e  d isc  d iam eter i s  fo u r p e r  c e n t .  F u rth e r p i t o t  

s t a t i c  t r a v e r s e s  around th e  d is c  confirm  th a t  th e  d is c  can be considered  

to  be in  a  uniform  s tream , and th a t  th e r e  a re  no w a ll c o n s t r a in t  e f f e c t s .

The b lockage r a t i o  o f  th e  d is c  i s  8 .$ # .

2.5* E xperim en ta l P rocedure

To reach  s te a d y  s t a t e  p r io r  t o  ta k in g  measurements from which h e a t 

t r a n s f e r  c o e f f ic ie n t s  a re  d e term ined , th e  fo llo w in g  procedure  i s  adopted .

With th e  wind tu n n e l o p e ra tin g  a t  th e  d e s ire d  a i r  v e lo c i ty  th e  power 

supply  t o  th e  d is c  h e a te rs  i s  a d ju s te d  to  g ive  a  uniform  fa c e  te m p e ra tu re , 

u s u a lly  betw een 20 and 60 deg.C above am bien t. The d is c  i s  th en  s e t  in

r o ta t io n  and power a p p lie d  in d ep en d en tly  to  th e  se n so r th e rm is to rs  and

c o n tro l le d  t o  m atch th e  tem p e ra tu res  r e g is te r e d  by th e  th re e  sen so r therm o

couples and th e  tem p era tu re  o f  th e  d isc  fa c e .

From m easurements o f  th e  power in p u t t o  th e rm is to r  D, th e  sen so r 

face  tem p era tu re  and am bient ten q je ra tu re  r e g is te r e d  by th e  therm ocouple a t  

th e  edge o f  th e  a i r  j e t ,  h e a t t r a n s f e r  c o e f f ic ie n ts  a re  c a lc u la te d  from 

th e  eq u a tio n

■ -    2.1.
-  T j

where th e  d ia m e te r , d ,  o f  th e  e m ittin g  su rfa c e  was ta k e n  from th e  a c tu a l  

senso r and found to  be 1 .5  cm.
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C h ap te r 3

H eat T ra n s fe r  M easurem ents

3 .1 .  I  so t h e m a l Disc R o ta tin g  in  S t i l l  A ir

These t e s t s  over a  range o f  d isc  sp eed s , 296 -  l6 $ 0  r .p .m . were 

c a r r i e d  ou t to  p rov ide  a  check on th e  e f f ic ie n c y  o f  th e  h e a t f lu x  sen so r 

in  m easuring h e a t t r a n s f e r  c o e f f ic ie n ts  hy making com parisons w ith  p u b lish ed  

d a ta .  The d isc  su rfa c e  tem p era tu re  T ^, was v a r ie d  betw een 20 and  60 deg.C 

above am bient w ith  no s ig n i f ic a n t  e f f e c t  on th e  measured h e a t t r a n s f e r  

c o e f f i c i e n t ,  h ^ . The r e s u l t s  a r e  p re se n te d  in  ta b u la r  form in  Appendix 

(A3) and have been p lo t te d  in  bo th  d im ensional and non-d im ensional form in  

F ig u res  (3 .1 )  and  (3 .2 )  r e s p e c t iv e ly .  F ig u re  (3 .2 )  i s  a  p lo t  o f  th e

lo c a l  H u sse lt number, Hu ■*  , v e rsu s  th e  r o ta t io n a l  Reynolds number,
2NRRe = , th e  p h y s ic a l p ro p e r t ie s  b e in g  e v a lu a te d  a t  th e  f i lm  tem p e ra tu re .

The m otion , and  h e a t t r a n s f e r ,  produced by a  r o t a t i n g  d is c  i s  d iv id e d  

up in to  th r e e  reg im es, la m in a r , t r a n s i t i o n  and tu rb u le n t  flow . V arious 

te ch n iq u es  have been used  to  examine th e s e  reg im es.
o

G regory, S tu a r t  and Walker c a r r ie d  o u t an in v e s t ig a t io n  in to  how 

lam in a r flow  lo s e s  i t s  s t a b i l i t y  in  th e  v i c i n i t y  o f  a  r o ta t in g  d i s c . One 

s id e  o f  th e  d isc  was co a ted  w ith  ch ina  c la y  and r o ta t e d  a t  s e v e ra l  speeds 

to  3000 r .p .m . A ty p ic a l  example o f  th e  p a t te r n  o b ta in e d  i s  shown in
Q

F igure  (3 .3 )  . Two c r i t i c a l  r a d i i  were o b ta in e d  s e p a ra tin g  th e  th r e e

regim es o f  flow . W ithin  th e  in n e r  r a d iu s ,  R^, th e  flow  i s  p u re ly  lam in ar

and beyond th e  o u te r  ra d iu s  w holly  tu r b u le n t .  In  betw een, a  s e r ie s  o f

t r a c e s  in  th e  form o f  eq u ian g u la r s p i r a l s  were reco rd ed  in  th e  ch in a  c la y .

The c r i t i c a l  Reynolds Numbers r e l a t e d  t o  th e s e  two p o s i t io n s  o f  i n s t a b i l i t y

and t r a n s i t i o n  were determ ined  as
2

NR^
RSg « :: 1 .8 2  X 10^ ( i n s t a b i l i t y )

2
P g = 2 .82  X 10^ ( t r a n s i t io n )

T V
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Fig 3 -3  Schemat i c  picture of the  sw eep ing  off of China Cloy 
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During th e  p re s e n t h e a t t r a n s f e r  measurements th e s e  p o s i t io n s  o f  

i n s t a b i l i t y  and t r a n s i t i o n  were confirm ed w ith  th e  a id  o f  an a c o u s tic  

s te th o sc o p e . The s i le n c e  in  th e  lam in ar f i e l d  was e a s i ly  d is t in g u is h a b le  

tram  th e  d e f in i te  p i tc h  in  th e  t r a n s i t i o n  zone and th e  heavy thum ping n o ise  

as tu rb u le n c e  was reach ed . Ghese changes c o r re la te d  w ith  th e  above 

Reynolds numbefs.
9The e ^ e r im e n ta l  d a ta  o f  Oobb and  Saunders fo r  lam in a r flow  in  a i r ,

P r = 0 .7 2 , i s  c o r r e la te d  by th e  ex p ress io n

Hu « 0 .3 6  R e^ '^  ( 3 . 1 )

and th a t  o f  G oldstein^®  by

Hu -  0 .33  H e° '^  (3 .2 )

21and r e c e n t ly  t h a t  o f  D ennis, Newstead and Ede by

Nu « O.U Re^*^ (3 .3 )

As y e t  no s in g le  c o r r e la t io n  e x i s t s  fo r  th e  lo c a l  tu rb u le n t  h ea t t r a n s f e r  

v a r ia t io n .  Dorfinan^ su g g es ts  th e  r e s u l t s  in  th e  tu rb u le n t  reg io n  can be

c o r r e la te d  by

Nu a  O.OI9U Re^*® (3.U )

f o r  a  P ra n d tl  Number o f  0 .7 .  These c o r r e la t io n s  a re  shown by th e  s o l id  

l i n e s  in  F igu re  ( 3 .2 ) .

The p re s e n t work shows good agreem ent w ith  th a t  o f  G o ld s te in , and 

D ennis, Newstead and Ede, a lth o u g h  i t  i s  a  few p e r  c e n t h ig h e r  th a n  th a t  

o f  Cobb and Saunders. In  th e  tu rb u le n t  regim e , Re > 2 .8 2  x  10^ , th e  

m easured v a lu es  a re  some te n  p e r  c e n t h ig h e r  th a n  th e  p re d ic t io n s  o f  

DorAaan. In  view o f  th e  a n a ly t i c a l  assum ptions in h e re n t in  t h i s  p re d ic 

t i o n  th e  agreem ent i s  co n sid e red  t o  be re a so n a b le .



22

F igu re  (3 .1 )  shows how th e  lo c a l  h ea t t r a n s f e r  c o e f f ic ie n t  v a r ie s  

w ith  ra d iu s  and  r o ta t io n a l  speed. In  th e  lam in a r re g io n , Re^ < 1 .8 2  x  10^ 

th e  h e a t t r a n s f e r  c o e f f i c i e n t  i s  seen  to  he independent o f  r a d i a l  p o s i t io n  

as p re d ic te d  by th e  th e o ry  * and  ev id en t firom eq u atio n s  (3 .1 )  and ( 3 .2 ) .

At N < 530 r .p .m , th e  h e a t  t r a n s f e r  rem ains c o n s ta n t ov er th e  tdiole s u rfa c e  

o f  th e  d is c .  At h ig h e r  speeds th e  r a d i a l  v a r ia t io n  shows th e  flow  to  be 

lam in a r n e a r  th e  c e n tre  becoming tu rb u le n t  a t  l a r g e r  r a d i i .  As th e  speed 

in c re a s e s  th e  p o in ts  o f  i n s t a b i l i t y  and t r a n s i t i o n  move tow ards th e  c e n tre  

o f  th e  d is c .

On th e  ev idence o f  th e  in fo rm atio n  p re se n te d  in  F ig u res  (3 .1 )  and (3 .2 )  

th e  h e a t f lu x  sensor i s  reg ard ed  a s  a  v ia b le  in s tru m en t.

3 .2 . Iso th e rm a l Disc R o ta tin g  in  a  T ransverse  A ir  Stream

C onsiderab le  t e s t i n g  was done o v e r a  range o f  d isc  r o t a t io n a l  speeds 

from 296 -  1120 r .p .m . and  a t  each speed  f o r  a  range o f  main stream  a i r  

speeds 0 -  33 m /s.

Of p a r t i c u l a r  i n t e r e s t  from  th e  ideeJ. t r a i n  wheel p o in t o f  view i s  th e  

c o n d itio n  where th e  a i r  j e t  speed  i s  matched t o  th e  d isc  p e r ip h e ra l  speed , 

th u s  a tte m p tin g  to  s im u la te  a  wheel r o l l in g  a lo n g  a  t r a c k  in  s t i l l  a i r .

The in f lu e n c e  o f  th e  t r a c k  on th e  flow  d i s t r ib u t io n  i s  no t co n sid e red . For 

t h i s  m atched c o n d itio n  th e  r a d ia l  v a r ia t io n  in  h e a t t r a n s f e r  c o e f f i c i e n t ,  

hp , i s  shown in  F ig u re  (3 .U ). The r e s u l t s  a re  p re se n te d  in  ta b u la r  form 

in  Appendix (A 3). In  F ig u re s  ( 3 .5 ( a ) ( b ) ( c ) )  th e  r a d ia l  v a r ia t io n s  in  h e a t 

t r a n s f e r  c o e f f ic ie n t s  a re  shown fo r  a  s e le c t io n  o f  unmatched flow s fo r  th re e  

d i f f e r e n t  speeds.

3 . 3 . D iscussion

Two main o b se rv a tio n s  can be made from th e  in fo rm atio n  so f a r  p re se n te d

i )  The m agnitude o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  i s  dom inated by 

th e  main a i r  s tream  flow . For in s ta n c e  a t  a  speed o f  1120 r .p .m .



160

U=29-5m/feN=910

120

N = 630

N=530

U=11

N = 296

U=7 8

20 2 5

R a d l u s  R Ic m ]

Fig 3 4  R o ta t in g  Disc in a M atched Air S t r e a m



200

N = 296 r.p.m.

120  .

22 2

16 7o

U - 5

5 5

2 6
matched condition

0 —

25

R a d iu s  R lcm ]

Fig 3 5 a R o ta t in g  Disc in Unmatched Air S t r e a m  -  Disc s p e e d  2 9 ^ np.m.



200

N=63 0 rpm.

160
U=33 4 m / s

120
22-2

' ^matched  condiono

-Q

__X

40

2 6

0 5 10 (15 20 25
R a d i u s  RlcmJ

F i g 3.5 b R o t a t i n g  Disc in  Unmatched  Air S t r e a m - D i s c  s p e e d  6 3 0  rpm.



2 0 0

N = 1 120 npm

160

27-8

22 2

120

o
cn&tj

"E

80

40

16 7 — A 

14 5 D-

11 4

? * - - X .

55

2 8 

0 -o

10 15
R a d i u s  Rlcml

20 25

Fig3 '5c R o t a t i n g  Disc  In Unmatched Air S t r e a m  -  Disc s p e e d  1120 rpm.



23

changes in  th e  a i r  speed from  0*63 m/s cause  some fo u r fo ld  

in c re a se  in  th e  h ea t t r a n s f e r  c o e f f ic ie n t  (F ig u re  ( 3 .5 ( c ) ) ) .

At an a i r  speed o f  33 m/s a  change in  th e  d isc  speed Arom 296 to  

1120 r .p .m . on ly  causes a  10 p e r  c e n t v a r ia t io n  (F ig u re s  (3 .5 (a )  

and  ( c ) ) ) .

i i )  The r a d ia l  v a r ia t io n  i s  c o n s id e ra b ly  a l t e r e d  from th e  s t i l l  a i r  

c a se . At low r o ta t io n a l  speeds th e  h e a t t r a n s f e r  c o e f f ic ie n t  

i s  no lo n g e r independent o f  ra d iu s  b u t suovs a  peak v a lu e  a t  

approx im ately  h a l f  r a d iu s ,  (F ig u re  ( 3 .5 ( a ) ) ) ,  At h i ^  r o t a t 

io n a l  speeds th e  marked r a d ia l  change in  h e a t  t r a n s f e r  c o e f f ic ie n t  

due to  th e  la m in a r- tu rb u le n t t r a n s i t i o n  becomes smoothed o u t as 

th e  wind speed  in c re a s e s ,  (F ig u re  ( 3 .5 ( c ) ) ) .  î b i s  s e t  o f  cu rves 

ag a in  dem onstrate  how th e  flow  regim e and hence th e  h e a t t r a n s f e r  

p ro c e ss  r a p id ly  become dom inated by th e  main s t r a i n  flow  r a th e r  

th a n  th a t  th e  secondary r o ta t io n a l  flow .

To s tre n g th e n  t h i s  view o f  main s tream  dominance a  s e r ie s  o f  t e s t s  

COOLS, made w ith  th e  d isc  s ta t io n a z y  in  th e  t r a n s v e r s e  a i r  flow . The sen so r, 

when r o ta t in g ,  g iv es  an average  b e a t t r a n s f e r  c o e f f ic ie n t  h ^ , o v e r th e  

c i r c u l a r  p a th  tr a v e r s e d . Thus fo r  th e  s ta t io n a z y  d is c  lo c a l  h ea t t r a n s f e r  

c o e f f ic ie n ts  were m easured a t  each r a d ia l  p o s i t io n  fo r  f iv e  an g u la r p o s i

t i o n s ,  0 , 1*5> 90, 135 and l 80 d eg rees , 0 co rresp o n d in g  to  th e  le a d in g  edge 

o f  th e  d isc  on th e  c e n tre  l i n e  o f  th e  w ind tu n n e l .  In  t h i s  case  i t  was 

found by a  number o f  h e a t t r a n s f e r  m easurements t h a t  th e  flow  was sym m etrical 

above and below  th e  c e n tre  l i n e  o f  th e  wind tu n n e l .  Thus o n ly  th e  to p  h a l f  

o f  th e  d is c  was examined in  any d e t a i l .

The r e s u l t s  a re  p re se n te d  in  F ig u res  ( 3 * 6 ( a ) , ( b ) , ( c ) ) . These f ig u re s  

show a t  a  p a r t i c u l a r  lo c a t io n  th e  v a lu es  o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  

and  l i s t  f o r  each ra d iu s  th e  average  c o e f f ic ie n t  d e fin e d  a s  a  s t r a ig h t  

average o f  th e  e ig h t  in d iv id u a l v a lu e s . These average v a lu es  a re  p lo t te d
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in  F ig u re  (3*7) and  have su p erin ^o sed  th e  smooth cu rves ta k en  ftom  F igure 

(3*U)y th e  r o ta t in g  d is c  in  a  m atched t r a n s v e r s e  a i r  s tream . This g iv es  

added w eight to  th e  view th a t  th e  l e v e l  o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  

i s  de term ined  by th e  main a i r  flow  w ith  th e  r o ta t io n  hav ing  a  sm all second 

o rd e r  e f f e c t .

The d i s t r ib u t io n  o f  th e  in d iv id u a l  h e a t t r a n s f e r  c o e f f ic ie n ts  shown 

in  F ig u res  ( 3 .6 ( a ) , ( b ) , ( c ) )  p ro v id es  an e x p la n a tio n  o f  th e  peak  t h a t  occu rs  

in  th e  r a d ia l  v a r ia t io n  o f  th e  h e a t t r a n s f e r  c o e f f i c i e n t .  R e fe rrin g  to

F igu re  ( 3 .6 ( a ) )  th e  v a r ia t io n  in  h  a c ro ss  th e  c e n tre  l i n e  o f  th e  windc
tu n n e l i s  shown. S l ig h t ly  downstream from th e  le a d in g  edge a t  p o in t A , 

low h e a t t r a n s f e r  o c cu rs . P roceed ing  a c ro s s  th e  d isc  th e  h e a t t r a n s f e r  

f i r s t  in c re a s e s ,  reach in g  a  maximum a t  p o in t B , th e n  slow ly  f a l l s  o f f  

tow ards th e  t r a i l i n g  edge. A p i c t o r i a l  summary o f  th e s e  a re a s  o f  h igh

and low h e a t  t r a n s f e r  i s  shown in  F ig u re  ( 3 .8 ) .

The d isc  i s  t h i c k ,  $ cm ., and  p re s e n ts  a  b lu f f  fa c e  t o  th e  a i r  s tream .

Flow s e p a ra t io n  a t  th e  le a d in g  edge w ith  rea ttach m en t to  th e  d is c  fa c e  a t

some p o in t downstream i s  expec ted  a s  i l l u s t r a t e d  by F igu re  ( 3 .9 ) .  The 

h e a t t r a n s f e r  p a t te r n  i s  c o n s is te n t  w ith  t h i s  flow , low  h e a t t r a n s f e r  

co rresp o n d in g  to  th e  s e p a ra tio n  re g io n  and  h ig h  h e a t  t r a n s f e r  o v e r th e  

rea ttach m en t a re a .  Beyond t h i s  a re a  th e  d ecrease  in  h e a t  t r a n s f e r  c o r r e s 

ponds to  th e  norm al e n try  le n g th  s i tu a t io n .  R e fe rrin g  to  th e  ro ta t in g  

d is c ,  th e  sen so r g iv e s  an  average  va lu e  o f  th e  p a th  i t  t r a v e r s e s .  At th e  

o u te r  r a d i i ,  see  F ig u re  ( 3 .8 ) ,  a  la rg e  p ro p o r tio n  o f  t h a t  p a th  l i e s  in  th e  

low h e a t  t r a n s f e r / s e p a r a t io n  re g io n . At a  medium ra d iu s  a  la rg e  p ropo r

t i o n  o f  th e  p a th  l i e s  in  th e  f i r s t  p a r t  o f  th e  rea ttach m en t w ith  consequent 

h i ^  h e a t  t r a n s f e r .  At sm a lle r  r a d i i  th e  p a th  l i e s  in  re g io n s  where th e  

h e a t t r a n s f e r  changes l e s s  r a p id ly .

3.U. Flow V is u a lis a t io n  T e s ts  1

To le n d  w eight to  th e  g e n e r a l is a t io n  made e a r l i e r  t h a t  th e  main flow
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p a t te r n  dom inates th e  h e a t t r a n s f e r  p ro cess  r a th e r  th a n  th e  r o ta t io n  o f  

th e  d is c ,  sim ple flow  v is u a l i s a t io n  t e s t s  were c a r r ie d  o u t .

A s in g le  smoke sou rce  was p o s it io n e d  s l i g h t ly  upstream  o f  th e  d isc  

and photographs ta k e n  o f  th e  r e s u l t in g  t r a c e s  o b ta in e d  f b r  b o th  d isc  

s ta t io n a r y  and r o ta t in g .

F ig u re  (3* 10) shows th e  smoke t r a c e  o v e r th e  s ta t io n a r y  d is c  w ith  an 

a i r  v e lo c i ty  o f  1 1 .5  m /s. S e p a ra tio n  a t  th e  le a d in g  edge and rea ttach m en t 

f u r th e r  downstream can  be seen . F ig u re  (3 .1 1 ) i s  a  s im i la r  photograph 

b u t w ith  th e  d isc  rev o lv in g  a t  a  m atched speed o f  U36 r .p .m . There i s  no 

ap p aren t change in  flow .

F ig u res  (3 .1 2 ) and (3 .1 3 ) a re  s im i la r  pho tographs b u t w ith  th e  a i r  

v e lo c i ty  and d is c  p e r ip h e ra l  v e lo c i ty  no lo n g e r  m atched. In  t h i s  case  th e  

a i r  v e lo c i ty  i s  low , l .U  m /s , and th e  d is c  r o ta t io n  h i ^ e r ,  630 r .p .m .

Again no s e r io u s  change in  th e  flow  p a t te r n  o c c u rs , a lth o u g h  th e  r e a t ta c h 

ment p o in t  does seem t o  be n e a re r  th e  le a d in g  edge when th e  d isc  i s  

re v o lv in g .

3 . 5* Disc M isalignm ent

To f u r th e r  a s s e s s  th e  e f f e c t  o f  s e p a ra tio n  and re a ttach m en t t e s t s  

w ere done w ith  th e  d isc  s ta t io n a z y  about an a x is  %diich was n o t p e rp e n d ic u la r  

t o  th e  main a i r  flow  d i r e c t io n .  The s h a f t  was a lig n e d  w ith  i t s  a x is  2} 

deg rees f^om th e  normal d i r e c t io n .  F ig u res  (3 .1 ^ (a ) )  and (3 .lU (b ))  show 

th e  d i s t r ib u t io n  o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  f o r  th e  two m isa lig n ed  

p o s i t io n s  (a )  and ( b ) .  F igu re  (3 .1 5 ) shows th e  d i s t r ib u t io n  a c ro ss  th e  

c e n tre  l i n e  o f  th e  wind tu n n e l .  P o s i t io n  (c )  r e f e r s  to  th e  case where 

th e  d isc  i s  p ro p e r ly  a l ig n e d  to  th e  a i r  s tream . T i l t in g  th e  in s tru m en ted  

d is c  su rfa c e  away from th e  a i r  flow , p o s i t io n  ( a ) ,  cau ses  g r e a te r  sep a ra 

t i o n  and co n seq u en tly  low er h e a t t r a n s f e r  a t  th e  le a d in g  edge re g io n . 

Reattachm ent o ccu rs  f u r th e r  downstream th a n  p re v io u s ly  en co u n te red , p o s i t io n  

( c ) ,  w ith  s l i g h t ly  h ig h e r  h e a t t r a n s f e r  c o e f f ic ie n t  a t  th e  t r a i l i n g  edge.
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T i l t in g  th e  d isc  in  th e  o p p o s ite  d i r e c t io n ,  p o s i t io n  (b ) ,  has th e  re v e rse  

e f f e c t .  The s e p a ra tio n  and rea ttach m en t e f f e c t s  a re  c le a r ly  reduced .

3 .6 . E f fe c t o f  Aspect R atio

In  S ec tio n  3 ,3  th e  r a d ia l  v a r ia t io n  o f  h ea t t r a n s f e r  i s  ex p la in ed  in  

term s o f  flow  se p a ra tio n  and re a tta c h m e n t. The ex p erim en ta l d isc  i s  a 

b l u f f  body and th e  degree o f  s e p a ra tio n  i s  dependent on i t s  a sp e c t r a t i o  

(d is c  ra d iu s /d im  th ic k n e s s ) . To u se  th e  e x is t in g  r i g  to  s im u la te  la rg e  

a sp e c t r a t i o s  an a n n u la r  shroud o f  t r i a n g u la r  c ro s s  s e c t io n  was h e ld  ju s t  

upstream  o f  th e  f i r s t  h a l f  o f  th e  d is c .  T his shroud co u ld  be p o s it io n e d  

a t  any p o in t a c ro ss  th e  w id th  o f  th e  d is c .  The c o n f ig u ra tio n  i s  shown in  

F ig u re  ( 3 . l 6 ) .

For th re e  m atched c o n d it io n s , t e s t s  were re p e a te d  f o r  a  number o f  p o s i

t io n s  o f  th e  shroud. F ig u re  (3 .1 7 ) shows th e  r a d ia l  h e a t t r a n s f e r  v a r ia 

t io n s  and F igure  (3 .1 8 ) an en la rg ed  form o f  th e  v a r ia t io n  f o r  one m atched 

c o n d it io n .

At ve ry  la rg e  a sp e c t r a t i o s ,  ( t  sm all) th e  p ic tu r e  i s  c o n s is te n t  w ith  

th e  s t a r t i n g  le n g th  f o r  flow  o v er a  f l a t  p l a t e .  Remembering th e  h e a t 

t r a n s f e r  c o e f f ic ie n t  h ^ , i s  an av erage  v a lu e  o v e r th e  p a th  t r a v e r s e d ,  a t  

l a r g e r  r a d i i .  A la rg e  p ro p o r tio n  o f  th e  p a th  l i e s  in  th e  re g io n  o f  very  

h ig h  h e a t t r a n s f e r  c o e f f i c i e n t s .  Coming in to  th e  c e n tre  more and more o f  

th e  p a th  l i e s  in  th e  re g io n  o f  lo w e r, more slow ly  v a ry in g  h e a t t r a n s f e r  

c o e f f i c i e n t s .  Thus th e  s tead y  in c re a s e  w ith  r a d iu s .  As th e  e f f e c t iv e  

a sp e c t r a t i o  i s  d ecreased  th e  r a d ia l  p a t te r n  g ra d u a lly  changes (a s  th e  

s e p a ra tio n  re g io n  grow s,) t o  th e  peaked d i s t r ib u t io n  d iscu ssed  in  S ec tio n  

3 .3 .

