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The aux i l i a ry -wal t  method has been  examined for  m e a s u r e m e n t  of highly inhomogeneous local  
heat- f lux d is t r ibut ions .  Equations a r e  given for  evaluating the components  of the sys t emat i c  
e r r o r .  

Measuremen t  methods  having high sens i t iv i ty  and high spat ia l  resolut ion a r e  requi red  in r e s e a r c h  on 
heat t r a n s f e r  between bodies and gas  flows, pa r t i cu l a r ly  on models  used in evacuated s ta t ionary  s y s t e m s .  
The aux i l i a ry -wal l  method [1] and the s t a t i ona ry -g rad ien t  method [2] a r e  common  methods  that  mee t  t h e f i r s t  
r equ i remen t .  P r i m a r y  heat- f lux t r a n s d u c e r s  using such approaches  now enable one to m e a s u r e  heat fluxes 
f r o m  5" 10 -2 W / m  2 upward [3]. However,  the resolut ion of such an ins t rument  is at bes t  3" 10 -3 to 5 �9 10 -3 m,  
which is insufficient for  use  with models ,  pa r t i cu l a r ly  if the re  is a substant ia l  change in the heat- f lux densi ty  
ove r  d is tances  comparab l e  with the s ize  of the t r a n s d u c e r ,  or  if the s ize  of the l a t t e r  is c o m p a r a b l e  with the 
s ize  of the model  i tself ,  as  often occu r s  in smal l  o r  medium evacuated s y s t e m s .  

The re  is ano ther  way of applying the gradient  method [4], in which one uses  the fea ture  that the ta rgen t i a l  
heat  f luxes a r e  smal l  by compar i son  with the normal  ones in a very  thin l a y e r  of homogeneous ma te r i a l  in 
which the inner  s ide has a constant  t e m p e r a t u r e  and the outer  one r ece ives  the inhomogeneous heat flux. T h e r e -  
fore,  provided the t h e r m a l  conductivity of the m a t e r i a l  is constant ,  the dis t r ibut ion of the incident heat flux is 
essen t ia l ly  p ropor t iona l  to the local t e m p e r a t u r e  di f ference between the m e a s u r e m e n t  su r f aces ,  and t h e r e -  
fore ,  one m e r e l y  has to m e a s u r e  the dis t r ibut ion of the t e m p e r a t u r e  di f ference.  Micro thermocouples  make  
such m e a s u r e m e n t s  compara t i ve ly  easy  ove r  a r e a s  of 1" 10-s-1 