T e s ts  were a ls o  re p e a te d  w ith  th e  d is c  h e ld  s ta t io n a r y  in  th e  t r a n s 

v e rse  a i r  flow  and th e  shroud  f lu s h  w ith  d is c .  F ig u res  (3 .1 9 ( a ) ,( b )  , ( c ) )

show th e  r e s u l t in g  v a r ia t io n s  in  h e a t t r a n s f e r  c o e f f ic ie n t  h fo r  th r e ec
wind sp e e d s . The main s tream  dom ination and sm all secondary  r o ta t io n a l
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e f f e c t  can be  seen  from  F igure  (3 .2 0 ) w here, in  a  s im ila r  fa sh io n  to

S e c tio n  3 .3 . ,  a  s t r a i g h t  average o f  th e  e ig h t  in d iv id u a l  p o s i t io n s  i s  tak en

and ccmpared w ith  th e  r o ta t io n a l  average v a lu es  o f  F ig u re  ( 3 . IT ) .

F igure  (3 .2 1 ) shows th e  v a r ia t io n  in  h e a t t r a n s f e r  c o e f f ic ie n t  ac ro ss

th e  0 -  1Ô0 degree d iam eter o f  th e  d isc  when i t  i s  h e ld  s ta t io n a r y  in  th e

a i r  flow . With th e  shroud f lu s h  to  th e  d isc  face  th e  v a r ia t io n  o f  h e a t

t r a n s f e r  c o e f f ic ie n ts  resem bles t h a t  iVom a  f l a t  p l a t e .  High h e a t

t r a n s f e r  c o e f f ic ie n t s  a re  p re s e n t a t  th e  le ad in g  edge which ra p id ly  f a l l
o f

down to  th e  normal v a r ia t io n .  W ithout th e  shroud th e  re g io n s^ se p a ra tio n  

and rea ttach m en t a r e  e v id e n t . F u r th e r  downstream th e  flow  s e t t l e s  down 

to  th e  norm al f l a t  p la te  v a r ia t io n .

3 . 7 . Flow V is u a lis a t io n  T ests  2 .

Smoke flow  v is u a l i s a t io n  t e s t s  were c a r r ie d  o u t w ith  th e  shrouded d isc  

in  a  s im i la r  manner to  th o s e  o f  S ec tio n  3.*». The d is c  was k e p t s ta t io n a r y  

and th e  wind speed s e t  a t  3 m /s. F ig u res  ( 3 .2 2 ( a ) , ( b ) , ( c ) , ( d ) )  in d ic a te  

th e  shroud i s  a  f a i r  s im u la tio n  o f  d is c s  o f  d i f f e r e n t  a sp e c t r a t i o s .

However in  F ig u re  ( 3 .2 2 ( a ) ) ,  w ith  th e  face  o f  th e  shroud s e t  f lu s h  w ith  th e  

fï"ont fa c e  o f  th e  d isc  th e r e  i s  a  sm all s e p a ra tio n  zone caused  by th e  shroud 

i t s e l f .  Complete a ttachm en t o f  th e  flow  o v e r th e  whole o f  th e  d is c  face  

occurs when th e  shroud i s  s e t  back 1 .2$  cm a s  in  F ig u re  ( 3 .2 2 ( b ) ) .  This 

accoun ts  f o r  th e  i n i t i a l  drop in  h e a t t r a n s f e r  c o e f f ic ie n t s  a s  th e  s e t  back 

t  in c re a se s  jftrom z e ro . F ig u re  (3 .1 8 ) ,

The approach flow  i s  la m in a r and a l l  th e  flow c o n d itio n s  around th e  d isc  

a re  a  r e s u l t  o f  th e  p re sen ce  o f  th e  d is c .  These flow  c o n d itio n s  were 

s tu d ie d  using  an a c o u s tic  s te th o sc o p e . T y p ica l n o ise  p a t te r n s  a re  shown in  

F ig u res  ( 3 .2 3 ( a ) , ( b ) ) .  The lam in a r n a tu re  o f  th e  approach flow was 

confirm ed by th e  r e l a t i v e  s i le n c e  in  th e  main a i r  s tream . With th e  shroud
at A

s e t  b ack , a s  in  F igure  ( 3 .2 3 ( a ) ) ,  a  low l e v e l  o f  n o ise  was h ea rd  in  c o n tra s t
A

t o  a  h igh  p i tc h  * scream* :*.n reg io n  B where th e  flow  ra p id ly  a c c e le ra te s
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o v er th e  d is c .  A heavy th im ping  n o ise  co u ld  be h e a rd  o v e r th e  rem aining 

p a r t s  o f  th e  d isc  s u r fa c e . This tu rb u le n t  n o ise  vas o bserved  o v e r th e  

d isc  throughout th e  wind speed range 7 .8  -  33 m/s d e sp ite  th e  c o n tin u a l 

s i le n c e  in  th e  main a i r  s tream . With th e  shroud s e t  a t  1 .25  cm. th e  

heavy thung[)ing n o ise  was reco rded  o v e r th e  e n t i r e  su rfa c e  o f  th e  d is c .

F ig u re  (3 .2 3 (b ) ) .  Over th e  shroud i t s e l f  a  narrow  re g io n  o f  h ig h  p i tc h  

n o ise  was a ls o  reco rd ed .

In  a d d itio n  to  confirm ing th e  g en e ra l n a tu re  <>f th e  flow  p a t te r n  th e  

a c o u s tic  soundings p ro v id e  an e x p lan a tio n  o f  th e  dominance o f  th e  main a i r  

s tream . They show th e  flow  to  be tu rb u le n t  o v e r th e  whole su rfa c e  o f  th e  

d is c . T his i s  due to  bo th  sh roud  and d isc  le a d in g  edge which a c t  a s  

tu rb u le n t  prom oters in  th e  lam in a r flow  f i e l d .  The r e s u l t in g  h e a t t r a n s f e r  

by th e  tu rb u le n t  m otion dom inates th e  c o o lin g  p ro cess  and th e  d isc  r o ta t io n  

m o d ifies  t h i s  tu rb u le n c e  very  l i t t l e .

3 .8 ,  C o rre la tio n  o f  Data

The h e a t t r a n s f e r  c o e f f ic ie n t  h _ , from a  r o ta t in g  d isc  in  a  t ra n s v e r s eK
a i r  stream  i s  a  fu n c tio n  o f  e ig h t  p a ra m e te rs , i . e .

h -  = f(p ,C  ,k ,y ,U ,N ,R ,t) .  I ^L. . ^
^  P N6. C= ShfDud. Szuin^

In  non dim ensional texms i t  can be shown th a t

Hu ■ f j^ d te .I teg .t/R ^ .P r)

where Re i s  th e  main s tream  Reynolds number based  on th e  ra d iu s  o f  th e  

d is c  = . S ince t e s t s  a re  w ith  a  s in g le  f l u i d  Pr w i l l  remain

c o n s ta n t.

A requirm nent fo r  th e  a p p l ic a t io n  o f  d im ensional a n a ly s is  i s  th a t  

g eo m etrica l s im i la r i ty  h o ld s . Changes in  th e  p a ra m e te r, t ,  cause  changes 

in  th e  geometry and c e r ta in ly  i t  has been seen  fVom smoke t e s t s  t h a t  i t
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cau ses  changes in  th e  flow  d i s t r ib u t io n .  R ad ica l changes in  th e  form 

o f  th e  r a d i a l  h e a t t r a n s f e r  c o e f f ic ie n t  v a r ia t io n  w ith  change in  * t* , a s  

opposed to  th e  changes from one speed to  an o th er can be seen  in  F ig u re  

( 3 . 17 ) .  T his su g g es ts  t h a t  a ttem p ts  t o  o b ta in  c o r r e la t io n s  in c lu d in g  

t h i s  param eter a r e  l i k e l y  to  be  ex trem ely  d i f f i c u l t  i f  n o t f r u i t l e s s .

The v a r ia t io n  in  th e  h e a t t r a n s f e r  c o e f f i c i e n t ,  h ^ , has been shown 

to  be dependent on th e  main s tream  v e lo c i ty  U; th e  r o t a t io n  N , in  th e  

main cau sin g  a  sm all upward p e r tu rb a t io n .  However a t  low wind speeds 

and h ig h e r r o t a t i o n a l  speeds th e  p a t te r n  i s  c l e a r ly  a f f e c te d  by th e  

t r a n s i t i o n  to  tu rb u le n t  flow . In c lu d in g  th e  unmatched c o n d itio n s  in  th e  

c o r r e l a t io n  would a ls o  be ex trem ely  d i f f i c u l t .  So th e  fo llo w in g  exam ination 

i s  r e s t r i c t e d  to  th e  m atched c o n d itio n s  o n ly .

The shroud was s e t  back a t  t  » 1 .2 5  cm, th e  p o s i t io n  fo r  minimum 

s e p a ra t io n ,  and th e  h e a t t r a n s f e r  c o e f f i c i e n t  h ^ , m easured fo r  f iv e  

m atched c o n d itio n s  a t  seven r a d i a l  p o s i t io n s .  The r e s u l t s  a re  

p lo t t e d  in  F ig u re  (3*2U) ?. The r e s u l t s  a r e  a ls o

p re s e n te d  i n  non-dim ensional form in  F ig u re  (3 .2 5 ) ,  where th e  N u sse lt

number Nu = t i l?  i s  p lo t te d  a g a in s t  th e  r o t a t i o n a l  Reynolds number Re = ,
/Ç ^

In  t h i s  in s ta n c e  Ü *= HR^. A s e r ie s  o f  cu rves a r e  o b ta in e d  which a re

a s  y m pto tic  to  one l i n e .  The main stream  dominance may be gauged by

com parison w ith  eq u atio n s  (3 .2)and(3*3)>  co rrespond ing  to  th e  lam inar and
*

tu r b u le n t  h e a t t r a n s f e r  from a  r o ta t in g  d isc  in  s t i l l  a i r .

The r e s u l t s  can  be f u r th e r  d e sc r ib e d  by condensing  each cu rve  on to  

one common l i n e .  E xperience su g g es ts  t h i s  l i n e  has th e  form

Hu -  CBeTf (3 .5 )

To e v a lu a te  th e  c o n s ta n t P , th e  H u sse lt nuaber i s  p lo t t e d  a g a in s t  

R/R^ f o r  th e  f iv e  m atched speeds a t  v a lu e s  o f  co n stan t Re a s  i n  F ig u re  

(3 . 26) .  P i s  de term ined  from th e  s lo p e  o f  th e  l in e s  a s  -  0.1*3.
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/ p  \0.U 3
F ig u re  (3 ,2 7 ) i s  a  non dim ensional p lo t  o f  N u (-g - j  v e rsu s  Re,

The p o in ts  l i e  c lo se  to  a  s t r a ig h t  l i n e ,  th e  eq u a tio n  o f  which i s  de term ined  

as

Nu = 0.0287 ^ (3 .6 )

This eq u a tio n  can be compared w ith  th e  tu rb u le n t  h e a t t r a n s f e r  eq u a tio n  

fo r a  f l a t  s ta t io n a r y  d i s c .  F i r s t l y  i t  i s  n ecessa ry  to  reduce  th e  r a d ia l  

h e a t t r a n s f e r  c o e f f ic ie n t s  t o  an average  v a lu e , h ^ , fo r  th e  \d io le  d is c .

From eq u a tio n  (1 ,6 )

S O  t h a t  th e  average R u sse lt number, Nu, obtainedibom  e q u a tio n  (3 ,5 )  i s

Hu > -  0 .0258 (3 .7 )

I t  i s  assumed t h a t  th e  flow  i s  tu rb u le n t  over th e  whole o f  th e  d i s c , 

This i s  confirm ed  by th e  a c o u s tic  soundings m entioned in  S e c tio n  3,5*

For a  p l a t e  under tu rb u le n t  c o n d itio n s  th e  average  h e a t t r a n s f e r  over 

a  le n g th  L i s  g iven  by^^

Hu^ "  - g -  « 0 .03S Re®*® (3 .8 )

0.8
BO t h a t  hg = DL , where D » 0 .0326 fo r  P r » 0 .7 2 .

C onsidering  a  t h i n  elem ent dx o f  th e  d is c ,  a  d is ta n c e  x  from th e  

o r ig in ,  a s  in  F ig u re  (3 .2 6 ) .  The h e a t t r a n s f e r  p e r  u n i t  tem p era tu re  drop 

from th e  d isc  i s  eq u al to  DlP*^ dx. But from F ig u re  (3*28) L •  2 (R ^-x^)^ , 

so t h a t  th e  e q u a tio n  becomes

I l  •  D X 2 °  ® ( i f  -  x f ) ° 'k  d x .

181= .  -P x r %  _ a fV '" ' ax.
w ir J o  \  i r /o o

which converges slow ly  to
TT(^
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/ p  \0.U 3
F ig u re  (3 .2 7 ) i s  a  non d im ensional p lo t  o f  Nu( v e rsu s  Re.

The p o in ts  l i e  c lo se  t o  a  s t r a ig h t  l i n e ,  th e  eq u a tio n  o f  u h ich  i s  determ ined  

a s

Hu «■ 0.028T ^ (3 .6 )

This eq u a tio n  can he cosq)ared w ith  th e  tu rb u le n t  h e a t t r a n s f e r  eq u atio n  

fo r  a  f l a t  s ta t io n a r y  d i s c .  F i r s t l y  i t  i s  n ecessa ry  to  reduce  th e  r a d ia l  

h e a t t r a n s f e r  c o e f f ic ie n t s  t o  an average  v a lu e , h ^ , fo r  th e  whole d is c .

From eq u a tio n  (1 .6 )

1 r
*0 "  : := 2  /  dR.

so  t h a t  th e  average N u sse lt number, Nu, obtainedflrom  e q u a tio n  (3 .5 )  i s

Hu »  « 0 .0258 Re°'G3 (3 . 7 )

I t  i s  assumed t h a t  th e  f lo v  i s  tu r b u le n t  over th e  whole o f  th e  d i s c , 

T his i s  confirm ed  by th e  a c o u s tic  soundings m entioned in  S e c tio n  3 ,5 .

For a  p la t e  under tu rb u le n t  c o n d itio n s  th e  average  h e a t t r a n s f e r  ov er 

a  le n g th  L i s  g iven  by^^

Hû  m .  O.OÜS (3.8)

0.8
SO th a t  h^ « DL * , where D ** 0 .0326 fo r  P r » 0 .7 2 .

C onsidering  a  t h i n  elem ent dx o f  th e  d is c ,  a  d is ta n c e  x  from th e  

o r ig in ,  a s  in  F ig u re  (3 .2 8 ) .  The h e a t t r a n s f e r  p e r  u n i t  tem p era tu re  drop 

from th e  d isc  i s  equal to  dx. But from F ig u re  (3 .2 8 ) L « 2(R^-x^)^o
so t h a t  th e  eq u a tio n  becomes

f- . D X 2°-8 (if - x2)°-'‘ dx.
Thus h, . » I % _ ax.

Irir J o ^  tn 'o o

w hich converges slow ly  t o  Q-^ i^ ix p x ^x ?
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y ie ld in g Nu K 0.0296 Re0.8 (3 . 9 )

Comparison i s  made in  F igu re  (3 .2 9 ) 'between t h i s  eq u a tio n  and  th e  c o r r e la 

t i o n  eq u a tio n  (3 . *7). F or th e  range co n sid e red  th e  r o ta t io n  causes 

betw een 25 and IT  p e r  c e n t in c re a s e  in  th e  h e a t t r a n s f e r  c o e f f ic ie n t s  tr<m
f

th e  t h e o r e t i c a l  p re d ic t io n s  fo r  tu rb u le n t  flow  o v e r a  f l a t  s ta t io n a r y  d is c .  

This confirm s th e  view t h a t  th e  le v e l  o f  h e a t t r a n s f e r  c o e f f ic ie n t s  i s  

determ ined  by th e  main t ra n s v e r s e  a i r  s tream , th e  r o ta t io n  g iv in g  t h i s  

sm all p e rcen tag e  igw ard p e r tu rb a tio n .
21The re c e n t work o f  D ennis, Newstead and Ede allow s a  com parison w ith  

t h e i r  jstperim ental work to  be made. A d i r e c t  com parison i s  n o t p o s s ib le  

a s  t h e i r  r e s u l t s  a re  on ly  average  v a lu es  o v e r th e  whole d is c .  E quation  

( 3 . 7 ) i s  compared in  th e  ta b le  below w ith  th e  mean N u sse lt number fo r  th r e e  

m atched c o n d itio n s  Re^ = 1 .2 5 , 2 .5 6  and 5 .05  x  10^. These a re  th e  on ly  

r e s u l t s  s u i ta b le  fo r  com parison.
'

Mean N u sse lt 
No.from [2 l]

From e q .(3 .7 )n  o-
Hu » 0.0258 Be
_ .. 0

125,000 1*.7 I  10^ 4.386 % 10^
256,000 8 .5 %  10^ 7 .95 X 10®
505,000 l U . l  X 10^ 13 .97 X 10®

Dennis e t  a l  used  two aluminium p l a t e s , 11 mm th ic k  w ith  a  h e a te r  

sandw iched in  betw een. The e f f e c t iv e  th ic k n e s s  may be  co n sid e red  vexy 

s im i la r  t o  t h a t  used  in  th e  p re s e n t  c o r r e la t io n  w ith  t  « 1 2 .5  mm. The 

s e p a ra tio n  c o n d itio n s  a t  th e  le a d in g  edge appear s im i la r .  In  view o f  

th e  s e n s i t i v i t y  o f  th e  r a d ia l  v a r ia t io n  to  th e  a sp e c t r a t i o  th e  agreem ent 

betw een th e  c o r r e la te d  r e s u l t s  and th o se  o f  Dennis e t  a l  i s  rem arkably  

good. T his com parison g iv e s  added s tr e n g th  to  th e  q u a n t i ta t iv e  n a tu re  

o f  th e  h e a t t r a n s f e r  c o e f f i c i e n t s .
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C h ap te r 4

In s ta n ta n e o u s  H eat T ra n s fe r  M easurem ents

4 .1 .  In tro d u c tio n

In  th e  co n tex t o f  a  t r a i n  w heel on ly  average  r a d ia l  h e a t t r a n s f e r

c o e f f ic ie n ts  a re  o f  i n t e r e s t .  However f o r  an u n d ers tan d in g  o f  th e

p ro cesses  which go to  make up th e s e  average v a lu e s , lo c a l  measurements

over th e  whole face  a re  i n ^ r t a n t .

The l im i ta t io n s  o f  th e  p rev ious h e a t f lu x  sen so r have been d iscu ssed

in  C hapters 2 and 3. Although s u i ta b le  f o r  d e term in ing  th e  average

r a d ia l  h ea t t r a n s f e r  c o e f f ic ie n t  h ^ , th e  th e rm a l mass o f  th e  copper d isc

on ly  p e rm its  slow  changes, » 20 s e c s , t o  be m onito red . Much more s e n s i-
( 12 )t i v e  m easuring equipment i s  receded. The Gardon Hot F o i l  Radiom eter 

was i n i t i a l l y  co n sid e red  b u t due to  d i f f i c u l t i e s  in  c o n s tru c tio n  which 

became ap p aren t in  p re lim in a ry  in v e s t ig a t io n s ,  a t t e n t io n  was co n ce n tra te d  

on th e  Thin Film  Gauge.

4 .2 . The Thin Film  Gauge

The th in  f ilm  gauge c o n s is ts  o f  a  c y l in d r ic a l  Pyrex s u b s t r a te  w ith  a  * 

very  t h in  4*0*lian) p la tin u m  r e s is ta n c e  f ilm  mounted on th e  f ro n t  s u r fa c e . 

The purpose o f  th e  f ilm  i s  to  m onito r th e  s u rfa c e  tem p era tu re  o f  th e  sub

s t r a t e  and i t  i s  o f  such a  th ic k n e ss  t h a t  i t  does n o t a f f e c t  th e  tem p era tu re  

h i s to r y  o f  th e  s u b s t r a te .  F igu re  (4 .1 )  i l l u s t r a t e s  th e  gauge and F igure  

(4 .2 )  in d ic a te s  th e  s e a t in g  arrangem ents o f  th e  s u b s t r a te  in  th e  c y l in d r ic a l  

p lu g  C. The T u fh o l, B, and aluminium p lu g , C, a llow  th e  gauge to  be pos

i t io n e d  f lu s h  in s id e  any one o f  th e  seven h o le s  in  th e  main r o ta t in g  d is c .

The Tufhol w asher reduces h e a t leakage  in to  th e  s u b s t r a te  and p ro v id es  an 

iso th e rm a l boundary Euround. th e  e x te rn a l  s u rfa c e  o f  th e  Pyrex s u b s t r a te .

The u su a l a p p l ic a t io n  o f  t h i s  ty p e  o f  s e n so r i s  in  H ypersonic f a c i l i t i e s
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w here s h o r t  d u ra t io n  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  m easured* A sudden

co o lin g  o v e r th e  f r o n t  su rfa c e  o f  th e  s u b s tr a te  causes i t s  tem p era tu re  to

f a l l  in  a  determ ined manner* The a n a ly s is  p e r t in e n t  t o  th e  o p e ra tio n  i s
* 2d isc u sse d  below . A f ilm  h e a tin g  te rm  E, (W/m ) i s  in c lu d e d  in  th e  

a n a ly s is  fo r  two reasons* F i r s t l y  th e  s e n s i t i v i t y  o f  th e  p la tin u m  film

i s  g r e a t ly  improved by in c re a s in g  th e  c u rre n t th rough  th e  W heatstone 

b rid g e  c i r c u i t  used to  m onito r f ilm  r e s i s ta n c e  changes* Secondly by th e  

tim e b o th  wind speed and r o ta t io n a l  speed  have reached  t h e i r  d e s ire d  le v e ls  

( t  > 60 sec s* ) th e  s u b s t r a te  su rfa c e  tem p e ra tu re  would o th e rw ise  have 

f a l l e n  f a r  below th e  su rround ing  d is c  tem p e ra tu re  w ith  th e  r e s u l t  t h a t  in 

c o r re c t  h e a t t r a n s f e r  c o e f f ic ie n ts  a re  m easured, due t o  th e  s te p  in  su rfa c e  

tem p era tu re  v a r ia t io n .

4 . 3 . A n alysis

T his one-d im ensional model i s  an approx im ation  due to  S ch u ltz  & Jones
(13 ) L et us assume th a t  th e  p robe can be re p re se n te d  as a  s e m i- in f in i te  

s la b  as  shown in  P ig* (k*3). The te n ^ e ra tu re  T , a t  a  d is ta n c e  z i s

measured r e l a t i v e  to  th e  boundary tem p e ra tu re  a t  z * In  norm al p ra c 

t i c e  t h i s  tem p era tu re  i s  m ain ta ined  a t  th e  d isc  surfeuse tem p era tu re  T^.

The d i f f e r e n t i a l  eq u a tio n  govern ing  th e  tem p era tu re  d i s t r ib u t io n  in  th e  

medium i s

4 4 #
o Z

where a i s  th e  th e rm a l d i f f u s iv i ty  o f  th e  medium, a = 

w ith  th e  boundary co n d itio n s  t h a t  a t

z « « , T » 0 f o r  a l l  t  

t  = 0 , T = 0 f o r  a l l  z

• 3T
and a t  t  > 0 E -  q ( t )  = -  kg

z*o



Â l̂t)

Tlzl

T

^  /  /  /  /  /  /  /  z=oo 

Fig ^ 3 Coordinate s y s t em  for Semi Infinite s u b s t r a t e
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T aking  th e  L ap lace  t r a n s fo rm s ,  d en o ted  hy -

“

which has th e  g en e ra l s o lu tio n

T » Ae W  + Be k^2

• • * ** IBs u b je c t  t o  th e  c o n d itio n s  T * 0 a t  z = “  and % -  q = -  k *7 -P c 3 dz

g iv in g

z=o

4 .3

and in v e r t in g  y ie ld s

â ( t )  -  E -  - 7 » - dT
0 ( t  "  t ) ‘

where t  i s  th e  v a r ia b le  o f  in te g r a t io n .  

In te g ra t in g  eq u ation  4 .4  by p a r t s  y ie ld s

4 .4

4 .5

These tem p era tu res  a re  th e  f ilm  s u b s t r a te  su rfa c e  te m p e ra tu re s .

Num erical in te g r a t io n  o f  th e  second p a r t  o f  th e  ex p ress io n  en ab les  4 ^ ( t )  t o  

be e v a lu a te d . Cook and Felderman^^^^ have assumed t h a t  T ( t)  may be 

approxim ated by a  p iecew ise  l i n e a r  fu n c tio n  o f  th e  form

T ( t , ) . -  T ( t ._ . )
T (t ) « T (t^_^) + ( t  -  t ^ _ i ) 4 .6

( t .  -  t . . ^ )

and w r it in g  th e  in te g r a l  as 
t

* i  T (t ) -  T ( t )

1-1

dT 4-7
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y ie ld s

U
T ( t)  -  T ( t )  

( t  -  t )3 /2

W
d T

(Ti -

At [• 2At

( t j ,  - 1 . )

N
=  I 

i= l

2 (T j -(?N " Tj-l) (%N - Tj-l) ~ Vl> , _____
■ * i)*  ( &  -  t i ) *  *̂11 ■ t i ) *  + ■ h - i ^ '

. /pC k  r  N -l

i = l ( t „  - 1 . )  + ( t j ,  -
+ 2 -  V i >

•  "  N
E -  2 Z

Y V

c ^ i -  V x > ri = l  ( t j , - t . )  + ( ty  -  t i _ l )
4 .8

w ith  th e  i n i t i a l  c o n d itio n s  t h a t  t  = 0 T = 0 .o

4 .3 * 1 . E f fe c t  o f  F in i te  S u b s tra te

I f  th e  h e a t t r a n s f e r  r a t e  i s ,  how ever, c o n s ta n t ,  eq u a tio n  4 .3  reduces

to

T

^s =

E -  q

/pC k P 
P s

3/2

2(E -  4^)

"TiT 4 .5

and i t  i s  seen  under th e s e  c o n d itio n s  th e  su rfa c e  te m p e ra tu re , T^, i s

p a ra b o lic  in  form . In  th e  c a se  o f  a  f i n i t e  s u b s t r a te  o f  le n g th  £ , th e

conduction  tow ards th e  su rfa c e  i s  g r e a te r ,  s in c e  th e  boundary , m ain ta ined

a t  T^, i s  ve ry  much c lo s e r .  The r a t e  o f  change o f  su rfa c e  tem p era tu re

w i l l  be  consequen tly  s lo w er. F ig .^ .4 )  shows th e  two responses to  a  s te p
(13)in p u t in  h e a t t r a n s f e r ,  q^. For a  f i n i t e  s u b s t r a te  S ch u ltz  and Jones
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2
show th a t  over th e  tim e in te r v a ls  l e s s  th a n  , eq u a tio n  4 .9  g iv e s  th e

su rfa c e  tenqperature w ith in  one p e r  c e n t .

For t h i s  p a r t i c u l a r  s u b s t r a te ,  see  F igure  (4.1% At i s  e v a lu a te d  a t  

2 s e c s . P rov ided  th e  p e rio d  o f  th e  t r a n s i e n t  f lu c tu a t io n s ,  eq u iv a len t t o  

~  fo r  th e  r o ta t in g  d is c  in  t r a n s v e r s e  a i r  s tre am s , l i e s  w e ll w ith in  t h i s  

in t e r v a l ,  th e n  i t  can be assumed th a t  th e  s e m i- in f in i te  eq u a tio n  w i l l  app ly  

t o  th e  f i n i t e  s u b s t r a te .

4 .3 .2 .  E f fe c t o f  P latinum  Film

For th e  a n a ly s is  and a  c o n s ta n t h e a t t r a n s f e r  r a t e  4^ a  c e r ta in  l e v e l  

o f  f ilm  h e a tin g  E , i s  re q u ire d  t o  m a in ta in  th e  tem p era tu re  l e v e l  a t  T^, th e  

w a ll boundary and su rround ing  d isc  te m p e ra tu re . Because th e  f ilm  on ly  

occup ies 30 p e r  c en t o f  th e  s u b s tr a te  su rfa c e  a r e a ,  see  F ig u re(4 .lX  lo s s e s  

a t  th e  s id e s  (th rough  th e  s u b s tr a te )  o ccu r and E i s  g r e a te r  in  o rd e r  to  

m a in ta in  th e  f ilm  tem p era tu re  a t  T^. The amount by which £  exceeds th e  

h e a t t r a n s f e r  r a t e  i s  d iscu ssed  in  S e c tio n  4 .5 . The c o o lin g  over th e  

s u b s t r a te  fa c e  produces a  s u rfa c e  tem p e ra tu re  p r o f i l e  as  shown in  F igure  

& .4 (b ) ) .

I t  m ight be expected  th a t  th e  p resen ce  o f  th e  f i lm  cou ld  a f f e c t  th e  

v a lu e  o f  th e  c y c lic  v a r ia t io n  as w e ll a s  th e  mean l e v e l .  I f  4 g ( t)  v a r ie s  

t h i s  has th e  e f f e c t  o f  causing  a s im i la r  s u rfa c e  tem p era tu re  v a r ia t io n  

o v er th e  whole s u r f a c e ,  so  th e  l e v e l  o f  b e a t  lo s s  a t  th e  f i lm  s id e s  w i l l  

n o t change s ig n i f i c a n t ly ;  th e  source and s in k  tem p era tu res  change by th e  

same amount. One m ight th e re fo re  ex p ec t th e  su rfa c e  tem p era tu re  v a r ia 

t io n  about th e  mean n o t t o  be d i f f e r e n t  from t h a t  p re d ic te d  by a n a ly s is .

A more d e ta i le d  a n a ly s is  cou ld  p r e d ic t  b o th  mean and c y c lic  le v e ls  

more a c c u ra te ly . However, f o r  th e  p re s e n t  s tu d y  th e  mean le v e l  i s  

assumed th e  same as t h a t  g iven  by th e  lo n g  tim e  c o n s ta n t s e n s o r , as  d is 

cussed  in  C hapters 2 and 3. The c y c l ic  f lu c tu a t io n s  a re  determ ined  from
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th e  a n a ly s is  (e q u a tio n  4 .8 ) .  These r e s u l t s  a re  d isc u sse d  e s s e n t i a l ly  in  

a  q u a l i t a t iv e  manner.

4 .4 .  E xperim ental Arrangement

The f i lm  te m p e ra tu re , T ^, and consequen tly  th e  s u b s t r a te  su rfa c e  tem r 

p e ra tu re ,  i s  m easured by th e  f ilm  r e s is ta n c e .  The f ilm  i s  connected  in  

th e  W heatstone b r id g e  as shown in  F igure  ( 4 .5 ) .  I f  th e  b rid g e  i s  

i n i t i a l l y  b a lan ced  th e n  « RgR^, where R^ re p re se n ts  th e  f ilm  re s is ta n c e ,  

The change in  f i lm  r e s is ta n c e  AR  ̂ i s  m onitored  by an o u t o f  b a lance  

b rid g e  v o lta g e  AV, and g iven  by th e  r e l a t io n

where I^  r e p re s e n ts  th e  f ilm  c u r re n t .  AR  ̂ may be ex p ressed  in  term s o f

a  change in  f i lm  tem p e ra tu re  AT  ̂ by th e  eq u a tio n

AR  ̂ « AT  ̂ 4 .11

The o u t o f  b a lan ce  b rid g e  v o lta g e  i s  fe d  th rough  a  D.C. a m p lif ie r  

(Feclow ZA2) t o  a  s to ra g e  o s c i l lo s c o p e .

The tem p era tu re  c o e f f ic ie n t  otp wa..» determ ined  from measurements o f  th e  

f ilm  r e s is ta n c e  o v e r th e  whole range o f  s u r fa c e  tem p e ra tu res  encoun tered .

The se n so r was mounted in  th e  main d isc  w ith  th e  f r o n t  fa c e  b lanked o f f  to

reduce e r ro r s  due t o  n a tu ra l  convec tion  from th e  f r o n t  s u r fa c e .  The d is c

was th e n  h e a te d  up slow ly  and th e  f i lm  r e s is ta n c e  m easured a t  a number o f  

tem p e ra tu res  g iv en  by a therm ocouple mounted in  th e  main d is c .  F igure  

(4 .6 )  g iv e s  th e  c e ü .ib ra tio n . The f i lm  tem p era tu re  c o e f f i c i e n t ,  a ^ , i s

determ ined  as

Oj, » 1 .5  X  l o " ^  k " ^ .

Spot checks o f  t h i s  v a lu e  made th ro ughou t th e  t e s t i n g  showed i t  d id  no t 

a l t e r  w ith  tim e .
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The a n g u la r  p o s i t io n  o f  th e  sen so r r e l a t i v e  t o  th e  o s c il lo sc o p e  o u tp u t 

vas  determ ined  by a  sim ple  m ake/break c o n ta c t mechanism. One arm vas 

a tta c h e d  to  th e  d isc  a t  th e  p e rip h e ry  and th e  o th e r  t o  th e  su p p o rtin g  

s t r u c tu r e  b enea th  th e  d is c .  The e l e c t r i c a l  p u lse s  so g en e ra ted  v e re  fed  

to  th e  second channel on th e  s to ra g e  o s c i l lo s c o p e .

U .U .l. Procedure

The experim en ta l t e s t i n g  p rocedure  used  vas a s  f o l lo v s .  The vho le  

d i s c ,  v i th  th e  th in  f i lm  sen so r in  p o s i t io n ,  vas h e a te d  up to  tem p era tu re  

v e i l  above am bient c o n d it io n s , i . e .  T^ -  T^ > UO deg.C . When s tea d y  

s t a t e  c o n d itio n s  v e re  ach ieved  th e  b r id g e  c i r c u i t  vas balem ced on th e  

o s c il lo sc o p e  v i t h  a  ve ry  sm all b r id g e  c u r r e n t . The b r id g e  r e s i s ta n c e ,

Pg , vas th e n  n o ted  and f ix e d  a t  t h i s  p o s i t io n .  F u r th e r  h e a t v as  th e n

a p p lie d  to  th e  d isc  t o  r a i s e  th e  b u lk  tem p era tu re  approx im ate ly  f iv e  

d eg rees above th e  f ix e d  tem p era tu re  l e v e l ,  T ^, co rrespond ing  to  th e  r e s i s 

ta n c e  Eg s e t t i n g .

% e  a i r  s tream  and d is c  v e re  th e n  s e t  in  m otion and th e  h e a t in p u t 

a d ju s te d  to  m a in ta in  th e  d is c  su rfa c e  te m p e ra tu re , m onitored  by th e  

therm ocouple n e a re s t  th e  s e n s o r , a t  T^. The f ilm  c u rre n t I ^ ,  vas th e n  

r a i s e d  u n t i l  th e  mean v o lta g e  s ig n a l  on th e  o s c il lo sc o p e  vas ba lan ced  a t  

th e  p rev io u s  l e v e l ,  T^. The o u tp u t s ig n a l  v as  th e n  s to re d  on th e  

o s c il lo sc o p e  and photographed. The b rid g e  and c i r c u i t  r e s i s ta n c e s ,  

and Ry, and te n p e r a tu r e s ,  T^ and T ^, v e re  th e n  n o ted  in  a d d it io n  to  th e  

o sc il lo sc o p e  end a m p lif ie r  c o n d itio n s . N.B. a t  t h i s  c o n d itio n  i s

e q u iv a len t t o  T^, th e  su rro u n d in g  d is c  s u rfa c e  te m p e ra tu re .

b .$ .  E xperim ental T e s tin g

I n i t i a l l y  t e s t s  v e re  c a r r ie d  o u t t o  a s c e r ta in  th e  degree  o f  s l i p  

r in g  and sp u rio u s  e l e c t r i c a l  n o is e . F igu re  ( 4 .7 ( a ) )  shovs th e  o s c i l lo 

scope t r a c e  g iv in g  th e  c y c l ic  v a r ia t io n  in  te m p e ra tu re , v i t h  th e  p o s i t io n a l
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re fe re n c e  u n d ern ea th , when th e  r o ta t io n  and wind tu n n e l a i r  speed a re  in  

th e  m atched c o n d itio n , IT « 630 r .p .m . , U » l6 .7m /s« The le a d in g  edge 

shroud  vas f ix e d  a t  1.25cm. in  th e  p o s i t io n  fo r  minimum s e p a ra tio n .

T e s ts  were th en  c a r r ie d  o u t in  s t i l l  a i r  where th e  h e a t t r a n s f e r  c o e f f ic 

ie n t  and hence f ilm  te o p e ra tu re  i s  expected  to  rem ain c o n s ta n t w ith  an g u lar 

p o s i t io n .  F ig u re s ( 4 .7 ( h ) ( c ) ) show th e  t r a c e s  o b ta in ed  fo r  d is c  speeds o f  

630 r .p .m . and l6$0  r .p .m . r e s p e c t iv e ly .  These t r a c e s  show t h a t  th e  

n o is e  i s  sm all conpared to  th e  s iz e  o f  th e  tem p era tu re  s ig n a l .

In fo rm atio n  g iv in g  th e  co n d itio n s  under which th e se  t e s t s  were c a r r ie d  

ou t i s  added to  th e  p ic tu r e s  in  F igure  ( 4 .7 ) .  The ohmic h e a tin g  

term  E , based  on th e  f ilm  a r e a ,  A^, i s  a lso  g iven  fo r  com parison v i th  th e  

h e a t t r a n s f e r  c o e f f ic ie n t  h p , a s  measured by th e  p rev io u s h e a t f lu x  sen so r.

The matched c o n d itio n  was th e n  re p e a te d  v i t h  a  l a r g e r  o sc il lo sc o p e  

a m p lif ic a tio n  and sm a lle r  p e r io d ic  scan t o  p ro v id e  s u i ta b le  t r a c e s  fo r  

a n a ly s is .  The sen so r was p o s it io n e d  a t  th re e  d i f f e r e n t  r a d i i ,  R = 22.5> 

15 .9  and 8 . 5cm. The r e s u l t in g  t r a c e s  a re  shown in  F igu res ( 4 .8 ( a ) , ( b ) , ( c ) )  

r e s p e c t iv e ly .

In  a d d itio n  t o  th e se  t e s t s ,  measurements v e re  a ls o  made v i t h  th e  

p rev io u s  h e a t f lu x  sen so r v i th  th e  d isc  h e ld  s ta t io n a r y  in  th e  a i r  s tream . 

The r e s u l t s  a re  p re se n te d  p i c t o r i a l l y  in -

F ig u re  (4 .1 0 ) .  These t e s t s  were done w ith  th e  p rev io u s  sen so r due to  

th e  u n c e r ta in ty  in  th e  mean h e a t t r a n s f e r  l e v e l  g iven  by th e  f i lm  se n so r .

The le a d in g  edge shroud was th e n  removed and th e  th r e e  t e s t s  re p e a te d  

fo r  th e  same matched c o n d itio n . The r e s u l t s  a re  shown in  F igure  ( 4 .9 ( a ) ,  

( b ) , ( c ) ) .

4 .6 . A n a ly sis  o f  R esu lts

From eq u a tio n s  ( 4 .8 ,  4 .1 0  and 4 .1 1 ) ,  th e  c y c lic  f lu c tu a t io n  in  h e a t 

t r a n s f e r  c o e f f ic ie n t  h ^ , about th e  mean l e v e l ,  h p , may be determ ined  from 

th e  eq u a tio n
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where E ( t^ )  r e f e r s  to  th e  o u t o f  b a lan ce  b rid g e  v o lta g e  a t  t  » i  on th e  

o s c i l lo s c o p e , th e  b a lan ce  p o in t r e f e r r in g  to  th e  c o n d itio n  where =

d isc  su rfa c e  te m p e ra tu re , and where th e  c o n s ta n t C i s  de term ined  by

c - (Bj_ + Rg)
X 1600 X cigR^(T 4 .13

where i s  th e  number o f  s te p s  chosen in  each cy c le  o f  p e r io d ic  tim e T,

and y ,  6 .0 ( v o l t s ) _______
o 2(Ry + 33 + 0 .5 (R ^ + R^)

HB. The a c tu a l  v a r ia t io n  in  f ilm  tem p era tu re  AT^(= i  deg.C) i s  sm all 

compared w ith  th e  mean le v e l  -  T^, 40 d eg .C ), so may be assumed

c o n s ta n t .

The v a lu e  o f  th e  th e rm al p ro d u c t, pck , i s  ta k en  from ex p erim en ta l t e s t s  

on Pyrex done by H artun ian  and Varwig^^. T y p ica l v a lu es  a re  l i s t e d  in  th e  

ta b le  below.

Temp °C
s

24 0.152
50 0.164
62 0.185

100 0.168

E q u a tio n (4.12) i s  so lv ed  n u m erica lly  by com puter. The program i s  

l i s t e d  in  F ig u re (4 .1 1 . ) .  I t  was found t h a t  P ■ l6  was a  s u f f i c i e n t  number 

o f  s te p s  to  a c c u ra te ly  e v a lu a te  th e  in te g r a l  in  eq u a tio n  4 .5 .  The numeri

c a l  v a lu es  o f  E (tjj) were ta k en  from p e n c i l  t r a c e s  o f  th e  p h o tog raphs.

F ig u re s (4 .8  and 4 .9^ and m easured from th e  b a lan ce  p o in t .  A p o s i t iv e  

v o lta g e  change co rresponds t o  a  d ec rease  in  th e  h e a t t r a n s f e r  c o e f f ic ie n t  h^.

The summation o f  eq u a tio n  4 .12  i s  done o v er a l l  tim e from tim e z e ro , 

and assumes th a t  th e  whole h e a t t r a n s f e r  p ro ce ss  s t a r t s  a t  t  = 0 ,  i . e .  th e



( J O B ; E H 0 2 1 5 0 1 ;

&FOETBAK;

&LISTi
1» DIMENSION £(33)
2* E (0 )«0 .0
3* - N-1
4* 2 omriNDE
5* READ(T,9) EE
6* 9 FORMAT (IFO.O)
7* SUM=0.0
8* £(N)b EE
9» DO 33 I«  1,N

10* Y " ( £ ( I ) - E ( I - l ) ) /(SQBT(N-I)+SQBT(N-(I-1)))
11* SUM»SUM+Y
12* 33 CONTINUE
13* C0N*42.T5
14» Q«CON*(-SUM)
15* WRITE(2,50) N ,£(N),Q
16* 50 P0RMAT(1H ,I2 ,2 F 1 2 .3 )
IT* IF(N-33)T1,T2,T2
18*
19* 71 N«N-M
20* GO TO 2
21* 72 CONTINUE
22* STOP
23* END

FIGURE 4 .11



N E X 10 h :
v o l ts w/m dee

1 0.730 - 31,207
2 1.160 -31 .309
3 1.630 -37-626
4 2.060 - 1*0.910
5 1.630 - 7.911
6 1.340 -2 .2 1 5
7 1 .100 1.521
8 0 .770 9.287
9 0.220 23.699

10 - 0 .330 31.838
11 - 0 .850 37.293
12 - 1.250 37.538
13 - 1.610 38.623
14 -1 .1 0 0 3.637
15 - 0 .590 - 9 . 1*1*6
16 0 .000 - 22.371
17 0 .730 - 37. 1*68
18 1.160 - 3 k .777
19 1.630 - 39.782
20 2.060 -1*2.328
21 1 .630 - 8.872
22 1.340 - 2.875
23 1 .100 1.066
24 0 .770 8.977
25 0 .220 23. 1*95
26 - 0.330 31.711
27 - 0 .850 37. 221*
28 - 1 .250 37.513
29 - 1 .610 38.631
30 -1 .1 0 0 3.671
31 - 0 .590 - 9.393
32 0 .000 - 22.303

&END;

le a d in g  edge R » 2 2 .5

result = B
CPU TIME =0000 05.854 
REAL TIME =0000 13 
SLAVE SIZE « 51712
CARDS READ = 0059
PRINT LINES* 0086
DISC TRANS = 0097
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i n i t i a l  c o n d itio n  i s  t  < 0 E ( t)  = 0 , T his c o n d itio n  i s  n o t s a t i s f i e d  

by th e  v o lta g e  ( te n ç e ra tu re )  v a r ia t io n  reco rd ed  on th e  o sc il lo sc o p e  

t r a c e s  o f  F igu res(U .8  and 4 .9 . ) .  The p ro cess  i s  con tinuous and p e r io d ic .  

F o r tu n a te ly  ap p ly ing  t h i s  c o n d itio n  to  th e  t r a c e s  on ly  a f f e c t s  th e  com

p u ted  h e a t t r a n s f e r  c o e f f ic ie n t  h^ fo r  a  l im i te d  number o f  s t e p s . The 

num erical v a lu e  b /X t^ j a t  ÏÏ * k i s  o n ly  s ig n i f i c a n t ly  a f f e c te d  by th e  

summation over th e  p reced in g  f iv e  o r  s ix  v o lta g e  read in g s  i . e .  E ( t^ )  a t  

N » k , k -  1 , k  -  2 .................   k -  6 . Any v o lta g e  (tem p e ra tu re ) f lu c tu a 

t i o n  b e fo re  th e s e  tim es i . e .  E ( t^ )  a t  N « k  -  7» k  -  8 . . . . . . . .  e t c .  a re

r e l a t i v e ly  in s ig n i f ic a n t .

R e fe rrin g  to  F ig u re (4.13),th e  program and sample r e s u l t s ,  a f t e r  K « 6 

th e  h e a t t r a n s f e r  c o e f f ic ie n t  h^ s e t t l e s  down and appears to  fo llo w  th e  

continuous p e r io d ic  v o lta g e  tem p era tu re  v a r ia t io n .  T his i s  confirm ed by 

re p e a tin g  th e  cy c le  a t  K » 16 to  N = 32. A fte r  N * 6 th e  v a lu e  o f  h^ 

corresponds c lo s e ly  w ith  i t s  n ex t p e r io d ic  v a lu e  a t  N = 22 .

The v a r ia t io n  in  th e  lo c a l  h e a t t r a n s f e r  c o e f f i c i e n t ,  h j ,  from i t s  

mean, i s  determ ined  from F ig u re 0».8 ( a ) , ( b ) , w ith  th e  le a d in g  edge shroud 

p re s e n t ,  and F ig u res  (4 .9 ( a ) , ( b ) , ( c )  w ith o u t th e  sh roud . F igure  4 .8 (c )  

i s  o m itted  a s  th e  o u tp u t ,  E (tjj) rem ains f a i r l y  l i n e a r  o v e r each c y c le .

The computed r e s u l t s  a re  g iven  in  F ig u res  G».1 2 (a ) ,(b ) )  a n d ( 4 .1 3 ( a ) ,( b ) ,( c ) ) .  

A s u b s id ia ry  diagram  r e l a t e s  th e  h e a t t r a n s f e r  c o e f f ic ie n t  v a lu es  to  an 

an g u lar p o s i t io n  around th e  d is c .  (NB. The p o s i t io n s  1 to  l 6  do n o t 

n e c e s s a r i ly  r e f e r  to  th e  v a lu es  o f  N used  in  th e  com puter program .

I t  was s ta t e d  in  S e c tio n  4 .3 .2  t h a t  th e  p la tin u m  f ilm  on ly  occup ies 

30 p e r  cen t o f  th e  s u b s t r a te  su rfa c e  a r e a ,  and as a  r e s u l t  lo s s e s  from th e  

s id e s  th rough  th e  s u b s t r a te  cause £ to  be g r e a te r  th a n  th e  mean co n v ec tiv e  

h e a t t r a n s f e r .

The v a lu e  o f  E i s  de term ined  from th e  ohmic h e a tin g  o f  th e  f i lm
2

I^R^ and th e  f ilm  a re a  A^ by th e  e q u a tio n .
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Ê .  .
*6 2lAiere * 2 .9  % 10 m .

I t  cannot be used  t o  p re d ic t  th e  mean h e a t t r a n s f e r  c o e f f i c i e n t ,  hp . 

Comp€u:ison i s  made between E /(T^ -  T^) and h p , determ ined by th e  slow 

response  s e n s o r , in  F ig u res (U .7 , U.8 and 4 .9^»  The d if f e r e n c e  i n d i t e s  

th e  l e v e l  o f  h e a t lo s s  ffom th e  f ilm  to  th e  s u b s t r a te .  I f  an e f f e c t iv e  

a re a ,  tw ic e  t h a t  o f  th e  f ilm  eurea A^, i s  used  in  de term in ing  E th e n  th e  

two c o e f f ic ie n ts  correspond  more c lo s e ly .

For th e  reaso n s above th e  c y c lic  v a r ia t io n s  a re  used  in  co n ju n c tio n  

w ith  th e  mean h e a t t r a n s f e r  measurements o f  th e  slow se n so r . The t o t a l

h e a t t r a n s f e r  v a r ia t io n  i s  g iven  in  F ig u re s (4 .l4  and 4 . l 6 J .

4 .7 .  D iscu ssio n

4 .7 .1 .  Shroud P rese n t ( t  « 1 .25cm .) F igu re  4 .1 4 .

P rev ious t e s t s  w ith  th e  slow resp o n se  sen so r (see  C hapter 3) have 

in d ic a te d  th a t  th e  le v e l  o f  th e  h e a t t r a n s f e r  c o e f f ic ie n t  i s  determ ined  

in  th e  main by th e  f r e e  stream- flow  w ith  th e  d is c  r o ta t io n  cau sin g  a  sm all 

upward p e r tu rb a t io n .  A q u a l i t a t iv e  p ic tu r e  o f  th e  expected  v a r ia t io n  

o f  h e a t t r a n s f e r  c o e f f ic ie n t  around th e  c ircum ference  can be b u i l t  up by 

m odifying th e  p a t te r n  o b ta in e d  f o r  th e  d is c  t r e a t e d  as  a  s ta t io n a r y  f l a t  

p la te  in  term s o f  th e  lo c a l  r e l a t i v e  v e lo c i ty  between a  p o in t  on th e  

r o ta t in g  d is c  and th e  f r e e  s tream . A r e l a t i v e  v e lo c i ty  h ig h e r  them th e  

f r e e  stream  augments th e  s ta t io n a r y  h e a t t r a n s f e r  c o e f f ic ie n t  w h ils t  a  

low er r e l a t i v e  v e lo c i ty  reduces i t .

E xperim ental work d iscu ssed  in  C hapter 3 shows t h a t  when th e  shroud 

i s  p o s it io n e d  a t  t  = 1.25cm . th e r e  i s  no s e p a ra tio n  o f  th e  flow  from th e  

d is c  s u r fa c e . F la t  p la te  b eh av io u r w ith  a tta c h e d  flow  i s  h ig h  h e a t 

t r a n s f e r  f a l l i n g  o f f  r a p id ly  a t  f i r s t  and th e n  more slow ly  as th e  d is ta n c e  

a long  th e  p la te  in c re a s e s .  Applying t h i s  to  th e  c i r c u l a r  d is c  le a d s  to
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a  h ig h  h e a t t r a n s f e r  v a r ia t io n  around a  c ircum ference  which i s  roughly  

s in u s o id a l  in  shape* The v a r ia t io n  i s  sym m etrical about th e  0*8 an g u lar 

p o s i t io n  l i n e .  At th e  la rg e  r a d i i  th e  am plitude o f  t h i s  v a r ia t io n  i s  

s u b s ta n t ia l .  T his i s  shown in  F igure  (U .lU (a))w here th e  v a lu es  o f  th e  

h e a t t r a n s f e r  c o e f f ic ie n t  a t  R = 22.5cm. fo r  th e  d is c  s t a t io n a r y , tak en  

from  F ig u re  (4 .1 0 ) ,  a re  p lo t te d  showing th e  s in u so id a l ty p e  v a r ia t io n s .

The v a r ia t io n  in  lo c a l  r e l a t i v e  v e lo c i ty  around th e  c ircum ference  fo r  

R « 22.5cm. i s  shown in  F igure  (4 .1 5 ) .  M odifying th e  s ta t io n a r y  d is c  

p a t te r n  in  th e  l i g h t  o f  th e  l o c a l  r e l a t i v e  v e lo c i ty ,  as su g g ested  e a r l i e r  

le a d s  t o  th e  fo llo w in g  p a t te r n  fo r  th e  r o ta t in g  d is c .  Over much o f  th e  

low er h a l f  o f  th e  d is c  h e a t t r a n s f e r  c o e f f ic ie n ts  low er th a n  th e  s ta t io n a r y  

v a lu es  a re  ex p ec ted , w hereas over th e  to p  h a l f  h i ^ e r  v a lu es  a re  expec ted .

In  F ig u re  (4 .1 4 (a ) )  th e  ex perim en ta l v a r ia t io n  f o r  th e  r o ta t in g  d is c  case  

i s  s u p e r in ^ s e d  on th e  s ta t io n a r y  v a lu es  and i t  i s  seen  th e  su g g ested  

p a t te r n  i s  found in  p r a c t ic e .

In  C hapter 3 i t  was shown th a t  th e  slow response  sen so r g iv es  a  s t r a ig h t  

average o v e r th e  p a th  t r a v e r s e d .  In  F ig u re  (4 .1 4 (a ) )  th e  a re a  A i s  la r g e r  

th a n  a re a  B , so  th e  a re a  under th e  r o ta t in g  curve i s  l a r g e r  th a n  th a t  under 

th e  s ta t io n a r y  cu rv e . T his i s  in  acco rd  w ith  th e  average v a lu es  f o r  th e  

s ta t io n a r y  and r o ta t in g  d is c  shown in  F igu re  (3 .2 0 ) .

At a  smal l e r  ra d iu s  a  s im ila r  perform ance i s  expec ted  b u t w ith  a  reduced  

am p litu d e , s in c e  th e  whole o f  th e  t r a v e r s e  o f  th e  s e n so r l i e s  in  a  more 

s low ly  v a ry in g  p a r t  o f  th e  f l a t  p la t e  v a r ia t io n .  The ex p erim en ta l v a lu es  

g iven  in  F ig u re  ( 4 .1 4 ( b ) ) ,  R « 15.9cm. show t h i s  to  be th e  c a se . F in a lly  

a t  R s  8.5cm . th e  f l a t  p la te  v a r ia t io n  su g g es ts  l i t t l e  change in  h e a t t r a n s 

f e r  v a lu e s  o v e r th e  c ircu m feren ce . T his i s  confirm ed by th e  la c k  o f  

change in  th e  th in  f i lm  tem p era tu re  a t  R « 8.5cm. shown in  F igure  ( 4 .8 ( c ) ) .
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4 .7 .2 .  Shroud Absent

R eference i s  h e re  made to  th e  s ta t io n a r y  t e s t s  done in  C hapter 3» 

F igu re( 3 .6 (b ) )• The flow  i s  ag a in  sym m etrical about th e  c e n tre  l i n e  0 -8 .
4.

The v a r ia t io n  around th e  d is c  i s  m odified  from th e  p rev io u s  case  by th e  

s e p a ra tio n  and rea ttach m en t zones caused  by th e  b l u f f  edge o f  th e  d is c .

Low h e a t t r a n s f e r  c o e f f ic ie n ts  occur in  th e  s e p a ra tio n  zone a t  th e  le a d in g  

edge w ith  th e  h i ^  h e a t t r a n s f e r  c o e f f ic ie n ts  a t  th e  s t a r t  o f  th e  r e a t ta c h 

ment zone o c cu rrin g  f u r th e r  a c ro ss  th e  fa c e  o f  th e  d i s c .  Thus th e  s t a t 

io n a ry  d is c  e x h ib i ts  a  double peak b eh av io u r and t h i s  i s  shown in  F igure  

( 4 .1 6 ( a ) ) .

R o ta tio n  ag a in  enhances th e  h e a t t r a n s f e r  p ro cess  in  th e  to p  h a l f  and
iJb

red u ces^ in  th e  bottom  h a l f  o f  th e  d isc*  There i s  a ls o  a  tendency fo r  th e  

s e p a ra tio n  and rea ttach m en t zones to  be dragged round in  th e  d i r e c t io n  o f  

r o ta t io n .  Where th e  r o ta t io n  i s  a g a in s t  th e  flow  th e s e  reg io n s  a re  

c lo s e r  to  th e  le a d in g  edge o f  th e  d is c ;  co n v erse ly  th e y  a re  f u r th e r  away 

in  th e  bottom  h a l f  o f  th e  d is c .  F ig u re  (4 .1 7 ) has been exag g era ted  to

i l l u s t r a t e  t h i s  e f f e c t  which was observed  w ith  smoke flow  v is u a l i s a t io n  

t e s t s .  As th e  s e p a ra tio n  and rea ttach m en t a re  dragged round th e  d isc  

a re a s  which were p re v io u s ly  in  low h e a t t r a n s f e r  c o e f f ic ie n t  zones w ith  th e  

d is c  s ta t io n a r y  a re  now in  th e  rea ttach m en t zone w ith  th e  r e s u l t in g  h i ^ e r  

h e a t  t r a n s f e r  c o e f f ic ie n t s .  This g iv e s  some e x p lan a tio n  as to  why, a t  

some p o s i t io n s  over th e  bottom  h a l f  o f  th e  d i s c ,  th e  h e a t t r a n s f e r  c o e f f ic 

ie n t s  a c tu a l ly  in c re a se  w ith  r o t a t i o n ,  d e s p ite  th e  re d u c tio n  in  r e l a t i v e  

v e lo c i ty ,  see  F igu re  ( 4 .1 6 ( a ) ) .

At sm a lle r  r a d i i .  F ig u res  (4 .1 6 (b ) and ( c ) ) ,  th e  c y c l ic  v a r ia t io n  

fo llo w s th e  s ta t io n a r y  v a r i a t io n .  The e f f e c t s  o f  th e  r o ta t io n  on th e

s e p a ra tio n  and rea ttach m en t ore s t i l l  ev id en t over th e  bottom  h a l f  o f  th e  

d is c .

The e f f e c t  o f  r o t a t i o n  w ith  th e  sh ro u d  rem oved i s  more o bv ious th a n
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v i t h  i t  p re sen t»  as in d ic a te d  by th e  d if fe re n c e  be tv een  a re a s  A and B 

in  F ig u res  (4 .1 b ) and ( b . l 6 ) .  T his confirm s th e  r e s u l t s  from th e  slow  

response  sen so r g iven  in  C hapter 3*

4 .8 . Recommendations

W hils t any co n clu sio n s  drawn a re  co n sid e red  t o  be q u a l i t a t iv e ly  c o r re c t  

because o f  th e  d isc u ss io n  on th e  sen so r in  S ec tio n  4 . 3 . ,  th e  q u a n t i ta t iv e  

l e v e l  i s  in  some doubt. I t  i s  th e re fo re  recommended th a t  th e  r e s u l t s  

shou ld  be re p e a te d  w ith  m o d if ic a tio n s  t o  th e  sen so r d e sig n . In  p a r t i c u l a r  

th e  p la tin u m  f ilm  shou ld  be so  a rran g ed  as to  cover th e  whole o f  th e  sub

s t r a t e  s u r fa c e . C a l ib ra tio n  o f  th e  se n so r would remove th e  e r ro r s  and 

in a c c u ra c ie s  p re se n t in  th e  t h e o r e t i c a l  re v a lu a tio n  o f  th e  h e a t t r a n s f e r  

c o e f f i c i e n t .
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C h ap te r 5

V e lo c i ty  M easurem ents

5 .1 .  In tro d u c tio n

The smoke v i s u a l i s a t io n  t e s t s  d e sc rib e d  in  C hapter 3 p ro v id ed  a  crude 

e v a lu a tio n  o f  th e  flow  p a t te r n  o v er th e  d is c .  A lthouf^  th e s e  t e s t s  

i l l u s t r a t e  th e  g e n e ra l n a tu re  o f  th e  flow* th e y  do cot show what occurs  

c lo s e  to  th e  su rfa c e  o f  th e  d isc»  w here, t o  a  la rg e  e x te n t th e  v e lo c i ty  

g ra d ie n ts  determ ine th e  le v e l  o f  h e a t  t r a n s f e r .  A more q u a n t i ta t iv e  

assessm en t o f  th e  v e lo c i ty  d i s t r ib u t io n  i s  o b ta in e d  from h o t w ire  anemometer 

t r a v e r s e s  c u t  from th e  d is c  s u r f a c e .

The exp erim en ta l te ch n iq u e  was f i r s t  p roved  by ta k in g  v e lo c i ty  m easure

m ents v i t h  th e  d is c  r o ta t in g  in  s t i l l  a i r .  P u b lish ed  th e o r e t i c a l  and 

ex p erim en ta l d a ta  i s  a v a i la b le  v i th  which conparison  o f  th e  p re s e n t m easure

m ents W as made. Smoke v i s u a l i s a t io n  t e s t s  have shown th a t  th e  flow  

p a t t e r n  o v e r th e  d is c  i s  com plicated  by s e p a ra tio n  a t  th e  le a d in g  edge 

fo llow ed  by rea ttach m en t on th e  d isc  f a c e .  Furtherm ore t h i s  e f f e c t  cou ld  

be reduced  by p o s i t io n in g  a  shroud  j u s t  below th e  s u rfa c e  o f  th e  d is c .  

V e lo c ity  measurements w ith  th e  d is c  h e ld  s ta t io n a z y  in  a  t r a n s v e r s e  a i r  

s tream  were used  to  confirm  t h i s .  F in a l ly  w ith  th e  shroud  s e t  a t  th e  

p o s i t io n  f o r  minimum s e p a ra t io n  th e  v e lo c i ty  p r o f i l e  p a t te r n s  over th e  d isc  

su rfa c e  were o b ta in e d  f o r  th e  d isc  r o ta t in g  in  a  t r a n s v e r s e  a i r  s tream . The 

main a i r  s tream  dominance o v e r th e  h e a t t r a n s f e r  perform ance i s  d iscu ssed  

in  th e  l i g h t  o f  th e s e  p a t t e r n s .

5 .2 . R o ta tin g  Disc in  S t i l l  A ir

V e lo c ity  measurements on t h i s  c o n f ig u ra tio n  a re  to  be used  to  confirm  

th e  ex p erim en ta l te ch n iq u e  by making com parisons w ith  p u b lish e d  ex p erim en ta l 

and t h e o r e t i c a l  w orks.
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P ig . (5 .1 )^ ^  shovs p i c t o r i a l l y  th e  lam in a r m otion produced by an 

i n f i n i t e  p lan e  d isc  ro ta t in g  in  a  v isco u s  medium around th e  a x is  r  « 0 , 

v i t h  c o n s ta n t a n g u la r  v e lo c i ty  w. The N av ier S tokes eq u a tio n s  f o r  th e  

a x ia l ly  symmetric f l u i d  m otion exp ressed  in  c y l in d r ic a l  c o -o rd in a te s  r ,  

4> and z  f o r  an in co m p ressib le  v isco u s f l u i d  a re  g iven  a s :

dv

3 t r  3 r z dz r  p 3 r

3v. 3v V V
—È + V V — i  + -iJE l 
3 t r  3 r z  3z r

± i H él

3 r2 r  3 r

r  3r z 3z p 3z3t 3 r r  3 r 3z

(5 .1 )

Here v ^ , v ^ , and  v^ r e s p e c t iv e ly  a re  th e  rad ia l*  ta n g e n t ia l  and a x ia l  compon

e n ts  o f  th e  v e lo c i ty  v e c to r ,  p i s  th e  p re s su re  and v th e  k in em atic  v i s c o s i ty .  

The eq u a tio n  o f  c o n t in u i ty  fo r  an in co m p ress ib le  f l u i d  i s

(5 .2 )

The boundary c o n d itio n s  o f  t h i s  problem  a re

V « 0 ,  V . * r , v  « 0  fo r  z *»r  9 w z
0 ,  V

*
f o r  z

(5 .3 )

By a  s u i ta b le  change o f  v a r ia b le s  eq u a tio n s  (5 .1 )  an d  (5 .2 )  may be 

reduced  to  form sim ultaneous o rd in a ry  d i f f e r e n t i a l  eq u a tio n s  fo r  th e  

fu n c tio n s  F , G, H and P , g iven  by

p2 -  o f + P*H « î'*' 

2FG + G»H « G"
HH* = P ' + H"
2F + H» s  0

(5 .4 )



Fig 5-1 Flow in t h e  neighbourhood of a rotat ing disc  in still air
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where v « rw F (n), v . » rw G (n), v » i^vwHCn)* p •  “ pvwP(n) r  z

and

fPhe th re e  v e lo c i ty  fu n c tio n s  F , G and H have been determ ined by

Cochrem^^ and a re  re p re se n te d  g ra p h ic a lly  in  F igure  ( $ .2 ) .  The two v e lo c i ty

components o f  p a r t i c u la r  i n t e r e s t  a re  v and v . . The a x ia l  component v i sr  Ç z
o f  th e  o rd e r  Aiw; excep t in  case s  o f  l a r g e r  n and sm all r a d i i  i t  can norm ally 

be n e g le c te d  in  com parison to  th e  o th e r  tw o.
g

F igure  (5 .3 )  g iv e s  th e  r e s u l t s  o f  G regory, S tu a r t  and WEJ.ker o f  th e  

v e lo c i ty  f i e l d  n e a r a  r o ta t in g  d isc  in  c o n d itio n s  o f  lam in ar flow . The 

f ig u re  g iv es  v a lues f o r  th e  t o t a l  ta n g e n t ia l  v e lo c i ty  v^ « X v^  + v ^ ) .

The agreem ent betw een th e  ex p erim en ta l and th e o r e t i c a l  v a lu es  i s  good.
3

Measurements done by Cobb and Saunders have a ls o  shown s im ila r  agreem ent.

In  b o th  th e se  cases th e  t o t a l  ta n g e n t ia l  v e lo c i ty  was m easured by a sm all 

p i t o t  tu b e .
g

The experim ents were co n tinued  in to  th e  t r a n s i t i o n  and tu rb u le n t  

re g io n s  o f  flow . Here no ex ac t s o lu t io n  e x is t s  w ith  which to  make s u i ta b le  

com parisons. Assessm ents o f  F and G b ased  on assumed ty p es  o f  v e lo c i ty  

p r o f i l e s  have been made^^'^^L However F igu re  (5 .k )  i l l u s t r a t e s  th e  wide 

disagreem ent between experim ent and th e  p re d ic t io n s  o f  th e s e  th e o r ie s .

5 .3 . E xperim ental T es tin g

The v e lo c i ty  p r o f i l e s  were measured w ith  a  5 m icron tu n g s te n  h o t w ire  

probe mounted on a  t r a v e r s in g  mechanism. The e l e c t r i c  power re q u ire d  to  

m a in ta in  th e  w ire  a t  a  c o n s ta n t tem p era tu re  was m onito red  by a  D isa 551X51

Anemometer u n i t , in  th e  form o f  a  b rid g e  v o lta g e  V . Each w ire  wasb
c a l ib r a te d  i n  th e  firee stream  o f  th e  wind tu n n e l .

The two v e lo c i ty  components v and v were i n i t i a l l y  measured in d iv id -r  9

u a l ly  by p o s i t io n in g  th e  w ire  normal to  each d i r e c t io n .  F igure  (5 .6 )  shows 

th e  v e lo c i t i e s  m easured in  th e  lam inar re g io n  fo r  th re e  d isc  speed s .
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Fig 5-3 Variation of resultant velocity through the laminar boundary layer
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Fig 5*4 Radial and Tangential components of experimental 
and theoretical turbulent velocity profiles
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N * 296, 530 and 630 r .p .m . to g e th e r  w ith  th e th e o r e t ic a l  p r e d ic t io n  o f  

Coehran^^. The main problem  a s s o c ia te d  w ith  t h i s  method i s  th e  in flu en c e

o f  one component on th e  o th e r  b e in g  m easured. The fo rm ation  o f  edd ies 

from th e  w ire  su p p o rts  enhances th e  co o lin g  o f  th e  h o t w ire  w ith  th e  r e s u l t  

t h a t  h ig h e r  v e lo c i t i e s  a re  in f e r r e d  from th e  anemometer u n i t  th a n  th o se  

a c tu a l ly  p re s e n t .  The in f lu e n c e  o f  on th e  r a d ia l  component can be 

seen  from F igure  ( $ .6 ) ;  th e  read in g s  a re  between 20 and Uo p e r  c e n t h ig h e r 

th a n  th e  t h e o r e t i c a l  p re d ic t io n s  o f  Cochran. The ta n g e n t ia l  v e lo c i ty  

measurements show b e t t e r  agreem ent, which i s  t o  be expec ted  a s  th e  r a d ia l  

component i s  r e l a t iv e ly  sm all and i t s  in flu en ce  i s  swanked by th e  ta n g e n t ia l  

v e lo c i ty .

A more a c c u ra te  method o f  m easuring th e se  two ccxnponents was ach ieved  

by p o s i t io n in g  th e  w ire  a t  th e  two U5 degrees o r ie n ta t io n s ,  t o  each compon

e n t .  v_ and V . were th e n  determ ined in  th e  fo llo w in g  manner,r  9

R efe rrin g  to  F ig u re  (5 .7 )  which g iv e s  th e  g eo m etrica l s i t u a t i o n ,
18Heinz has su g g ested  th a t  th e  v e lo c i ty  u^ , as m easured by th e  h o t w ire  

anemometer, i s  g iven  a s

= V ^(ain^e ♦ A^oo.^0) (5 -5 )

where th e  f a c to r  *A* has a  va lue  between 0 .1  and 0 .3  depending on th e  magni

tu d e  o f  th e  v e lo c i ty  ( th e  va lue  o f  A in c re a s e s  w ith  d e c rea s in g  v e lo c i ty ) .  

A lso from F igure  (5*7)

" Î  "  + A ^sin^e) (5 .6 )

Ug and u^ a re  no t v e lo c i t i e s  in  th e  t r u e  sense as th ey  do n o t a c tu a l ly  e x i s t  

anywhere. They a re  th e  computed v e lo c i ty  v a lu es  from th e  anemometer b rid g e  

v o lta g e s  tak en  from th e  c e d ib ra tio n  curve when th e  w ire  i s  s e t  norm al 

to  th e  wind tu n n e l Aree a i r  s tream .

From eq u atio n  (5«5) and (5*6) i t  can be seen  th a t
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Fig 5*7 Velocity nota t ion
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©

so  th a t sin^Ô

o 2 2
s in  8 + A Cos 6

2 2 2 *Cos 0 + A g in  0

■ 2
(1 -  A ^ )( l +

(5 .7 )

Rrom F igure  (5*7) th e  r a d i a l  and ta n g e n t ia l  v e lo c i t i e s  a re  g iven  as

uhere  o « U5 + 6 .

The v e lo c i t i e s  can be e v a lu a te d  p rov ided  u^, u^ and th e  f a c to r  *A* a re  

knovn. 'A* u n fo r tu n a te ly  i s  dependent on th e  v e lo c i ty  so t h a t  i t  i s  

n ecessa ry  to  guess an » i n i t i a l  v a lu e , de term ine  and th e n  update acco rd 

in g ly . The dependence on th e  v e lo c i ty  v as determ ined  ex p e rim en ta lly  by 

p la c in g  th e  h o t w ire  p a r a l l e l  to  th e  f r e e  a i r  s tream . 0 in  t h i s  in s ta n c e  

i s  z e ro , so t h a t  e q u a tio n  ( 5 *5) and ( $ .6 ) g iv e

u^ » Vç , and Ug AV,
u.

so t h a t  A * —

A ty p ic a l  c a l ib r a t io n  fo r  *A* i s  g iven  below.

Ü ^KL ^ B 2 / ^2 Am/s vo]I ts
■ “ 1

fs

16 .7 8.75 6.88 16 .7 2 .7 0 .16
lU.O 8 .4 9 6 .76 lU.O 2 .35 0.17
11.1 8 .22 6 .65 11 .1 2 .0 0.18

7 .9 7.85 6 .U9 7 .9 1 .6 0 .20

5.55 7.52 6 .3 5.55 1 .2 0 .216

3.53 7.11 6.13 3.53 0.95 0 .27
2 .5 6 .8  ; 5.99 2 .5 0 .7 0 0 .28
2 .0 6 .65 5.92 2 .0 0 .6 0 0 .3 0

The t e s t s  on th e  r o ta t in g  d isc  in  th e  s t i l l  a i r  were re p e a te d  w ith  th e  

h o t w ire  probe s e t  a t  th e  two-U5 degree o r ie n ta t io n s  to  th e  v e lo c i ty
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components. The a c c u ra te  p o s it io n in g  o f  th e  probe was ach iev ed  w ith  th e

t r a v e r s in g  g e a r  so  t h a t  th e  read in g s  from th e  two p o s i t io n s  corresponded

w ith  each o th e r .  The minimum d is ta n c e  from th e  d isc  su rfa c e  was 0 .2 5  mm.

Below t h i s  v a lu e  th e  conduction and r a d ia t io n  e f f e c t s  fTcm th e  w ire  to  th e

d isc  become predominant* v  and v. were determ ined in  th e  manner d es-r  *
c r ib e d  above. The r e s u l t s  a re  g iven  in  F ig u re  $ .8 , A marked improvement 

in  agreem ent i s  found between th e  measured r a d i a l  component F and th e  

t h e o r e t i c a l  p re d ic t io n s .  The ta n g e n t ia l  component G , shows e x c e lle n t  

agreem ent.

T his c o r r e la t io n  between th e o ry  and measurements was tak en  as p rov ing  

th e  ex p erim en ta l tech n iq u e  and th e  ho t w ire  anemometer u n i t  was used  to  

m easure th e  v e lo c i ty  p r o f i l e s  over th e  s ta t io n a r y  and r o ta t in g  d isc  in  th e  

t r a n s v e r s e  a i r  s tream . However, i t  i s  a p p re c ia te d  t h a t ,  in  b o th  th e se  

c a s e s , th e  flow  may no t be lam inar and th a t  any h o t w ire  s ig n a ls  an aly sed  

may be a f f e c te d  by th e  f lu c tu a t in g  v e lo c i ty  component as w e ll as by th e  

f a c to r  'A*. For th e  case  o f  th e  r o ta t in g  d isc  in  th e  t r a n s v e r s e  a i r  

s tream  th e se  e f f e c t s  have been ig no red  and th e  flow  assumed t o  be 'lam in a r* . 

The complex a n a ly s is  o f  th e  tu rb u le n t  m otion was beyond th e  c a p a b i l i t i e s  o f 

th e  anemometer u n i t .  The r e s u l t s  a re  th e re fo re  d iscu ssed  in  a  q u a l i t a t iv e  

m anner.

5*4. S ta t io n a ry  Disc in  a  T ransverse  A ir Stream

In  C hapter 3 an  ex p lan a tio n  o f  th e  r a d i a l  v a r ia t io n  o f  th e  h e a t t r a n s 

f e r  c o e f f ic ie n t  in  term s o f  flow  se p a ra tio n  a t  the d is c  le a d in g  edge fo llow ed  

by rea ttach m en t to  th e  d isc  face  i s  g iv en . Smoke t e s t s  confirm  t h i s  

p a t te r n .  F u r th e r  t e s t s  w ith  a  shrouded d is c ,  to  s im u la te  d is c s  o f  d i f f e r 

in g  a sp e c t r a t i o s ,  add w eight to  th e  e x p la n a tio n . In p a r t i c u l a r  com plete 

flow  a ttach m en t over th e  whole d isc  face  i s  o b ta in e d  when th e  shroud i s  s e t  

back a  sm all d is ta n c e  from th e  face  o f  th e  d is c .
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To confirm  t h i s  flow  se p a ra tio n  p a t te r n  in  more d e t a i l ,  v e lo c i ty  

p r o f i l e s  were measured a t  fou r p o s it io n s  on th e  le a d in g  h a l f  o f  th e  d isc  

on th e  c e n tre  l i n e  o f  th e  tu n n e l w ith  th e  d isc  s ta t io n a r y .  % ese  p o s i

t io n s  a re  in d ic a te d  in  F igure  (5*9)• For t h i s  p a r t i c u la r  c o n f ig u ra tio n  

th e  h o t w ire  was p laced  normal to  th e  a i r  stream  d i r e c t io n ;  th e re  being  

only  one v e lo c i ty  component p re s e n t .  Three shroud p o s i t io n s ,  t  -  5 cm, 

1 .2 5  cm and 0 cm were in v e s t ig a te d .  F igures ( 5 * 9 ( a ) , ( b ) , ( c ) )  show th e  

v e lo c i ty  p r o f i l e s  o b ta in ed .

With th e  shroud s e t  a t  t  » 5 cm. F igure  ( 5 .9 ( a ) ) ,  th e  se p a ra tio n  a t  

th e  le a d in g  p o s i t io n  A , i s  shown by a  low v e lo c i ty  s ta g n a n t reg io n  c lo se  

to  th e  su rfa ce  and a  th in  re g io n  o f  h igh  sh e a r  s t r e s s  where th e  v e lo c i ty  

in c re a s e s  ra p id ly  to  th e  f r e e  stream  l e v e l .  Downstream a t  p o s i t io n s  B,C 

th e  s tag n a n t re g io n  has grown c o n s id e ra b ly . The reg io n  o f  h igh  sh ea r 

has been d isp e rse d  by d if f u s io n  and m ixing p ro c e sse s . At p o s i t io n  ^  th e  

v e lo c i ty  p r o f i l e  i s  c o n s is te n t  w ith  f u l l y  a tta c h e d  flow .

With th e  shroud s e t  a t  t  * 1 .25  cm. F igure  (5 .9 (b ) )  shows th e  v e lo c i ty

p r o f i l e s  a re  co n s id e ra b ly  a l t e r e d  from th e  p rev ious case . Very l i t t l e

s e p a ra tio n  a t  th e  le ad in g  edge i s  found. The v e lo c i t i e s  approxim ate to

th o se  found in  developing  tu rb u le n t  flow  o v e r a  H a t p la t e .  For comparison

tu rb u le n t  v e lo c i ty  p r o f i l e s  and lam in ar v e lo c i ty  p r o f i l e s  on a f l a t  p la te

20a re  shown. The tu rb u le n t  p r o f i l e s  a re  c a lc u la te d  u s in g

^ ( 1 )

y»
(5 .8 )

where ^  » 0 .379 f 7 ^1  , and x i s  th e  d is ta n c e  from th e  le a d in g  edge.

in  t h i s  in s ta n c e  th e  d is ta n c e  from th e  t i p  o f  th e  shroud.

The lam inar p r o f i l e s  a re  c a lc u la te d  from th e  num erical s o lu tio n  o f  

th e  B la s iu s  eqv atio n ^^ . The boundary la y e r  th ic k n e s s  in  t h i s  case  i s  

g iven  as

6 « 5 • o / S
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With th e  shroud s e t  f lu sh  w ith  d isc  f a c e ,  F ig .(5 * 9 (c ))  shows a th ic k  

boundary la y e r  a t  p o s i t io n s  A and B . % ese  p r o f i l e s  a re  s im ila r  to  

p o s i t io n  C o f  F igure  ( 5 .9 ( a ) ) ,  c h a r a c te r is in g  th e  r e a r  p a r t  o f  th e  

se p a ra tio n  b u b b le . This i s  c o n s is te n t  w ith  s e p a ra tio n  o c cu rrin g  a t  th e

t i p  o f  th e  shroud . The p r o f i l e s  a t  p o s i t io n  C and D , F igure  ( 5 .9 ( c ) ) ,

in d ic a te  t h a t  th e  flow  i s  re a t ta c h e d .

In  a d d it io n  to  m easuring v e lo c i t i e s  th e  ho t w ire  g iv e s  a  m easure o f  

tu rb u le n c e  in t e n s i t y .  The p e rcen tag e  tu rb u le n t  i n t e n s i ty  i s  g iven  by

%

B o

where i s  th e  ro o t mean square  v o lta g e  reco rd ed  by th e  anemometer u n i t .

The b ra c k e te d  numbers a g a in s t  each p r o f i l e  in  F igu res (5*9) g iv e  th e  lo c a l  

va lue  o f  Tu. In  every  case  i t  i s  seen  th a t  c o n s id e ra b le  tu rb u le n c e  e x is t  

th roughou t th e  boundary la y e r .  The shroud and le a d in g  edge o f  th e  d isc  

b o th  a c t  a s  tu rb u le n c e  p ro m o ters . This e x p la in s  why th e  measured p r o f i le s  

a re  c lo s e r  t o  th e  tu rb u le n t  p re d ic t io n  d e sp ite  th e  Reynolds numbers suggest*  

in g  th a t  th e  flow  should  rem ain lam inar o v e r th e  f i r s t  led d in g  h a l f  o f  th e  

d is c .

5 . 5 . R o ta tin g  Disc in  a  T ransverse  A ir Stream

A ll th e  h ea t t r a n s f e r  c o e f f ic ie n t  measurements su g g es t t h a t  th e  h e a t 

t r a n s f e r  p ro c e ss  i s  dom inated by th e  main a i r  s tream . For a  f ix e d  d isc  

speed o f  630 r .p .m . changes in  main stream  v e lo c i ty  from 0 -  33 m/s cause 

an e ig h t  fo ld  change in  th e  h e a t t r a n s f e r  c o e f f i c i e n t ,  see  F ig . ( 3 .5 ( b ) ) ;  

whereas a t  a  f ix e d  wind speed o f  33 m/s a change in  th e  d isc  speed from 

296 -  1120 r . p . 3 . on ly  causes a  10 p e r  c e n t  change in  h e a t  t r a n s f e r  

c o e f f i c i e n t .  I f  th e  shape o f  v e lo c i ty  p r o f i l e  and in  p a r t i c u la r  th e  

s te e p n e ss  c lo se  to  th e  d isc  su rfa ce  i s  a  measure o f  th e  h e a t t r a n s f e r  

c o e f f ic ie n t  l e v e l ,  th en  t h i s  h e a t t r a n s f e r  p a t te r n  su g g es ts  a  v e lo c i ty
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p r o f i l e  which i s  a  fu n c tio n  o f  bo th  main a i r  stream  speed and d is c  speed 

b u t much more h e a v ily  dependent on th e  main a i r  s tream  speed .

The h e a t t r a n s f e r  r e s u l t s  o f  C hapter 3 a re  average v a lu es  ov er th e  

c i r c u la r  p a th  t r a v e r s e d  by th e  sen so r. S ince i t  i s  not p o s s ib le  to  

p re s e n t v e lo c i ty  p r o f i l e s  in  t h i s  way a  p ic tu r e  over th e  whole d isc  face  

has been b u i l t  up. V e lo c ity  measurements were tak en  w ith  th e  d isc  

r o ta t in g  a t  630 r .p .m . fo r  a  range o f  t ra n s v e rs e  a i r  speeds from 2 .5  m/s 

to  th e  m atched speed o f  l6 .7  m /s . To remove com p lica tio n s  due to  flow  

se p a ra tio n  and rea ttach m en t, th e  shroud was s e t  a t  t  * 1 .25  cm in  a l l  th e  

t e s t s .  For each c o n d itio n  m easuranents were tak en  a t  two r a d i a l  p o s i 

t i o n s ,  B » 23*7 cm and 9*5 cm a t  each o f  th e  fo u r an g u lar p o s i t io n s  as

i l l u s t r a t e d  in  F igu re  (5 .9 )*  The two v e lo c i ty  components v and v.r  4»
were determ ined  u sin g  th e  U5^ tech n iq u e  d iscu ssed  in  S ec tio n  5*2.

The r e s u l t s  a re  p re se n te d  g ra p h ic a lly  in  F ig u res  (5*10(a * h ) )  and 

F ig u res  ( 5 * l l ( a  -  h ) ) .  F ig u res  (5 .1 2 (a ) )  and (5 .1 2 (b ))  show th e  r e s u l t a n t  

v e lo c i ty  v^ , p lo t te d  fo r  seven lo c a t io n s  o u t ftrom th e  su rfa ce  o f  th e  d is c

f o r  u  » 2 ,5  m/s and l6 .7  m/s r e s p e c t iv e ly .  They i l l u s t r a t e  how th e

v e lo c i ty  s w ir ls  round from th e  p e r ip h e ra l  d i r e c t io n  a t  z * 0 to  th e  main 

stream  d i r e c t io n  a t  p o s i t io n  7* The c e n tr i fu g a l  a c tio n  on th e  v e lo c i ty  

can be seen q u i te  c le a r ly  a t  th e  low v e lo c i ty  u  * 2 .5  m /s, and a t  

u  » 1 6 .7  m /s, where th e  v e lo c i ty  p r o f i l e s  a t  to p  and bottom  a n g u la r  p o s i 

t io n s  a re  fo rc e d  outwards from th e  c e n tre .

I t  i s  obvious ffom a l l  th e  v e lo c i ty  p r o f i l e s  p re se n te d  th a t  changes 

in  th e  main a i r  s tream  v e lo c i ty  have a  marked e f f e c t  oh th e  s tee p n e ss  o f  

th e  p r o f i l e  c lo se  t o  th e  d isc  s u r f a c e ,  ( t h i s  can be in fe r r e d  from an e x t r a 

p o la t io n  o f  th e  su rfa ce  v a lu e , zero  o r  lo c a l  d isc  su rfa ce  v e lo c i ty  and th e

c lo s e s t  h o t w ire  measurement made. In  p a r t i c u l a r  th e  com parative e f f e c t  

on th e  v e lo c i ty  p r o f i l e s  o f  th e  main stream  and d is c  r o ta t io n a l  speed  i s  

c le a r ly  shown in  F igure  (5 .1 3 (a )  and ( b ) ) .
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5 .6 , C onclusions

In  th e  absence o f  a  developed th e o ry  t o  p re d ic t  v e lo c i ty  p r o f i l e s  and 

h ea t t r a n s f e r  c o e f f ic ie n ts  f o r  th e  complex th re e  d im ensional flow  p a t te rn  

th a t  e x i s t s  over th e  d is c  su rfa c e  on ly  q u a l i t a t iv e  co nclusions can be drawn 

from th e s e  m easurem ents. C e r ta in ly  th e  conclu sio n s  drawn e a r l i e r  from 

th e  h e a t t r a n s f e r  measurements reg a rd in g  th e  dominance o f  th e  main a i r  

stream  i s  re in fo rc e d  by th e  v e lo c i ty  p a t te r n s  emerging from, th e se  m easure

ments and in  a  weqr th a t  was n o t p o s s ib le  from th e  smoke v is u a l iz a t io n  t e s t s .
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C h ap te r 6

C onvective Heat T ra n s fe r  from a  R o ta tin g  Wheel Shape 

R o ta tin g  in  a  T ransverse  A ir Stream

6 .1 .  In tro d u c tio n

This p a r t i c u l a r  p iece  o f  work was done fo r  B r i t i s h  R a il t o  p rov ide  

them w ith  h e a t t r a n s f e r  c o e f f ic ie n ts  fo r  u se  in  t h e i r  t r a i n  wheel s t r e s s  

a n a ly s i s .

The p re s e n t  p la in  c i r c u la r  d isc  i s  on ly  an id e a l i s a t io n  o f  a  t r a i n  

wheel shape . In  p a r t i c u l a r  th e  th ic k e n in g  a t  th e  rim  and th e  c e n tr a l  ax le  

boss a re  m iss in g . The sim ple wheel was formed by screw ing s u i ta b le  

a lim inium  p ie c e s ,  an an n u la r r in g  and a  c e n t r a l  hub, to  th e  o r ig in a l  p la in  

d is c .  The im p o rtan t dim ensions were su p p lie d  by B r i t i s h  R a i l ,  T echn ica l 

C en tre , Derby.

M easurements o f  su rfa ce  h e a t t r a n s f e r  c o e f f ic ie n ts  are re p o r te d  f o r  a 

s in g le  wheel shape p la c e d  in  a  t ra n s v e rs e  a i r  s tream . R esu lts  a re  given 

fo r  t e s t s  on th e  wheel s ta t io n a r y  in  an a i r  s tream  up to  30 m/s and a t  

r o ta t io n a l  speeds m atched to  th e  main a i r  streeun. The r e s u l t s  o f  sim ple 

flow v is u a l i s a t io n  smoke t e s t s  g iv e  a  q u a l i t a t iv e  e x p lan a tio n  to  th e  g e n e ra l 

t r e n d  o f  th e  r e s u l t s  and in d ic a te  th e  n a tu re  o f  th e  flow  over th e  su rfa ce  

o f  th e  w heel.

6 .2 .  E xperim enta l Arrangement

The t e s t  w heel, on an overhung s h a f t ,  r o t a t e s  in  th e  neck o f  th e  open

j e t  w ind tu n n e l w ith  th e  face  o f  th e  wheel a lig n e d  to  th e  d i r e c t io n  o f  th e

main a i r  flow . Local r a d i a l  h e a t t r a n s f e r  c o e f f ic ie n t s  a re  m easured w ith  

th e  h ea t f lu x  sen so r as  d e sc rib e d  in  C hapter 3 . A c ro ss  s e c tio n  o f  th e

wheel i s  g iven  in  F ig u re  ( 6 .1 ) ,  which a lso  marks th e  n ine  r a d ia l  p o s i t io n s

a t  which m easurem ents a re  ta k e n . A ty p ic a l  wheel shape i s  siç>erimposed 

upon t h i s  diagram  t o  i l l u s t r a t e  th e  degree o f  s im p l i f ic a t io n  t h a t  has been
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made in  a r r iv in g  a t  th e  wheel shape under t e s t .

The o r ig in a l  d isc  c a r r ie s  h e a te rs  which can r a i s e  th e  lA ole  su rfa ce  

tem p era tu re  Uo deg.C above am bient. Ihe  a d d i t io n a l  aluminium p ie c e s  a re  

h e a te d  by conduction  from th e  main d is c .  Thermocouples a re  p la c e d  j u s t  

below th e  main d isc  su rfa ce  and a  f u r th e r  th em o co u p le  i s  lo c a te d  n e a r  th e  

o u ts id e  su rfa c e  o f  th e  an n u la r r in g .  Under t e s t  co n d itio n s  a  s ix  degree 

v a r ia t io n  over th e se  therm ocouples i s  found. A photograph o f  th e  wheel 

i s  shown in  F igu re  ( 6 .2 ) .  (The b lack en in g  over h a l f  th e  s u rfa c e  was 

a p p lie d  a f t e r  th e  h e a t t r a n s f e r  t e s t s  to  p ro v id e  c o n tr a s t  fl>rflow v i s u a l i s a 

t io n  pho tog raphy .)

6 . 3 . T est R esu lts

6 . 3 . 1 . Wheel S ta tio n a ry

With th e  wheel s ta t io n a r y  and th e  a i r  stream  o n , h e a t t r a n s f e r  

c o e f f ic ie n ts  were determ ined  a t  each o f  th e  n in e  r a d ia l  p o s i t io n s  fo r  f iv e  

a n g u la r  p o s i t io n s ,  0 , U5 , 90 , 135 and I 80 d eg rees . 0 co rresponds to  

th e  le a d in g  edge o f  th e  wheel on th e  c e n tre  l i n e  o f th e  tu n n e l .  S ince th e  

flow  i s  sym m etrical i t  i s  assumed th a t  s im ila r  va lues h o ld  fo r  th e  bottom  

h a l f  o f  th e  w heel.

The in d iv id u a l  r e s u l t s  o b ta in ed  a re  shown g ra p h ic a l ly  in  F ig u res  (6 .3 )  

and (6.U ) fo r  fo u r  wind speeds o f  7 .6 ,  1 4 .2 , 20 .5  and 29 .6  m /s.

A d d itio n a lly  in  F igu re  (6;3) a  t a b le  o f  average r a d ia l  v a lu es  i s  g iv en . The 

average va lue  i s  a  s t r a ig h t  average o f  th e  e ig h t in d iv id u a l  v a lu es  f o r  any 

c ircu m fe ren ce .

6 . 3 . 2 . Wheel R o ta tin g

Measurements were tak en  fo r  fou r wheel speeds 296, 530, T80 and 1120 rpm. 

For each wheel speed th e  a i r  speed was s e t  to  m atch th e  p e r ip h e ra l  wheel 

v e lo c i ty ,  i . e .  7 .8 ,  1 4 .2 , 20 .5  and 2 9 .6  m/s r e s p e c t iv e ly .  The r a d ia l  

v a lu es  o f  h e a t t r a n s f e r  c o e f f ic ie n t  o b ta in ed  a re  shown in  F igure  (6 .5 ) .
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F ig 6 .2 P h otograph of w h ee l in mouth of tunnel
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Fig. 6»3 Wheel stationary in transverse air flow
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Flow V is u a lis a t io n

A very  l im ite d  q u a l i t a t iv e  p ic tu r e  o f  th e  a i r  flow  d i s t r ib u t io n  about 

th e  wheel was o b ta in ed  by in tro d u c in g  smoke t r a c e r s  in to  th e  flow . I h i s  

tech n iq u e  i s  only  su c c e s s fu l a t  low v e lo c i t i e s .  At h igh  v e lo c i t i e s  th e  

smoke i s  d isp e rse d  to o  ra p id ly  to  g a in  an im pression  o f  th e  flow  d i s t r i 

b u tio n . C onsequently a l l  p ic tu re s  shown were tak en  a t  th e  lo w est a i r  

v e lo c i ty  7 .6  m /s.

Two s e t s  o f  p ic tu r e s  a re  shown. The f i r s t  s e t .  F igure  ( 6 .6 ) ,  shows 

how th e  main stream  se p a ra te s  around th e  wheel bo th  w ith  and w ithou t wheel 

r o ta t io n .  Here smoke i s  in tro d u ce d  on th e  tu n n e l a x is  upstream  o f  th e  

w heel. The second s e t .  F igure  ( 6 .7 ) ,  shows secondary flow  in  th e  reg io n  

w ith in  th e  r e - e n t r a n t  s e c tio n  d e fin ed  by th e  an n u la r r in g .  Two case s  a re  

shown, one w ith  smoke in tro d u ced  c lo se  t o  th e  c e n t r a l  hub, th e  second w ith  

smoke in tro d u ce d  n ea r t o  th e  rim .

6 .5 .  D iscussion

A number o f  q u a l i t a t iv e  o b se rv a tio n s  a re  w orth  making abou t th e  r e s u l t s  

p re se n te d .

In  F ig u re  (6 .8 )  th e  r e s u l t s  o f  th e  r o ta t in g  t e s t s  andthe average r a d ia l  

v a lu es  o b ta in e d  Arom th e  s ta t io n a r y  t e s t s  a re  p lo t te d  on th e  same graph.

Two s e t s  o f  r e s u l t s  a re  very  s im i la r .  T his confirm s p rev io u s  fin d in g s  

w ith  th e  p la in  d is c . Ih e  l e v e l  o f  th e  h ea t t r a n s f e r  c o e f f ic ie n t  and i t s  

r a d ia l  v a r ia t io n  i s  dom inated by th e  main s tream  flow . The r o ta t io n  only  

causes sm all p e r tu rb a tio n s  about th e  main stream  l e v e l .

In  F ig u re  (6 .9 )  th e  r e s u l t s  o f  th e  r o ta t in g  t e s t s  a re  compared w ith  

r e s u l t s  o f  p rev io u s  work on th e  p la in  d is c . Except a t  th e  o u te r  an n u la r 

r in g  th e  v a lu e s  fo r  th e  p la in  d isc  a re  h ig h e r  th a n  fo r th e  wheel shape.

These o b se rv a tio n s  t i e  in  w ith  th e  g e n e ra l p ic tu r e  o f  th e  flow  p a t te r n  

around th e  w heel. F i r s t l y  th e  d isc  r o ta t io n  produces l i t t l e  change in
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th e  flow  d i s t r ib u t io n  and th e n  on ly  very  c lo se  t o  th e  wheel su rface*  

Secondly th e  main stream  s e p a ra te s  around th e  w heel. F ig u re  ( 6 .6 ) ,  le a v in g  

a  r e - e n t r a n t  reg io n  o f  g e n e ra lly  low er v e lo c i ty  flow . This p ic tu r e  o f  

s e p a ra te d  flow  over th e  m a jo rity  o f  th e  wheel face  c o n tra s ts  w ith  th e  p la in  

d isc  where s e p a ra tio n  occurs a t  th e  le a d in g  edge re g io n  w ith  re -a tta ch m en t 

w e ll b e fo re  th e  ELxle.

The flow  in  th e  s e p a ra te d  reg io n  i s  very  congplex w ith  f lu id  feed in g  

in  from th e  main stream  t o  be r e -e n tra in e d  a t  o th e r  p o s itio n s*  In  th e  

reg io n  forw ard o f  th e  c e n t r a l  boss th e r e  i s  c o n s id e ra b le  flow  r e v e r s a l .

I b i s  i s  p a r t i c u la r ly  em phasised im m ediately  in  fTont o f th e  boss as some o f  

th e  main s tream  h i t t i n g  th e  boss i s  fo rce d  in  to  th e  su rfa c e  and th e n  back 

tow ards th e  rim . As th e  h e a t f lu x  sen so r r o t a t e s  th ro u g h  360 degrees 

i t  " see s"  a l l  th e  fa c e ts  o f  t h i s  complex flow  f i e l d  and g iv es  an averaged 

h ea t t r a n s f e r  c o e f f i c i e n t .  Measurements w ith  a  f a s t  response  sen so r 

would be n ecessa ry  t o  t i e  in  h e a t t r a n s f e r  c o e f f ic ie n t s  w ith  th e  d e ta i le d  

flow  p a t te r n .

I t  i s  i n t e r e s t in g  t o  look  a t  v a r ia t io n  o f  h e a t t r a n s f e r  c o e f f ic ie n t  

a c ro ss  th e  h o r iz o n ta l  d iam e te r , 0^ -  1 80°, ta k en  from th e  s ta t io n a r y  t e s t s .  

This i s  shown in  F igu re  (6 .1 0 ) f o r  a  m ainstream  v e lo c i ty  o f  20.5  m /s. The 

v a r ia t io n  i s  s im i la r  fo r  th e  o th e r  v e lo c i t i e s  t e s t e d .

Moving from l e f t  to  r ig h t  a c ro ss  th e  w heel, th e  f i r s t  f a l l  in  h ea t 

t r a n s f e r  c o e f f ic ie n t  i s  due t o  th e  flow  s e p a ra tio n  a t  th e  le a d in g  edge, 

measurement p o s i t io n  2. Over p o s i t io n s  3 t o  9 th e  flow  i s  in th e  re v e rse  

d i r e c t io n  and th e  h ea t t r a n s f e r  c o e f f ic ie n t  v a r ia t io n  i s  c o n s is te n t  w ith  

f l a t  p la te  behav iou r w ith  a  h igh  h e a t t r a n s f e r  c o e f f ic ie n t  a t  th e  le ad in g  

edge f a l l i n g  o f f  a s  th e  flow  moves ov er th e  s u r fa c e . Hence th e  high  

value  a t  p o s i t io n  9 f a l l i n g  o f f  tow ards p o s i t io n  3* The measurement

p o s i t io n  10 i s  in  th e  shadow o f  th e  c e n tr a l  boss w ith  flow  s ta r v a t io n  and 

consequen tly  a  low h e a t t r a n s f e r  c o e f f i c i e n t .  Over th e  r e s t  o f  th e  

d iam eter flow  sweeps i n  ffom e i th e r  s id e  o f  th e  boss g iv in g  a f a i r l y
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co n sta n t va lue  o f  h e a t t r a n s f e r  c o e f f i c i e n t .  The h igh  v a lu es  a t  

measurement p a r t s  l6  and 17 a re  due to  re -a tta ch m en t o f  th e  main flow .

As th e  flow ag a in  s e p a ra te s  to  g iv e  a wake reg io n  beh ind  th e  w heel, th e  

measurement p o s i t io n  1Ô i s  in  th e  shadow w ith  a  consequent low h e a t t r a n s 

f e r  c o e f f i c i e n t .  The sm all v a r ia t io n s  in  h e a t t r a n s f e r  c o e f f i c i e n t  th a t  

a re  shown, p a r t i c u la r ly  between s ta t io n s  11 and 15* a re  b e lie v e d  t o  be 

r e a l  and not j u s t  a  r e s u l t  o f  random measurement e r r o r s , To be a b s o lu te ly  

c e r ta in  m easuranents a t  in te rm e d ia ry  r a d ia l  p o s i t io n s  would be n e ce ssa ry .
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C o n clu sio n s

The problem  o f  con v ec tiv e  c o o lin g  from t r a i n  w heels su b je c te d  to  

co n tin u ed  b ra k in g  has been s im p lif ie d  by examining th e  h e a t t r a n s f e r  from 

a  p lan e  r o ta t in g  d is c  in  a  t ra n s v e rs e  a i r  s tream . A sen so r has been 

developed to  determ ine lo c a l  h e a t t r a n s f e r  c o e f f i c i e n t s ,  and from th e  com

p reh en siv e  s e t  o f  measurements made th e  dominant param eters a f f e c t in g  th e  

co o lin g  p ro cess  have been i s o la te d .  I t  has been shown t h a t  th e  l e v e l  o f  

th e  h ea t t r a n s f e r  c o e f f ic ie n t  i s  determ ined in  th e  main by th e  speed o f  

th e  tra n s v e r s e  a i r  flow . The r o ta t io n  o f  th e  d isc  r e s u l t s  in  a  sm all 

upward p e r tu rb a tio n  on t h i s  l e v e l .  When th e  d isc  i s  h e ld  s ta t io n a r y  in  

th e  t ra n s v e rs e  a i r  flow  t h i s  view o f  main stream  dominance i s  f u r th e r  

s tre n g th en e d  by th e  experim en ta l r e s u l t s .

The r a d ia l  v a r ia t io n s  in  th e  h ea t t r a n s f e r  c o e f f ic ie n ts  a re  ex p la in ed  

in  term s o f  th e  flow  se p a ra tio n  and rea ttach m en t o v e r th e  le a d in g  h a l f  o f  

th e  d is c .  The experim en ta l d isc  i s  a  b lu f f  body and th e  degree o f  sep a ra 

t io n  i s  dependent on th e  a sp e c t r a t i o  o f  th e  d is c .  This a sp e c t r a t i o ,  

which has been s im u la ted  by th e  e x is t in g  d i s c ,g r e a t ly  m o d ifies  th e  r a d ia l  

d i s t r ib u t io n  o f  th e  h e a t t r a n s f e r  c o e f f i c i e n t ,  b u t ag a in  th e  main a i r  

s tream  speed i s  dominant in  de term in ing  th e  le v e l  o f  th e  h ea t t r a n s f e r  

c o e f f i c i e n t .

When th e  a sp e c t r a t i o  i s  s e t  to  th e  p o s i t io n  ib r minimum se p a ra tio n  

th e  v a r ia t io n  in  h ea t t r a n s f e r  c o e f f ic ie n ts  f o r  th e  matched c o n d itio n  have 

been c o r r e la te d  by th e  e x p re s s io n i-

Nu * 0.0258

This eq u a tio n  resem bles c lo s e ly  t h a t  fo r  tu rb u le n t  h e a t t r a n s f e r  from 

a f l a t  s ta t io n a r y  d isc  in  a  t r a n s v e r s e  a i r  flow .

In  th e  co n tex t o f  a  t r a i n  wheel o n ly  average r a d i a l  h e a t t r a n s f e r  

c o e f f i c i e n t s  a re  o f  i n t e r e s t .  However to  u n d ers tan d  th e  mechanism more
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f u l ly  a  th in  f i lm  sen so r has been used to  measure th e  in s ta n tan e o u s  h ea t 

t r a n s f e r  c o e f f i c i e n t s .  With minimum se p a ra tio n  o v e r th e  d isc  th e  

v a r ia t io n  in  th e  h ea t t r a n s f e r  i s  in  accordance w ith  the p re d ic te d  p a t te rn s  

showing th e  s in u so id a l v a r ia t io n  w ith  an g u lar p o s i t io n .  The r e la t iv e  

e f f e c t s  o f  r o ta t io n  a re  shown to  he sm all in  com parison w ith  th e  main a i r  

s tream  e f f e c t s .  Reducing th e  a sp e c t r a t i o  and th e re b y  in c re a s in g  th e  

s e p a ra tio n  a l t e r s  th e  p a t te r n  co n s id e ra b ly  and th e re  i s  a  s l i g h t  tendency 

fo r  th e  s e p a ra tio n  and rea ttach m en t zones to  be dragged w ith  th e  r o ta t io n .

Smoke v is u a l i s a t io n  t e s t s  have h e lp ed  to  u n d e rs tan d  th e  r e s u l t s  o f  

th e  h e a t t r a n s f e r  t e s t s .  However th e y  have no t shown what occu rs  c lo se  

to  d is c  su rfa c e  where to  a  la rg e  e x te n t th e  v e lo c i ty  g ra d ie n ts  a t  th e  *wall* 

determ ine th e  le v e l  o f  h e a t t r a n s f e r .  The v e lo c i ty  d i s t r ib u t io n  h as been 

a s se s se d  w ith  th e  a id  o f  ho t w ire  anemometry. Vlien th e  d is c  i s  r o ta t in g  

in  s t i l l  a i r  th e  r e s u l t s  a re  in  good agreem ent w ith  th e  th e o r e t i c a l  and 

ex p erim en ta l p u b lish e d  works. When th e  d isc  i s  s ta t io n a r y  th e  e f f e c t iv e 

n e ss  o f  th e  le ad in g  edge sh roud , used to  s im u la te  d i f f e r e n t  a sp e c t r a t i o s ,  

i s  confirm ed. For th e  r o ta t in g  d isc  in  th e  tra n s v e r s e  a ir f lo w  th e  

r e s u l t s  q u a l i fy  th e  view th a t  th e  main a i r  stream  dom inates th e  boundary 

la y e r  and th u s  a lso  th e  h e a t t r a n s f e r  c o e f f ic ie n t .

In  conclusion  a  s tudy  o f  th e  h ea t t r a n s f e r  c o e f f ic ie n t  v a r ia t io n  from 

a  s in p lc  wheel shape has been done. The r e s u l t s  em phasise th e  f a c t  th a t  

to  o b ta in  la b o ra to ry  measurements which a re  m ean in g fu l  in  f u l l - s c a l e  

s i t u a t io n s ,  such as t r a i n  w h ee ls , f u l l  m odelling  mustbe ach ieved . The 

s i z e ,  shape and th ic k n e s s  o f  th e  wheel a re  im portan t in  th a t  th e y  govern 

th e  main flow  p a t te rn  and th u s  th e  r e s u l t in g  h e a t t r - n s f e r  p a t t e r n .
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Re commendat ions

In  C hapter U th e  l im i ta t io n s  o f  th e  th in  f ilm  sen so r were 

d iscu ssed . I t  i s  th e re fo re  recommended th a t  th e  r e s u l t s  should  

be re p e a te d  w ith  m o d if ic a tio n s  to  th e  sen so r d esig n . Although

th e  f lu c tu a t in g  component was co n sid e red  a c c u ra te , th e  a b so lu te  

mean le v e l  o f  th e  h ea t t r a n s f e r  re q u ire d  a d ju s t in g  to  ta k e  in to  

account lo s s e s  from th e  P latinum  f ilm . The f ilm  should  be so 

a rran g ed  to  cover th e  whole o f  th e  s u b s tr a te  s u rfa c e . F u r th e r

m ore, c a l i b r a t io n  o f  th e  sen so r would remove th e  e r r o r s  and 

in a c c u ra c ie s  p re se n t in  th e  th e o r e t i c a l  e v a lu a tio n  o f  th e  h ea t 

t r a n s f e r  c o e f f i c i e n t .

In  C hapter 6 , th e  t e s t i n g  o f  a  sim ple t r a i n  wheel shape has 

proved u s e f u l .  T his work should  be ex tended to  a  more * a d u lt * 

le v e l  Tdiere th e  wheel i s  a c c u ra te ly  m odelled and th e  th e rm al 

g ra d ie n ts  p re s e n t a c ro ss  th e  d iam eter a re  in c lu d ed  in  th e  

in v e s t ig a t io n .
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Appendix 1 

T h em al Design o f  Heat Flux Sensor

T his appendix in v e s t ig a te s  th e  th e m a l  design  o f  th e  h e a t f lu x  sen so r 

in  d e t a i l  and p r e d ic ts  i t s  accuracy  in  m easuring h e a t t r a n s f e r  c o e f f ic ie n ts  

from a  r o ta t in g  d is c .

F igu re  ( A l . l )  i l l u s t r a t e s  th e  sen so r and d e sc r ib e s Ih e  re le v a n t  dimen

s io n s . From a  the rm al a sp e c t th e  sen so r i s  d iv id e d  up in to  tw elve  com

ponent r e s is ta n c e s  as i l l u s t r a t e d  by F igure  (A 1 .2 ). These r e s is ta n c e s  

a re  determ ined  from s ta n d a rd  one d im ensional s tead y  s t a t e  h e a t conduction 

and convec tion  a n a ly s is ,  where an e n g in e e r 's  o rd e r  o f  magnitude type  

a n a ly s is  i s  done. In  de term in ing  th e  co n v ec tive  r e s is ta n c e s  two extreme

c o n d itio n s  o f  o p e ra tio n  a re  u sed . The maximum and minimum h e a t t r a n s f e r
2

c o e f f i c i e n t s ,  h^ a re  tak en  as 150 and 15 W/m deg.C .

R e fe rrin g  to  F ig u res  ( A l . l )  and (A 1.2) th e  th e m a l  r e s is ta n c e  are 

de term ined  a s  fo llow s

l )  R es is tan ce  to  h ea t d is s ip a t io n  f^om th e  copper su rfa c e  A v ia  

c o n v ec tio n , R^, i s  g iven  as

„  „ 1 _ 10 X 1* .  3^0 aeg.C/W (39)
^ 15xitx(l.U 8)^

th e  b ra c k e te d  q u a n tity  r e f e r r in g  t o  th e  maximum h e a t t r a n s f e r
2c o n d itio n  h = 150 W/m deg.C .

2) R esis tan ce  to  flow  th rough  copper d is c  A outw ards r a d ia l ly  R  ̂

i s  g iven  a s

C A

3) R es is tan ce  to  flow  th rough  copper a x ia l ly  R  ̂ i s

V . „ -.00755 aeg.C/W
c A 3 8 6 x t t x ( 1 . U 8 )
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U) R esis tan ce  through Tufbol a n n u la r  r in g  Rj .̂ The s iz in g  o f  t h i s  

w asher i s  a  balance between e n su rin g  th a t  th e re  i s  sm all leakage 

th rough  i t  r a d i a l l y ,  m a in ta in in g  i t s  su rfa ce  tem p era tu re  c lo se  to  

th e  su rrounds and red u c in g  leakage from th e  su rfa ce  a re a  o f  th e  

washer*
where t  v a r ie s  between 0*5 mm a t  ra d iu s

^  * ” 2ïïk~t~ **2 1 mm a t  ra d iu s  V y  I t  i s  th e r e 

fo re  tak en  a s  a  mean o f  th e se  two v a lu e s .

3

2itxO.26xO.75 “  aeg.C/W

5) The r e s is ta n c e  to  convec tive  h ea t d is s ip a t io n  from the in s u la t io n  

su rfa c e  B , R  ̂ i s  g iven  as

K  = r V   --------------- -i - 5-  = 2850 aeg.C/W (285)
5 15x irx (1 .58^-l.li8^)

6) R es is tan ce  to  convective  h ea t d is s ip a t io n  from th e  exposed su rfa c e  o f  

th e  guard  r in g  C , R^ i s

"  -  ^ -  U x l O  -  3880 deg.C/W ( 388)
 ̂ ^c^C 15xTrx(l.68^-1 .58^)

7 ) R es is tan ce  to  r a d ia l  conduction  a lo n g  bottom  s e c tio n  o f  copper 

c y l in d e r  C i s

^  = i S T T T  = 2xx386xO.li “  ^«-C /W
C V

8) R es is tan ce  to  a x ia l  conduction  in  bottom  s e c tio n  o f  C

t  _ . __-2
T - « ^ s  0 .0482 deg.C/W^8 * kTÂ”  * --------------------2

^  V c  3 8 6 x it x 1 . 6 5 ^

9 ) R es is tan ce  to  a x ia l  conduction  up th rough  w a ll o f  guard c y lin d e r  0 

« o ' — f - 2 -------------------------------------= 1 .6 7 .
TTk^(r - r , )  386xirx(0.825-0 .7 8  )c 5 D
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10) R es is tan ce  to  r a d ia l  conduction through w a ll o f  c y l in d e r  C

l :§ 6  *  10^
\o  “  2i r k ^ J l ^  *  2 i r x 3 8 6 x l . 5  “  0 * 0 0 3 6

11) R es is tan ce  to  h e a t lo s s  Ibon th e rm is to r  D by conduction  th rough  

s ta t io n a r y  a i r  to  guard  r in g  C i s  determ ined  by c o n s id e rin g  bo th  

a x ia l  and r a d ia l  lo s s e s  a s  i l l u s t r a t e d  by F igure  (A1.3)

FT
The r e d ia l  r e s is ta n c e  "  ‘‘^^O

The a x ia l  r e s is ta n c e  R^^^ i s  g iven  by
2 2Z •  t ^  where A v a r ie s  between irr, and v r ,  

R «  0 1 o
a ^ and i s  approxim ated to  a  mean a re a .

.  .  5600
0 . 0262xsx( 0 . T25^-K). 25^ )

The t o t a l  r e s is ta n c e  R^^ i s  given a s

(  s r ^  * B - ^ )  -  2*»50 deg.C/W

12) The re s is ta n c e  to  h ea t lo s s  th rough  th e  th e rm is to r  D w ires

«12 '  '  230 deg.C/W

A b r i e f  s tu d y  o f  th e se  r e s is ta n c e s  in d ic a te s  a  number o f  p o in ts .  

F i r s t l y  th e  component r e s is ta n c e s  o f  th e  guard  r in g  C, R^, î ^ ,  R^ and R^q 

a re  such th a t  a uniform  tem p era tu re  d i s t r ib u t io n  can beecpected  th roughou t 

i t s  volume. Secondly th e  a x ia l  r e s is ta n c e  R  ̂ en su res  t h a t  no a p p re c ia b le  

tem p era tu re  g r a l ie n t  e x is t s  between th e  un d ers id e  and to p  su rfa c e  o f  copper 

d is c  A .
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System atic  E rro rs

a) Heat leakage  Aram th e  copper d isc  A th rough  th e  Tufbol w asher B 

in to  th e  neighhouring  a i r

Both A and C c o n tr ib u te  to  t h i s  convec tive  lo s s  from th e  su rface  

o f  th e  washer B , th e  guard  r in g  C c o n tr ib u tin g  more th an  h a l f  by 

v i r tu e  o f  i t s  l a r g e r  a re a  o f  c o n ta c t .  For th e  purposes o f  t h i s  a n a ly s is  

an equal sh are  i s  assumed. The su rfa ce  a re a s  o f  A and B a re  su b je c t 

t o  th e  same co n v ec tive  c o n d itio n s  and i t  i ë  assumed th a t  th e y  a re  b o th  a t  

th e  same tem p e ra tu re . The h e a t leakage  exp ressed  as a p e rcen tag e  o f  

th e  co n v ec tiv e  h ea t t r a n s f e r  trom  th e  su rfa ce  o f  d isc  A i s  th e re fo re  

g iven  a s ; -

hHeat l e a kage * x 1002Rj

This e r r o r  rem ains c o n s ta n t i r r e s p e c t iv e  o f  th e  con v ec tiv e  c o n d itio n  and 

tem p e ra tu res  p re v a i l in g .

b) Tem perature v a r ia t io n  a c ro ss  th e  copper d is c  A

The flow o f  h e a t from th e rm is to r  D th rough  th e  d isc  A v ia  r e s is ta n c e  

Rg in e v i ta b ly  causes a  tem p era tu re  g ra d ie n t between p o in ts  1 and k . I f  

t h i s  d if f e r e n c e  i s  la rg e  th e  h e a t t r a n s f e r  c o e f f i c i e n t ,  computed from 

hA(T^ -  T ^ ), where T^ i s  th e  therm ocouple tem p era tu re  a t  p o s i t io n  1 , i s  

in  e r r o r .  Furtherm ore th e  leak ag e  from th e  th e rm is to r  occurs as  a

r e s u l t  o f  i t s  h ig h e r tem p era tu re  th a n  th e  su rrounds. The w orst p o s s ib le
-  2

c o n d itio n  i s  when h i s  la r g e  ( e .g .  150 W/m deg .C ).

Assuming th e  copper d isc  can be t r e a t e d  as  a  c i r c u la r  f i n ,  w ith  th e

boundary c o n d itio n s  o f  no h e a t lo s s  th ro u g h  th e  f in  t i p ,  see F igu res
17(A l.U , A 1 .5 ), th e n  th e  tem p era tu re  d i s t r ib u t io n  i s  g iven  by
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T
I^(pR)K^(pR^) + I^ (p R ^ ^ (p R )‘

Io(pRo^Kl(P\)^Il(P«t)Kû(pRo)

where p = ^  ■ and where and a re  th e  normal B esse l fu n c tio n s
c A

o f  th e  f i r s t  and second k in d . The boundary c o n d itio n  i s  n o t s a t i s f i e d  

a s  th e r e  i s  a c e r ta in  degree o f  leakage  th rough  in to  th e  Tufhol washer B . 

An approx im ation  i s  u sed  where th e  B essel fu n c tio n s  a re  e v a lu a te d  a t  

R  ̂ “  /R^CR^ + t ^ ) . The tem p era tu re  T^ a t  th e  d isc  t i p  i s  th e n  determ ined

as
i ^ (p R ;)k, ( pr; )  + i ^ ( pr^ ) kJ pr; ) '

y p R ,) K i( p R ;)  + ii(pR pK ^(pR ^)

From F ig u re ( A l.l) t ^  = 0 .05  cm

R^ = 0 .25  cm 

R  ̂ = 0 .74  cm 

and R' = 0.764 cm

E v a lu a tin g  th e  B esse l fu n c tio n s  y ie ld s  T^ = 0.9913 T^. Thus when 

o p e ra tin g  a t  a c o n d itio n  T^ = T^ = T^ = 100 deg.C (aboveam bient) th e  

tem p era tu re  T^ i s  approx im ately  one degree h ig h e r . The e f f e c t  o f t h i s  

d isc rep an cy  i s  two f o ld .  F i r s t l y  th e  su rfa ce  tem p era tu re  v a r ie s  between 

100 and 101 deg.C and th e  e r r o r  caused  by no t u sing  th e c o r re c t  su rfa ce  

tem p e ra tu re  i s  determ ined to  be no g re a te r  th an  1J5. The value measured 

in  t h i s  in s ta n c e  i s  g r e a te r  th a n  th e  t r u e  h e a t t r a n s f e r  c o e f f ic ie n t  p re s e n t .  

The second e r r o r  i s  th e  h ea t lo s s  to  th e  guard  r in g  from th e  th e rm is to r  D 

which i s  a t  th e  h ig h e r tem p era tu re  o f  101 deg.C . The e r r o r  exp ressed  

as a p e rcen tag e  o f  th e  t o t a l  h e a t t r a n s f e r  i s  g iven  as

iCdeg.C)

( t ' t )

-1

and i s  l e s s  th a n  0 .2  p e r  c e n t ,  

t r u e  h e a t t r a n s f e r  c o e f f ic ie n t .  

1. 2%.

1 0 0 l |e £ ^ )  ^  ^0 0

The va lue  measured i s  g r e a te r  th an  th e  

The n e t t  e f f e c t  o f  th e se  two e r ro r s  i s
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c )  H eat lo s s  by r a d ia t io n

The sen so r lo s e s  h ea t by r a d ia t io n .  The e r r o r  r e s u l t in g  from 

ig n o rin g  t h i s  lo s s  i s  l a r g e s t  when low convective  c o n d itio n  and h igh  

tem p e ra tu res  p r e v a i l  (AT = 100 deg .C ).

The r a d ia t io n  exchange i s  determ ined from th e  equation^^

Q g = a A ^ n ( T j - T ^ )

where n i s  th e  Hot t e l  f a c to r  as  i s  assumed in  t h i s  in s ta n c e  equal to  th e  

e m is s iv ity  o f  th e  copper s u r fa c e , g = 0 .052  fo r  p o lish e d  copper.

The S tefan-B oltzm an c o n s ta n t a i s  5*663 x 10 ^ J/m ^s (deg .K )^.

Qg . 5.-.663xi;xl,U82xp,0?2xiq-^ [(3.93)** - (2.93)**]

= 8.34 mW.

[P o r low tem p era tu res  (AT = 20 deg.C) t h i s  h e a t lo s s  reduces s ig n i f ic a n t ly  

to  1 mW.]

E xpressed  as a  p e rcen tage  o f  th e  convec tive  h e a t t r a n s f e r  t h i s  r a d ia -
2

t io n  lo s s  i s  3.25 and 0.325 p e r c e n t fo r  h = 15 and 150 W/m deg.C r e s 

p e c t iv e ly .

Random E rro rs

I f  th e  tem p era tu res  a t  p o s i t io n s  1 ,  2 and 3 a re  no t equal th e re  i s  

a  h ea t t r a n s f e r  between th e  guard r in g  and th e  th e rm is to r  D /  copper d isc  

A th rough  th e  r e s is ta n c e s  R^^ and R^g and th e  c a lc u la te d  h e a t t r a n s 

f e r  c o e f f ic ie n t  i s  in  e r r o r .  The percen tag e  e r r o r  i s  g r e a te s t  when

m easuring low co n v ective  h e a t t r a n s f e r  c o e f f ic ie n ts  a t  sm all tem pera tu re  

d if f e r e n c e s .

For h = W/m  ̂ deg.C and AT = 20 degrees th e  convec tive  h ea t o u tp u t

I S AT
q = ^  = 51.4  mW c
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A 0 .25  degree in  balance  in  tem p era tu re  g iv es  a lo s s  o f

 0^25_______ = 5.71 mW

Expressed as a  p e rcen tag e  o f  th e  o u tp u t th e  e r r o r  i s  11 .2  p e r

c e n t .  This e r r o r  i s  reduced p ro p o r tio n a te ly  as th e  h ea t t r a n s f e r  

c o e f f ic ie n t  and tem pera tu re  g ra d ie n t in c re a s e .
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Appendix 2

Response C h a r a c te r is t ic s  o f  th e  Heat Flux Sensor

The sen so r i s  m odelled as  a  copper d isc  o f  mass m , s p e c if ic  h ea t 

Cp and fa c e  a re a  Y a s  shown in  F igu re  (A 2.1). Heat i s  a p p lie d  to  

th e  d isc  a t  a r a t e  4 and one face  lo s e s  h ea t by fo rce d  convection  

c h a ra c te r iz e d  by a  tim e dependent h e a t t r a n s f e r  c o e f f ic ie n t  h ( t )  . I t  

i s  assumed th a t  th e re  i s  no o th e r  h e a t lo s s  and th a t  th e  d i s c 's  th e rm al 

c o n d u c tiv ity  i s  i n f i n i t e .  The d isc  tem p era tu re  above am bient i s  6 . 

The governing  eq u a tio n  i s

P P

f o r  a  h e a t t r a n s f e r  v a r ia t io n  o f  th e  form A ' + B "sinw t, a s  shown in  

F ig u re  (A2.2) eq u a tio n  (A2.1) becomes

dz + (A + Bsinz)0 = K (A2.2)

A**Y B'^Y aWhere z = wt, A = ------- , B « - - —  and K = the solution i sme w me w me w
P P P

^ ^-(A z-Bcosz) ^  r  (Az-Bcosz)dz + Ce Bcosz)I
The in te g r a l  i s  e v a lu a te d  by ex p re ss in g  e a s  a  s e r ie s

(A2.3)

/ Az -B cosz, e e dz

The g e n e ra l term  i s

■  /'“(i -

i s  ( -1 )^  j

Bcosz +
2  2  Q QB cos z B cos z

2Î 3:

Az B^cos^z , e — ^ à z

dz ( A 2 . 4 )

I n te g r a t in g  by p a r ts

j e '^ co s^ zd z  = e ^  + Ncos^ ^z e ^  ~ ~  j (co s^ z -(N -l)c

(H -l)co s« s)d z



h i t )  Y 6

o  o  o -

i ^ y y  /  / /m.c.0 Fig A2-1

Fig A2-2

Wt

0  J  s en so r  output

A = B =10 
( f a s t  s en so r)

2K

norm a) s e n s o r  
ou tpu t

U )t

R g A 2 * 3  Theoretical o u tp u t ,8, of horm ol a n d  f a s t  respond ing  s e n s o r s
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. (̂ 1 + s i )  J e * *  cos“zd3 -  S s A  + H cos^'^z ^
/

e ^ c o s ^ z d z  =  --------—

/  N N-1 . 'X A( COS z . „  CCS z s in z  1 .Az
^ -------3 ^ — 7  ®

Az^ N -2^, e  CCS zd z

+ ..- « Æ - j r l - , /e*^cos“ -2zdz

-g
/■

a t H » 0  j eASdz = ^
Az

N * 1 / Aze Bcosz *

(cosz s in z  1 Az 1
®\v“  ^ 1 2 7  ^ yA A

1 +
A

and so  on f o r  N = 2 , 3 , % e tc .  

Thus eq u a tio n  3 becomes

sin2zcosz cos zs in z

e « Ke

cosz
,3 3cos z s in z  _6̂

a2 «2
B* COS z
3:

1 +

/

I4. / U » 3
B i cps^jz . Ucos z s in z  12
Uî

2 . 2 COS _z ^ s in  z

A

\

+

Ce-(Az-Bcosz) (A2.5)
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The l a s t  term  Ce Bcosz) th e  complementary fu n c tio n  and goes t o  zero

a f t e r  s tead y  s t a t e  c o n d itio n s  a re  reached .

Consider a  v a r ia t io n  in  th e  h e a t t r a n s f e r  c o e f f ic ie n t  h ( t )  = 90 +

90 s in u t .  (These v a lu es  have been chosen as th e y  re p re se n t th e  le v e l  o f  

th e  m easurem ents. Furtherm ore i t  i s  d e s ir a b le  to  in v e s t ig a te  th e  e f f e c t  

o f  zero  h ea t t r a n s f e r  a t  th e  p o s i t io n  where th e  r e l a t i v e  v e lo c i ty  i s  z e ro .)

Assuming a  ty p ic a l  speed o f  r o ta t io n  w = 63Ô r .p .m .

A"Y A'  3A  ---------  ---- 7—  where p = d e n s ity  o f  copper 895^ kg/mme Ü) pc t  w
P  P  c  .

t ^  = th ic k n e ss  o f  copper d isc  5 x 10 m

*5 8 X 10 ^

Cp = 380 J /k g  deg.C.

and s im ila r ly  B = -  = 8 x 10 ^me w

Û ^
Thus e « I  e cosz ^  _ ($ .12  x 10"^®cosz + 6.U x lO 'T s in z ) + ..............

8 = ^  , s in ce  e^*^^ cosz very  c lo se  to  u n ity  i r r e s p e c t iv e  o f

v a lu es  o f  cosz .

But t h i s  i s  j u s t  th e  value  t h a t  would be g iven  i f  th e  sen so r were 

exposed to  a c o n s ta n t h e a t t r a n s f e r  r f  A ' ,  The a n a ly s is  th e re fo re  shows 

th a t  th e  measured h e a t f lu x  o f  th e  sen so r re p re se n ts  a  s t r a ig h t  average o f  

a  s in u so id a l v a ry in g  h ea t t r a n s f e r  c o e f f ic ie n t .  I t  i s  a ls o  expected  

th a t  s im ila r  r e s u l t s  w i l l  be o b ta in e d  from o th e r  waveforms by v i r tu e  o f  

i t s  very  slow re sp o n se .

The above s ta tem en ts  do not app ly  i f  th e  th ic k n e ss  o f  th e  d is c  i s  

g r e a t ly  reduced (= x  1000) so th a t  A = B = 1 . The fu n c tio n  6 i s  th en

r  2 ” 3 2 .„  cosz ! . 1 / , 1 cos z+sin2z) 1 1 cos z+cos z s in z  .
® °  + 2 ÿ ' * 5 -  6 " 1 6    *

,3 , . . 1 . 1  f ( e o s  z+U cos^zsinz) . cos^z+2ooszsinz) . 2k 1 .
J^(ç08Z 6znz)J ♦ 2ir r  ÎT  + Î7 ----------5-------------  i T T ?  j  + " "
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and th e  r e s u l t in g  p r o f i l e  i s  shown in  F igure  (A2.3) ,

I t  i s  a p p re c ia te d  t h a t  th e  f i n a l  o u tp u t i s  su b je c t t o  th e  c h a r a c te r i s 

t i c s  o f  th e  m easuring d ev ice . I f  th e  dev ice  i s  to o  slow t o  respond to  

th e se  tem p era tu re  changes th en  th e  mean tem p era tu re  reco rded  6^ w i l l  not 

correspond  to  th e  mean h e a t t r a n s f e r  c o e f f ic ie n t  as de term ined  by a slow 

responding  sen so r.
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Appendix 3 

R esu lts

T able 1 . R o ta tin g  Disc in  S t i l l  A ir

Table 2 . R o ta tin g  Disc in  Matched T ransverse  A ir Stream

NB. These ta b le s  a re  r e p re s e n ta t iv e  o f  a l l  th e  h e a t t r a n s f e r  

c o e f f i c i e n t  measurements made w ith  th e  h e a t f lu x  sen so r.

They i l l u s t r a t e  th e  ranges and behav iours o f  a l l  th e  v a ria b le^  

in v o lv ed . For t h i s  reason  a l l  th e  o th e r  r e s u l t s  have not been 

ta b u la te d  a s  th e y  c o n tr ib u te  no more th an  i s  a lre a d y  a v a ila b le  

in  th e  g rap h s.



T ab le  1

R o ta tin g  D isc in  S t i l l  A ir

T6

I N

rpm
R
m

V
v o lt s

I
mA ' J

%
W/m deg.C

Nu
.... . -ü  "

Re X 10

296 0.085 2 .15 68 .0 73.2 1 6 .0 14 .5 45 .0 1 .3 0  X 10^
If 2 .25 54.5 53.0 1 6 .0 14.8 46.7 1 .37

0.112 2.15 61.5 67 .0 1 7 .0 14.95 61 .0 2 .3 0
ti 2 .20 46 .5 57.0 17 .5 14.7 60 .6 2 .36

0 .1 3 2 .15 65 .0 70 .0 16.0 14 .7 68 .0 3.14

0 .159 2 .20 38.0 50.3 17.8 14 .6 86.2 4 .88
II 2 .15 54.5 61 .5 18 .0 15.2 88.5 4 .68

0.18 2 .20 54.7 57.0 16 .0 14.8 94 .6 6 .02
0.212 2 .25 44.5 56.0 1 8 .0 14.55 113.5 8 .65

2 .1 0 62 .0 67 .0 1 8 .5 15 .2 117.0 8 .3 6

0.225 2 .15 61 .6 6 8 .0 1 8 .0 1 5 .0 124.0 9.15

U36 0.085 2.15 58.0 63.0 20 .0 16 .5 51.0 1 .94
II 2 .15 67 .0 68.0 2 0 .0 1 7 .0 52.4 1 .92

0.112 2 ,35 48 .0 57.0 19 .0 16.8 70 .0 3.42
II 2 .20 66.0 67.5 1 9 .5 17.15 69.6 3.34

0 .13 2 .15 69 .0 69.0 19 .0 16.85 78 .0 4 .6 3
0.159 2.25 64.0 65.8 1 8 .0 17 .0 08.5 6 .80

II 2 .10 83 .5 76 .0 1 8 .0 17.05 97 .0 6 .60

0.18 2 .15 69.6 68 18 .0 17 .0 109 8 .9
0.212 2 .1 0 78 .0 73 .8 1 8 .0 1 6 .6 127.0 11.95

II 2 .0 0 96.0 8 3 .0 1 8 .0 16 .8 127.0 11.45
0.225 2.25 60 .0 63.2 18 .2 1 7 .0  ;136.0 13.9

530 0.085 2 .40 28 .5 38.3 18.2 18 .9 61.2 2 .62
II 2 .45 61.6 64 .3 18.5 18.7 58 .0 2 .42

0.112 2 .35 32.3 42.5 19 .5 1 8 .7 80 .0 4 .5 0
II 2 .45 48 .0 54.5 19.5 18.9 78 .1 4 .26

0 .13 2 .40 48 .6 56.0 19 .0 18 .9 91.5 5.62

0,159 2.45 67.0 66.9 19 .0 19.2 112.5 8 .4 0
II 2 .40 30.0 4 0 .0 19 .0 19.2 115.0 8 .9 0

0.18 2 .4 45 .0 51.0 19 0 19 .2 123.0 10.8
0 .212 2.48 41.5 49.5 19.2 19 .2 149.0 15.2

II 2 .48 61 .0 63 .5 19 .5 19.4 148.0 14 .6
0.225 2.45 55.6 59.0 19 .0 19.4 163.0 16 .9



T ab le  1 c o n tin u e d
77

W

rpm

R

m

V

v o lts

I

mA %
T .
°C

2«
W/m deg.C

Nu
---------- „
Re X 10

630 0 .0 8 5 2 .40 59.0 62 .0 24.8 21 .0 65.0 2.76

0 .112 2 .4 62.2 62 .0 22 21.2 8 8 .0 5 .0

0.13 2 .2 82 .0 72 .2 22.2 21.4 104.0 6.69

0 .159 2.25 7 7 .0 70 .0 25 .0 21.8 124 9.45

0.18 2 .4 62 .0 63.0 23 .0 21 .0 l 4 l 12 .8
II 2 .4 64 .5 63.0 2 2 .0 21.4 143 12.8

0.212 2 .3 76.5 68 22.2 21.8 171 17.8

0.225 2 .4 65.4 61 .0 24 .0 24 .0 200 20 .0

780 0.225 7 .4 29.3 49 .0 1 9 .6 42.0 350 24 .9
0 .212 7 .0 27 .4 51.0 20 .8 36.0 293 22 .1

0 .18 6 .0 2 5 .6 54.0 19.25 25 .0 167 15 .9
0.159 6 .0 2 5 .5 54.0 1 9 .0 24.5 143.5 12.45

0 .13 5.95 27.4 57.6 19 .9 24 .6 118.5 8 .3
0.112 5.85 25 .0 53.3 19 .1 24.2 100 6.16

0.085 5.85 23.4 51.4 19.1 24 .0 75 .5 3.56

910 0.225 9 .5 28.4 43 .0 16 .7 58.0 485 29.1
0.212 8 .4 34 .0 49 .0 17.8 52.0 408 25.8
0 .18 6 .9 2 5 .0 47 .0 17 .1 30.0 200 18 .6

0.159 6 .45 23 .0 51.4 19.2 26.2 154 14 .6

0.13 6 .5 23 .6 50.3 17 .2 26.2 120 9 .7
0.112 6.35 24.8 54.9 19 .3 25.7 104 7 .2

0.085 6 .35 25.5 54.5 19 .3 26 .0 84 4.15

1120 0.225 9 .5 39.6 50.5 20 .6 71 .0 590 35.4
0.212 9.45 39 .7 51.0 20 .6 69 .3 545 31.8

0.18 7 .4 25.5 48.0 19.4 37.0 290 22.8

0.159 6 .4 26.4 51.0 19 .6 30.6 180 18 .0

0 .13 6.35 23 .6 50.2 19 .5 27 .6 133 11 .9
0.112 6.35 23.4 48.8 19 .5 28 .6 119 8.85
0.085 6.35 24.7 50.5 19 .7 28.6 90 5.1

1200 0.225 9 .7 42 .0 51.0 20 .6 75 .0 622 37.1
0.212 9 .65 39.1 50.0 20 .8 73 .1 574 34.1
0,18 8 .2 32.4 52.3 2 1 .0 4 8 .0 320 24.5

0.159 7.65 22.2 41 .0 15.4 37.4 220 19 .3

0.13 6.5 26.2 52.0 2 1 .0 31.2 150 12.75
0.112 6 .3 25.2 50.2 20.8 30 .0 124 9 .5
0.085 6 .3 26 .0 52.0 2 1 .0 30.0 92 5.46



T ab le  1 c o n tin u e d
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N
rpm

R
m

V
v o lt s

I
mA %

T»
°C

2«
W/m deg.C

Nu
-4Re X 10

1650 0.225 11.25 53.0 51.2 17.2 99.5 826 52.0
0.212 10.7 46.2 50.0 20.8 96.0 755 47.0
0.18 10.7 47.4 50.5 17.5 85.0 565 33.6

0.159 10*05 42.5 48.9 15.4 73.0 430 26.5
0.13 7.75 30.0 48.0 15.4 40.5 170 17.5
0.112 7.4 26.8 47.5 15.4 34.8 144 13.0
0.085 7.3 27.2 49.5 15.5 33.0 105 7.5



T able 2

R o ta tin g  d is c  i n  m atched t r a n s v e r s e  a i r  s tre a m

79

N

rpm
U ' 

m/s

R

m

V

v o lts
I

amps %

T00
°C

h

W/m^°C

Nu Re X

io "4
1120 29.5 0.065 13.0 57.7 49 .2 20.8 150.0

0.112 12 .5 59.7 51.0 23.2 152.0

0.13 11.55 50.2 4 6 .0 2 4 .5 153.0
0.159 11.8 50.8 48 .2 2 6 .9 159.0
0 .18 11.45 63*6 51.0 2 3 .9 153 .0
0.212 11.6 61.5 53.0 25 .1 145.0

0.225 11.0 58.5 50.1 22.1 131.0

910 24 0.085 12.5 54.5 49.4 19.4 128.5
0.112 12.3 59.4 52.1 20 .5 132.0
0 .13  , 11.25 45 .1 45 .1 23 .3 132.5
0.159 11.4 54.6 51.2 25 .2 136.0
0 .18 10.55 62.3 53.1 23,8 127.5
0.212 11.05 57.2 53.9 2 3 .9 120.0

0.225 10,85 51.2 48 .8 20 .2 110.0

780 20 .6 0.085 12.2 50.2 4 9 .0 1 8 .0 112.0
0.112 1 1 .9 58.7 53.8 1 9 .0 114.0

0 .13 10.85 46.2 4 7 .3 22 .8 116.0

0.159 1 1 .0 52.8 52.5 24 .7 118 .0
0 .18 10 .3 57.5 >3 .0 23 .2 113,0

0.212 10 .6 55.7 55.0 22 .8 104.0
0.225 10.55 48.4 49 .0 19.4 98.0

630 16.7 0.085 5.4 126.0 58.0 19 .0 99,0

5 .5 66 .0 40 .0 19 .0 98.0 315 2 .99
0.112 5.5 122.0 56.0 1 9 .1 103.2 429 4 .9 6

5.6 88 .0 4 6 .0 19 .4 105.0 443 5.10

0.13 5 .6 105.0 49 .5 1 8 .0 106.0 516 6.83
5.75 7 7 .0 41 .8 1 8 .0 105.0 520 6 .99

11.45 57.1 53.6 18 .3 105.0 506 6.75
0 .159 5.35 122.0 55.1 2 1 .0 108.0 638 10.05

5.55 113.0 52.5 19 .6 108.0 639 10.12

0.181 5.45 130 .0 57.5 1 8 .0 102.5 680 12.94
5.60 88 .0 45.8 18 .5 102.2 694 13.4

11.00 60.8 56.2 1 9 .0 102.0 685 12.95
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N

rpm

U

m/s

R

m

V

v o lts

I

amps
?1
°C

T.

°C

h

W/m̂ Oc

Nu Re X 

10^
630 16 .7 0 .212 5.05 138.0 61.2 19.8 95.5 746 17 .5

5.40 8 8 .0 47 .3 20 .0 98.0 777 18.25
0.225 5.15 124.0 58.5 18.9 92.0 764 20 .0

5.35 89.5 48 .2 19.0 93.4 786 20 .6
530 14.5 0.085 10.5 59.7 57.8 17.1 8 8 .5 279 2 .4 0

11 .0 40.3 4 5 .5 17.9 88 .3 282 2.48

0.112 11 .0 59.0 56.5 17.0 95.6 398 4.18

11 .9 38 .0 43.2 17.0 98.0 4l 6 4.35

0 .13 10.4 61.7 57.1 19.5 97.0 467 5.60

10.95 44.9 4 8 .0 20.0 99.0 481 5.75

0.159 10.55 64 .9 58.5 19.2 98.0 575 8 .4 0

11.25 41 .0 45 .5 19.8 100.0 594 8 .70
0.181 9.95 63.8 58.6 19.0 90.4 603 10.82

10.5 42.9 47 .0 19.2 91.5 620 11.20
0.212 9.55 65.3 61.6 20 .1 85 .0 664 14.72

10.05 47.5 52.0 20.5 8 6 .0 680 15.10

0.225 9.42 65.5 63.5 1810 77.0 638 16.6
10.00 48.7 52.9 18.2 79.5 674 17 .1
10.25 40 .0 46 .8 18.0 80.7 682 17.35

436 11.1 0.085 9.00 57.8 60.8 21 .8 75 .5 236 1.95
9.20 43.0 51.2 22 .0 77.0 253 2 .0 0

0.112 9.20 66 .0 63.9 22 .0 82 .0 337 2.98
9.50 50.0 54.6 22 .6 84 .0 348 3.06

0.159 9.15 70.7 64.9 21 .9 85.2 496 6.76

9.75 48 .5 53.0 22 .0 86.5 510 7.00

0.181 8.85 70 .3 65.1 19 .0 76 .4 504 8.75
9.6 47.5 52.8 19 .0 76.4 515 9.05
9.95 36 .6 45.2 19.1 7 9 .0 538 9.28

0.13 9.5 59.6 58.3 20 .9 86 .0 413 4.58
10 .00 43.2 49.0 21 .0 87 .5 425 4 .70

10.5 48.9 52.0 17.4 84 .0 406 4.58

0.212 8.95 58.4 61.3 21 .0 73.5 574 1 2 . 1 .

9.35 42 .1 51.8 21.2 7 3 .0 576 12 . 4/

0.225 8 .55 67.5 65.9 19.6 70.5 581 13.-5
9.00 46 .5 54.9 19 .9 68 .0 568 13 .9
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N

rpm
U

m/s

R

m

V

v o lts

I

amps °C

h

W/m^°C

Nu Re X 

10^

296 7 .8 0.085 8 .0 0 63.5 72.0 17.8 52.5 162 1.28

8 .35 40 .3 54.0 17 .9 52.8 168 1 .3 5
0.112 8.42 63 .0 67.8 18 .0 60 .5 247 2 .26

8 .55 51.7 60.3 18 .3 60.0 249 2 .3 0

9.10 38.4 51.3 18 .7 60.8 254 2 .36

0.13 8 .6 4 9 .6 59.9 21 .0 62.5 300 3.10

9.05 3 6 .9 51.0 21 .0 63 .0 306 3.18

0.159 8.55 56.8 64 .0 1 9 .0 61.3 358 4 .63
9.00 40 .8 53.3 19 .3 61.4 362 4 .7 6

0.181 8 .05 57.9 66.4 2 0 .6 57.8 381 5.92

8 .55 39 .1 53.7 20 .9 57.6 386 6.14

0.212 7 .95 50.8 63.6 19 .3 51.6 402 8 .18

8.50 35 .9 52.7 19.3 52.4 4 l4 8 .44

0.225 7 .6 46 .3 62.8 20 .0 46 .5 384 9.24

8 .0 0 36.2 54.1 20 .1 48.0 4o4 9.46
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APPENDIX

T able I .  ISOTHERMAL SERIES WALL VALUES

®o (° ) 01 (o) @2 (o)

0 .0 1 -0 .0 0 9 7 5 -0 .0 0 4 7 2 0 6 9 0.0297832

0 .1 -0 .0 8 0 1 9 0 -0 .0 4 9 0 6 6 5 0 .163431

0 .7 3 -0 .2 8 8 0 0 0 -0 .2 9 5 5 9 1 0 .833845

1 .0 -0 .3 3 3 3 0 0 -0 .3 6 7 7 2 7 1 .02546

1 0 .0 -0 .7 8 8 6 0 -1 .2 9 4 0 5 3.48927

5 0 .0 -1 .3 6 9 0 0 -2 .6 5 2 6 5 7 .22528

1 0 0 .0 -1 .7 2 8 0 0 -3 .5 2 2 8 6 9 .66430

1 0 0 0 .0 -3 .7 1 7 0 0 -8 .2 5 7 1 5 23 .5268

T able I I . WALL VALUES FOR CONSTANT SURFACE HEAT
FLUX SERIES

Pr Bq (o) 01 (o) 02 (o)

0 .0 1 31 .8081 -4 .4 8 6 2 7 17 .0 2 1 0

0 .1 5 .67717 -1 .5 7 8 0 8 4 .82134

0 .7 3 2 .04932 -1 .2 5 4 9 1 4 .05757

1 .0 1 .81485 -1 .2 0 1 3 9 3 .93128

1 0 .0 0 .811090 -0 .7 8 2 0 4 2 2 .8 0471

5 0 .0 0.472765 -0 .5 2 5 8 6 6 1 .99075

1 0 0 .0 0.375147 -0 .4 3 5 0 9 5 1 .67857

10 0 0 .0 0.174379 -0 .2 1 4 4 1 5 0 .861139
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y  CONVECTIVE HEAT TRANSFER FROM A ROTATING DISC IN A TRANSVERSE AIR STREAM

G. L . Booth and A. P . C. De Vere 
U n iv e r s ity  o f  L e ic e s t e r ,  E n^ and

A b stra ct

R a d ia l v a r ia t io n  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  r ep o rted  f o r  a d is c  r o t a t in g  a t  sp eed s ip  t o  16^0 r .p .m .  
i n  s t i l l  a ir  and i n  tr a n s v e r s e  a i r  stream s o f  sp eed s up t o  33 m /s . A se n so r  fo r  l o c a l  h ea t t r a n s f e r  
c o e f f i c i e n t ,  w ith  th e r m is to r s  as h e a tin g  e le m en ts , i s  d e sc r ib e d . The s i z e  o f  th e  c o e f f i c i e n t  i s  governed  
by th e  main a ir  stream , th e  r o ta t in g  boundary la y e r  on th e  d i s c  g iv in g  sm a ll p e r tu r b a t io n s .  Experim ents 
w ith  d i s c s  o f  d i f f e r e n t  a sp e c t  r a t io s  (s im u la te d  b y  th e  t e s t  d is c  p ro tru d in g  from  a shroud) show th e  ra d 
i a l  v a r ia t io n s  can b e  e x p la in e d  in  term s o f  f lo w  se p a r a t io n  a t  th e  d i s c  le a d in g  edge fo llo w e d  by  r e a t ta c h 
ment t o  th e  f a c e .  At la r g e  a sp e c t  r a t io  th e  h ea t t r a n s f e r  c o e f f i c i e n t  in c r e a s e s  w ith  ra d iu s bu t a t  
sm a lle r  a sp e c t  r a t io  i t  p a s se s  through a maximum.

NOMENCLATURE

h
k
N
R
t
U
V
Re
Nu

l o c a l  h eat t r a n s f e r  c o e f f i c i e n t ,  W/m deg.C ,
therm al c o n d u c t iv i t y ,  W/m d eg .C .
d is c  r o t a t io n a l  sp ee d , r .p .m .
r a d ia l  p o s i t io n  on d i s c ,  cm.
shroud s e t  back , cm.
tr a n sv e r s e  a i r  stream  v e lo c i t y ,  m /s.
k in em atic  v i s c o s i t y ,  m ^ /s. g
r o t a t io n a l  R eynolds Number, NR / v .
N u sse lt  Number, hR /k .

1 . INTRODUCTION

T his work a r o se  from an i n t e r e s t  in  th e  tem perature  
d is t r ib u t io n  and th e  consequ en t s t r e s s  d i s t r ib u t io n  
in  t r a in  w h ee ls  r e s u l t in g  from  a co n tin u ed  brak in g  
c o n d it io n . To c a lc u la t e  su ch  a tem perature d i s 
t r ib u t io n  f o r  a new prop osed  w heel shape a knowled
ge o f  th e  su r fa c e  h ea t t r a n s f e r  c o e f f i c i e n t  i s  n e c 
e s s a r y .  The geom etry under in v e s t ig a t io n ,  a  p la n e  
r o t a t in g  d is c  i n  a f r e e  a ir  j e t ,  i s  id e a l i s e d  from  
th e  t r a in  s i t u a t i o n .  There th e  w h eel shape i s  n o t  
a p la n e  d is c  and th e  su rrounding su sp en sio n  g e a r ,  
th e  tr a c k  and th e  ground c a u se s  c o n s id e r a b le  sh rou
d in g  around th e  w h ee l. N e v e r th e le s s  th e  p r e se n t  
i d e a l i s e d  geom etry i s  an o b v iou s s t a r t in g  p o in t  
from  vrtiich t o  b u i ld  e x p e r ie n c e  i n  t h i s  f i e l d .

Measurements o f  h ea t t r a n s f e r  from a r o ta t in g  d is c  
in  s t i l l  a ir  and i n  an a i r  stream  norm al to  th e  
d is c  su r fa c e  have been  r e p o r te d . However l i t t l e  
work seems t o  have been  done m easuring h eat t r a n s 
f e r  c o e f f i c i e n t s  fo r  a r o t a t in g  d is c  in  an a ir  
stream  p a r a l l e l  t o  t h e  d i s c  su r fa c e  (h e r e in  r e f e r r 
ed t o  as tr a n s v e r s e  a ir  f l o w ) .

For a d is c  r o t a t in g  i n  s t i l l  a i r ,  th e  ta n g e n t ia l  
f r i c t i o n  drag a t  th e  su r fa c e  iiq >arts a c ircu m fer
e n t i a l  v e l o c i t y  t o  th e  a i r  and , due t o  c e n t r i f u g a l  
f o r c e s ,  an outward r a d ia l  f lo w  o c c u r s . At h ig h  
d is c  sp eed s th e r e  i s  a  t r a n s i t i o n  i n  t h e  r e s u lta n t  
s p ir a l  f lo w  from  lam in ar t o  tu r b u le n t .  For th e  
lam in ar  c a se  a n a ly t ic  s o lu t io n s  have b een  p ro d tced  
and w ith  s u it a b le  assum p tion s p r e d ic t io n s  have been  
made fo r  th e  f u l l y  tu r b u le n t  c a s e .  Comprehensive 
su rv ey s o f  work in  t h i s  f i e l d  have been  p u b lish e d  
by Dorfman 11 f and K re ith  12 | .

In  th e  c a se  o f  a  r o t a t in g  d i s c  i n  a  tr a n sv e r s e  a i r  
f lo w , th e  f lo w  p a t te r n  i s  o f  a  com plex th r e e  dim
e n s io n a l n a tu re  g iv in g  l i t t l e  hope f o r  an a n a ly t ic  
s o lu t io n  a t  p r e s e n t .  Thus t h e  em phasis in  t h i s  
work i s  ex p e r im en ta l.

The paper repoz*ts m easurem ents o f  h e a t  t r a n s f e r

from  a h e a te d  iso th e r m a l d i s c  r o t a t in g  i n  s t i l l  a i r  
and i n  a  tr a n s v e r s e  a i r  f lo w . To en a b le  l o c a l  
h e a t  t r a n s fe r  c o e f f i c i e n t s  t o  be m easured a smal l  
h e a t  f lu x  s e n s o r  has been  u sed  i n  w hich a th e r m is
t o r  p r o v id e s  a l o c a l i s e d  en erg y  so u r c e . M easure
m ents on th e  d i s c  r o ta t in g  i n  s t i l l  a i r  have b een  
u sed  t o  prove t h e  se n s o r , com parison o f  th e  r e s u l t s  
b e in g  made w ith  p u b lish e d  d a ta .

For th e  d is c  r o t a t in g  i n  a tr a n sv e r s e  a i r  flo w  
m easurem ents have been  ta k e n  o ver  a range o f  a i r  
j e t  sp e e d s . Speeds b o th  below  and above th e  d i s c  
p e r ip h e r a l  sp eed  have been  in v e s t ig a t e d  and p a r t i 
c u la r  a t t e n t io n  p a id  t o  th e  c o n d it io n  where a i r  
sp eed  and d is c  p e r ip h e r a l  sp eed  are m atched.

I n  rea ch in g  an un derstan d in g  o f  th e  m easurem ents 
fu r th e r  t e s t s  on th e  d is c  s ta t io n a r y  i n  the t r a n s 
v e r s e  a i r  stream  to g e th e r  w ith  f lo w  v i s u a l i s a t i o n  
u s in g  smoke have been  u s e f u l .  A l l  th e  r e s u l t s  
su g g e s t  th a t  th e  h e a t  t r a n s f e r  p r o c e s s  i s  dom inated  
b y  th e  main a ir  f lo w , th e  secon d ary  f lo w  cau sed  b y  
th e  d i s c  r o t a t io n  havin g  a m inor e f f e c t .  In  p a r
t i c u l a r  f lo w  se p a r a t io n  a t th e  d is c  le a d in g  edge  
fo l lo w e d  b y  rea ttach m en t t o  th e  d is c  fa c e  i s  iiqpor- 
t a n t .  The e x te n t  o f  th e  s e p a r a t io n , rea ttach m en t  
zone i s  determ ined  b y  th e  a sp e c t  r a t io  o f  th e  d is c  
( d i s c  r a d iu s /d is c  t h ic k n e s s ) .  So fu r th e r  m easure
m ents have been made f o r  a range o f  d is c  a sp e c t  
r a t i o s .  These have been s im u la te d  u s in g  a s in g le  
d is c  b y  r o ta t in g  th e  d i s c  w ith in  a sh rou d . By 
a llo w in g  th e  d is c  t o  p rotru d e from th e  shroud in t o  
th e  tr a n sv e r s e  a i r  stream  any d e s ir e d  a sp e c t  r a t io  
i s  s e t  vp.

2 .  EXPERIMENTAL ARRANGEMENT

The apparatus used  c o n s i s t s  o f  a h ea ted  com posite  
d is c  c a r r ie d  overhung a t  one end o f  a  s h a f t  mounted 
i n  s e l f  a l ig n in g  b a l l  b e a r in g s .  Lead w ir e s  from  
h e a t e r s ,  therm ocoup les and a h e a t t r a n s fe r  se n so r  
mounted i n  th e  aluminium d is c  are  brought out 
through s l i p  r in g s  mounted on th e  s h a f t .  The 
s h a f t  can be b e l t  d r iv en  from an e l e c t r i c  m otor a t  
a number o f  sp eed s up t o  16$0 r .p .m .

The s tr u c tu r e  i s  p la c e d  w ith  th e  d i s c  c e n tr a l  i n  
th e  neck  o f  an open j e t  wind tu n n e l ,  w ith  th e  d is c  
fa c e  a l ig n e d  w ith  th e  d ir e c t io n  o f  f lo w  o f  th e  a i r  
j e t .  To a v o id  any v ib r a t io n s  w hich co u ld  a f f e c t  
th e  lam in ar  -  tu r b u le n t  t r a n s i t i o n  in  th e  boundary  
la y e r s  form ed on th e  d i s c  th e  system  i s  m echanic
a l l y  b a la n ced .
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2 .1 .  The d i s c .

The d i s c  i s  a  com posite  s t r u c t u r e .  Two aluminium  
p l a t e s ,  ^Ocm d iam eter and 1 .2^cm t h ic k  sandw ich  
e l e c t r i c  h e a te r s  lo c a t e d  i n  f i v e  annular g r o o v e s .  
T h is m eta l p a ir  i s  made m assive  t o  even  out th e  en
e r g y  d i s t r ib u t io n  from  th e  h e a te r s  and en su re  a u n i
form  s u r fa c e  te m p er a tu r e . The back fa c e  i s  c o v er 
ed  by  an a s b e s to s  board t o  reduce h e a t  l o s s  from  
t h a t  s u r f a c e ,  fo l lo w e d  b y  a  wooden backin g  b oard .
The c o i ç o s i t e ,  5cm t h i c k ,  i s  clam ped to g e th e r  b y  
tw e lv e  b o l t s .

The fr o n t  s u r fa c e  te n ^ e ra tu re  i s  m easured by  se v e n  
therm ocoup les distzrL buted a c ro ss  a  d ia m eter . The 
therm ocou p les a re  pushed  in t o  b l in d  h o le s  w ith  th e  
ju n c t io n  lo c a t e d  j u s t  b e low  th e  m eta l su r fa c e  and 
p r e s s e d  hard a g a in s t  t h e  bottom  o f  t h e  h o le .  In  
p r a c t ic e  th e  com posite  d e sc r ib e d  g iv e s  a  un iform  
s u r fa c e  tem p era tu re . Therm ocouples lo c a te d  near  
th e  edge and near th e  c e n tr e  o f  th e  d is c  show th e  
l a r g e s t  v a r ia t io n s  from  th e  mean o f  a l l  th e  su r fa c e  
tem p eratu re  v a lu e s .  A t m ost t h i s  v a r ia t io n  i s  
fo u r  p e r  c e n t  o f  th e  tem p erature d i f f e r e n c e  betw een  
th e  d i s c  f a c e  and th e  am bient a i r .

The com p o site  d i s c  c a r r ie s  h o le s  t o  a llo w  m ounting  
o f  a  h e a t  f l u x  se n so r  i n  any one o f  sev en  r a d ia l  
p o s i t i o n s ,  w ith  th e  s e n s o r  f a c e  f l u s h  w ith  th e  
fr o n t  f a c e  o f  th e  alum inium . The h o le s  n o t i n  u se  
a re  f i l l e d  w ith  dummy aluminium p lu g s .

2 . 2 .  The h e a t  f lu x  s e n s o r .

The h ea t f l u x  s e n s o r , shown i n  F ig u re  1 ,  i s  a  sm a ll  
h e a te d  d i s c  surrounded b y  a  guard r in g  t o  en su re  
t h a t  a U  th e  m easured en erg y  in p u t t o  t h i s  d is c  
p a s s e s  th rou gh  th e  f r o n t  f a c e  in t o  th e  n e igh b ou rin g  
a i r .

J Thermocouple
05

Scale = cms

F ig . 1 .  HEAT FLUX SENSOR.

A t h in  copper d i s c .  A , i s  mounted on a T ufnol wash
e r ,  B , lA ic h  i s  s e a te d  flttflh  a c r o s s  th e  mouth o f  a 
h o llo w  c y l in d e r ,  C. Sm all h e a t in g  e le m en ts , D ,E , 
a re  a t ta c h e d  t o  th e  u n d e rs id es  o f  A,C r e s p e c t iv e ly .  
D isc  th e r m is to r s  have proved  i d e a l  f o r  t h i s  pur
p o s e .  They g iv e  uniform  en erg y  g e n e r a tio n  through
ou t t h e i r  volume and a v o id  w ind ing sm a ll h e a t in g  
c o i l s .  Three therm ocoT ^les are  a tta ch ed  a t  th e

p o s i t io n s  shown. They are u sed  t o  in d ic a t e  eq u a l
i t y  o f  tem p erature betw een th e  guard r in g ,  C, and  
th e  fr o n t  d i s c ,  A. The s i z in g  o f  th e  T ufnol wash
e r  B i s  a  compromise betw een  m ech anica l s tr e n g th  
and m in im isin g  h e a t l o s s  from  th e  d i s c .  A, through  
th e  T ufnol t o  th e  a ir  and surrounding m e ta l. In  
measurement o f  h e a t  t r a n s f e r  c o e f f i c i e n t  th e  c y l i n 
d r i c a l  guard r in g  a n d  th e  f r o n t  d isc  are brought to  
th e  same tem p erature a s th e  fr o n t  f a c e  o f  th e  h e a t
ed  aluminium d i s c .

T h is  h eat f lu x  se n so r  a llo w s  a d e term in a tio n  o f  
l o c a l  h ea t t r a n s f e r  c o e f f i c i e n t  when th e  main d is c  
i s  sta tio n su ry . When th e  d is c  i s  r o ta t in g  th e  tim e  
r esp o n se  i s  to o  slow  f o r  v a r ia t io n s  i n  h eat t r a n s 
f e r  c o e f f i c i e n t  a long  th e  c ir c u la r  p a th s  tr a v e r se d  
t o  be fo l lo w e d . An a v erage  v a lu e  i s  o b ta in e d . In  
th e  c o n te x t  o f  th e  t r a in  w h ee l t h i s  i s  a p p ro p ria te  
f o r  a  m assive  t r a in  w h eel can  be regarded  as a de
v i c e  w ith  a v e r y  lo n g  tim e  c o n s ta n t .

2 . 3 .  The w ind t u n n e l .

The open j e t  w ind tu n n e l g iv e s  a c ir c u la r  j e t  o f  
6l cm d iam eter  w ith  a i r  sp eed  v a r ia b le  up to  33m /s. 
P i t o t - s t a t i c  t r a v e r s e s  a t  th e  tu n n e l mouth a c ro ss  
b o th  h o r iz o n ta l  and v e r t i c a l  d iam eters show th e  j e t  
t o  have a square p r o f i l e .  With th e  d is c  s h a f t  
ce n te r e d  on th e  tu n n e l a x i s ,  th e  maximum v a r ia t io n  
i n  a ir  v e lo c i t y  from th e  mean v e lo c i t y  over th e  
d is c  d iam eter i s  fo u r  p e r  c e n t .  F u rth er  p i t o t -  
s t a t i c  t r a v e r s e s  around th e  d is c  con firm  th a t  th e  
d is c  can b e  c o n sid e r ed  t o  b e  i n  a un iform  a ir  
strea m .

3 . EXPERIMENTAL RESULTS.

3 .1 .  Iso th erm a l d is c  r o t a t in g  i n  s t i l l  a i r .

T hese t e s t s  o ver  a range o f  d is c  sp eed s were c a r r 
i e d  ou t t o  p r o v id e  a check  on th e  e f f i c i e n c y  o f  th e  
h e a t  f lu x  s e n so r  i n  m easuring h ea t t r a n s f e r  c o e f f 
i c i e n t s  by  making com parisons w ith  p u b lish e d  d a ta .  
The d is c  s u r fa c e  tem p erature was v a r ie d  betw een 20  
and 60  deg . C. above am bient w ith  no e f f e c t  on th e  
m easured h e a t t r a n s f e r  c o e f f i c i e n t .  The r e s u l t s  
a r e  p lo t t e d  i n  non d im en sio n a l form i n  F igu re  2 ,  
p h y s ic a l  p r o p e r t ie s  b e in g  e v a lu a ted  a t  f i lm  tem per
a tu r e .
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F i g . 2 . ROTATING DISC IN STILL AIR-DIMENSIONLESS PLOT.
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The ex p erim en ta l d a ta  o f  Cobb and Saunders j3j  f o r  
lam in ar  f lo w  i s  c o r r e la te d  b y  th e  e x p r e s s io n

Nu -  0 .36  Re°*^ (1 )

and th a t  o f  G o ld s te in  |U | by

Nu -  0.38  R e°'^  (2 )

Dorfman s u g g e s ts  th a t  r e s u l t s  i n  th e  tu r b u le n t  
r e g io n  can b e  c o r r e la te d  by

Nu -  O.OI9U R e°‘® (3 )

fo r  a P ra n d tl Number o f  0 .7 .

These c o r r e la t io n s  are shown b y  th e  s o l i d  l i n e s  in  
F igu re  2 .

The p r e se n t  work shows good agreem ent w ith  th a t  o f  
G o ld s te in  a lth o u g h  i t  i s  a few  p er  cen t h ig h er  th an  
th a t  o f  Cobb and Saunders. In  th e  tu r b u le n t  r e g 
io n  th e  m easured v a lu e s  are some te n  p er  c e n t  h ig h 
er  th an  th e  p r e d ic t io n s  o f  Dorfinan. In  v iew  o f  
th e  assum ptions in h er en t i n  t h i s  p r e d ic t io n  th e  ag
reem ent i s  c o n s id e r e d  t o  b e  r e a so n a b le . On th e  
ev id en ce  o f  th e  in fo r m a tio n  p r e se n te d  i n  F igu re  2 
th e  h ea t f lu x  se n so r  i s  regard ed  as a v ia b le  i n s t r 
ument.

For a saiqple o f  sp eed s from th e  whole ran ge  o f  
m easurem ents F igu re  3 shows how th e  l o c a l  h ea t t r a n 
s f e r  c o e f f i c i e n t  v a r ie s  a lon g  a r a d iu s .  In  th e  
lam inar r e g io n  (2 9 6 , 530 r .p .m .)  th e  h e a t t r a n s f e r  
c o e f f i c i e n t  i s  seen  t o  b e  ind ep en dent o f  r a d ia l  po
s i t i o n  as p r e d ic te d  by th e o r y  and i s  e v id e n t  i n  
eq u a tio n s ( 1 ) ,  ( 2 ) .  A t h ig h er  sp eed s (7 6 0 , 1 1 20 , 
1650 r .p .m .)  th e  r a d ia l  v a r ia t io n  shows th e  f lo w  t o  
be lam in ar near th e  c e n tr e  becom ing tu r b u le n t  a t  
la r g e r  r a d i i .  As th e  sp eed  in c r e a s e s  th e  t r a n s i 
t io n  p o in t  moves tow ards th e  c e n t r e .

Arom 0  t o  33m/a. As y e t  no s i n g l e  c o r r e la t io n  has  
been a s c e r ta in e d  t h a t  sum m arises a l l  th e s e  r e s u l t s .  
To show th e  ty p e  o f  r e s u l t s  th a t  are  o b ta in ed  a 
s e l e c t io n  i s  p r e se n te d .
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F ig .3 . ROTATING DISC IN STILL AIR-RADIAL VARIATION.

3 . 2 . Iso th erm a l d i s c  r o t a t in g  i n  a tr a n sv e r s e  
a ir  stream

C o n sid era b le  t e s t i n g  has b een  done o v er  a  range o f  
d is c  r o t a t io n a l  sp eed s from  296 t o  1120 r .p .m . and 
a t  each  sp eed  f o r  s  range o f  main stream  a ir  sp eed s
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F ig .  b . ROTATING DISC IN MATCHED AIRSTREAM.

Of p a r t ic u la r  i n t e r e s t  (from  th e  t r a in  w h eel p o in t  
o f  v iew ) i s  th e  c o n d it io n  where th e  a ir  j e t  sp eed  
i s  m atched t o  th e  d is c  p e r ip h e r a l  sp eed . For t h i s  
c a se  th e  r a d ia l  v a r ia t io n  in  h e a t t r a n s f e r  c o e f f i c 
i e n t  i s  shown in  F ig u re  U. In  F ig u re  5 (a )  and 
(b ) r a d ia l  v a r ia t io n s  o f  h ea t t r a n s f e r  c o e f f i c i e n t s  
a re  shown f o r  a s e l e c t io n  o f  unmatched f lo w s  fo r  
two d i s c  sp e e d s .
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P ig .  5 ( a ) .  EFFECT OF UNMATCHED AIR SPEED 
-  DISC SPEED 296 R.P.M.

h.  DISCUSSION

Two main o b s e r v a t io n s  can be made from  th e  in f o r 
m ation  p r e se n te d .

1 .  The m agnitude o f  th e  h e a t  t r a n s fe r  c o e f f i c i e n t  
i s  dom inated b y  th e  main a i r  stream  f lo w .  For
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In s ta n c e  a t  a  d i s c  sp eed  o f  1120 r .p .m . changes 
i n  a i r  sp eed  from  0  t o  33m /s ca u ses some fo u r  
f o l d  in c r e a s e  i n  h e a t t r a n s f e r  c o e f f i c i e n t  (F ig 
ure 5(b)). A t an a ir  sp eed  o f  33m/s a change 
in  d i s c  sp eed  from 296 t o  1120 r .p .m . o n ly  ca u s
e s  a  10 p er  c e n t  v a r ia t io n  (F ig u re s  5(a) and 
(b)).

2 .  The r a d ia l  v a r ia t io n  i s  c o n s id e r a b ly  a l t e r e d  
from th e  s t i l l  a ir  c a s e .  At low  r o t a t io n a l  
sp eed s th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  no lo n g 
e r  ind ep en dent o f  r a d iu s  b u t shows a peak v a lu e  
a t  a p p ro x im a te ly  h a l f  r a d iu s  (F ig u re  5(a)). At 
h ig h  r o t a t io n a l  sp eed s th e  marked r a d ia l  change 
i n  h e a t  t r a n s f e r  c o e f f i c i e n t  due t o  th e  lam in ar- 
tu r b u le n t  t r a n s i t i o n  becom es sm oothed o u t ( F ig 
ure 5(b)). T h is s e t  o f  cu rv es a g a in  dem onstra
t e s  how th e  f lo w  regim e and hence th e  h e a t  tr a n 
s f e r  p r o c ess  r a p id ly  becom es dom inated b y  th e  
main stream  f lo w  r a th e r  th a n  th e  seco n d a ry  r o ta 
t i o n a l  f lo w .
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F ig .  5(b). EFFECT OF UNMATCHED AIR SPEED 
-  DISC SPEED 1120 R.P.M.

To str e n g th e n  t h i s  v iew  o f  m ain stream  dominance a  
s e r i e s  o f  t e s t s  w ere made w ith  th e  d is c  s t a t io n a r y  
i n  th e  tr a n s v e r s e  a ir  f lo w . The s e n s o r , when r o 
t a t i n g ,  g iv e s  an average h e a t t r a n s fe r  c o e f f i c i e n t  
o ver  th e  c ir c u la r  p a th  t r a v e r s e d .  For t h e  s t a 
t io n a r y  d is c  l o c a l  h ea t t r a n s f e r  c o e f f i c i e n t s  were  
m easured a t  each  r a d ia l  p o s i t i o n  f o r  f i v e  d i f f e r 
e n t  angu lar  p o s i t i o n s ,  0 ,  U5, 9 0 , 135» 180 d e g r e e s ,  
0 co rresp on d in g  t o  th e  le a d in g  edge o f  th e  d is c  on  
th e  c e n tr e  l i n e  o f  th e  t u n n e l .  S in ce  i n  t h i s  c a se  
th e  f lo w  i s  sy m m etrica l above and below  t h e  tu n n e l  
centime l i n e  i t  was assumed t h a t  s im ila r  v a lu e s  h o ld  
f o r  th e  bottom  h a l f  o f  th e  d i s c .  At each  r a d iu s  a 
s t r a ig h t  average o f  th e  e ig h t  v a lu e s  o b ta in e d  was 
conqputed. T hese average v a lu e s  a re  shown i n  F ig 
ure 6 i n  com parison w ith  c u r v es  tak en  from F igu re  
U. T h is g iv e s  added w e ig h t t o  th e  v iew  t h a t  th e  
l e v e l  o f  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  determ 
in e d  b y  th e  main f lo w  w ith  th e  r o t a t io n  h av in g  a  
sm a ll second  o rd er  e f f e c t .

Flow v i s u a l i s a t i o n  u s in g  smoke shows th a t  th e  f lo w  
s e p a r a te s  from th e  d i s c  f a c e  a t  t h e  le a d in g  edge  
and r e a t ta c h e s  t o  t h e  d i s c  f a c e  fu r th e r  downstream . 
A t a  g iv e n  a i r  sp eed  th e  d e t a i l s  o f  t h i s  sep a ra 

t io n /r e a tta c h m e n t  p r o c e s s  are u n a ffe c te d  b y  th e  
d is c  r o t a t io n a l  sp eed . A lo w  heat t r a n s f e r  c o e f f 
i c i e n t  i s  t o  be ex p e c te d  in  th e  sep a ra ted  r e g io n .
A h ig h  v a lu e  i s  ex p e c te d  a t  th e  rea ttachm ent p o in t  
fo llo w e d  by  a s lo w  f a l l  o f f  a s  th e  f lo w  moves o v er  
th e  fa c e  i n  much th e  manner o f  th e  h e a t  tr a n s fe r  
v a r ia t io n  i n  th e  s t a r t in g  le n g th  o f  f lo w  over a  
h e a te d  f l a t  p l a t e .  The l o c a l  h e a t t r a n s fe r  c o e f f 
i c i e n t s  ta k en  a c r o s s  th e  0 -  180° d iam eter  and l i n e s  
p a r a l l e l  t o  i t  confirm  t h i s  p ic t u r e .
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F ig .  6 .  EFFECT OF DISC ROTATION.

T h is f lo w  se p a r a t io n  and reattachm ent e x p la in s  th e  
maximum ob serv ed  i n  th e  r a d ia l  h ea t t r a n s f e r  
c o e f f i c i e n t s  shown i n  F igu re  5* The se n so r  g iv e s  
an average v a lu e  o v er  th e  p a th  i t  t r a v e r s e s .  At 
t h e  o u ter  r a d iu s  a la r g e  p ro p o r tio n  o f  th a t  path  
l i e s  i n  th e  low  h e a t t r a n s f e r  s e p a r a t io n  r e g io n .
A t a medium r a d ia l  p o s i t i o n  a la r g e  p r o p o r tio n  o f  
t h e  path  l i e s  i n  th e  f i r s t  p a r t  o f  th e  rea ttachm ent 
w ith  consequ en t h ig h  h e a t  t r a n s f e r .

5 .  EFFECT OF ASPECT RATIO

I n  s e c t io n  U th e  r a d ia l  v a r ia t io n  o f  h e a t t r a n s fe r  
c o e f f i c i e n t  i s  e x p la in e d  i n  term s o f  ^ o w  sep a ra 
t i o n  and rea tta ch m en t. The ex p erim en ta l d is c  i s  
a b l u f f  body and th e  degree  o f  se p a r a tio n , i s  depen
d en t on i t s  a sp e c t  r a t io ;  To u se  th e  e x is t in g  
d i s c  t o  s im u la te  la r g e r  a sp e c t  r a t io s  an annular  
shroud o f  t r ia n g u la r  c r o s s  s e c t io n  was h e ld  j u s t  
upstream  o f  th e  fr o n t  h a l f  o f  th e  d i s c .  T his 
shroud co u ld  b e  p o s it io n e d  a t  any p o in t  a c ro ss  th e  
w id th  o f  th e  d i s c ,  th e  c o n f ig u r a t io n  b e in g  shown 
i n  F igu re 7 .

The w hole range o f  t e s t s  was r ep ea te d  f o r  a number 
o f  p o s it io n s  o f  th e  sh rou d . F igu re 7 a ls o  shpws ' 
th e  r a d ia l  h e a t  t r a n s f e r  v a r ia t io n s  f o r  one d is c  
sp eed  and th e  m atched a i r  sp eed . T his s e t  i s  
t y p i c a l .

A t v e r y  la r g e  e f f e c t i v e  a sp e c t  r a t io s  (v e r y  l i t t l e  
se p a r a t io n )  th e  p ic tu r e  i s  c o n s is t e n t  w ith  th e  
s t a r t in g  le n g th  f o r  f lo w  o v e r  a f l a t  p l a t e .  "Sémem- 
b e r in g  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  an average  
v a lu e  over th e  p a th  tr a v e r s e d , a t  la r g e  r a d i i  a  ' 
l a r g e  p r o p o r tio n  o f  th e  p a th  l i e s  i n  t h e  r e g io n  o f  
v e r y  h ig h  h e a t  t r a n s f e r  c o e f f i c i e n t .  Coming in t o
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th e  c e n tr e  more and more o f  th e  p a th  l i e s  i n  th e  
r e g io n  o f  lo w e r , more s lo w ly  v a ry in g  h ea t t r a n s f e r  
c o e f f i c i e n t .  Thus th e  s te a d y  in c r e a s e  i n  h eat  
tr a n s fe r  c o e f f i c i e n t  w ith  r a d iu s .  As th e  e f f e c t 
iv e  a sp e c t  r a t io  i s  d ecrea sed  t h e  r a d ia l  p a tte r n  
g r a d u a lly  ch an ges, a s th e  s e p a r a t io n  r e g io n  grow s, 
t o  th e  peaked d i s t r ib u t io n  d is c u s se d  in  s e c t io n  U.
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F ig . 7 . EFFECT OF VARYING ASPECT RATIO,

F igu re  8 shows th e  v a r ia t io n  i n  h ea t t r a n s fe r  
c o e f f i c i e n t  a c r o s s  th e  0 -  180° d iam eter o f  th e  
d is c  when h e ld  s t a t io n a r y  in  th e  tr a n sv e r s e  a ir  
f lo w , w ith  and w ith o u t th e  shroud . T h is confirm s  
th e  v iew  o f  th e  " s ta r t in g  le n g th  v a r ia t io n "  moving 
a c r o s s  th e  fa c e  o f  th e  d i s c ,  preceded  b y  a r e g io n  
o f  low er  h eat t r a n s f e r ,  a s th e  a sp e c t  r a t io  de
c r e a s e s .

f lo w  over  th e  w hole o f  th e  d is c  f a c e  occu rs when 
th e  shroud i s  s e t  back 1 .25cm , T h is acco u n ts fo r  
th e  i n i t i a l  drop i n  h ea t t r a n s f e r  c o e f f i c i e n t s  a s  
th e  s e t  back in c r e a s e s  from  z e r o .

6 ,  CONCLUSIONS

From a com prehensive s e t  o f  m easurements o f  th e  
r a d ia l  v a r ia t io n  o f  h ea t t r a n s fe r  c o e f f i c i e n t s  fo r  
a d is c  r o t a t in g  i n  a tr a n sv e r s e  a i r  stream  two 
dominant c o n c lu s io n s  em erge.

1 .  In  any s i t u a t i o n  th e  l e v e l  o f  th e  h e a t t r a n s f e r  
c o e f f i c i e n t  i s  determ ined  i n  th e  main b y  th e  
sp eed  o f  th e  tr a n s v e r s e  a i r  f lo w . The r o t a t io n  
o f  t h e  d is c  r e s u l t s  in  a sm a ll upward p er tu rb a 
t io n  on t h i s  l e v e l .

2 .  The a sp e c t  r a t io  o f  t h e  d is c  g r e a t ly  m o d if ie s  
th e  r a d ia l  d i s t r ib u t io n  o f  th e  h e a t t r a n s fe r  
c o e f f i c i e n t ,  b u t a g a in  th e  main a irs trea m  sp eed  
i s  dominant i n  determ in in g  th e  l e v e l  o f  th e  h e a t  
t r a n s f e r  c o e f f i c i e n t .
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F i g .8 . HEAT TRANSFER ACROSS FACE OF STATIONARY DISC.

Smoke flo w  v i s u a l i s a t i o n  t e s t s  in d ic a t e  th a t  th e  
shroud i s  a f a i r  s im u la t io n  o f  d is c s  o f  v a ry in g  a s 
p e c t  r a t io .  However w ith  th e  fa c e  o f  th e  shroud  
f lu s h  w ith  th e  fr o n t  fa c e  o f  th e  d is c  th e r e  i s  a 
sm a ll s e p a r a t io n  zo n e . Complete attachm ent o f  th e
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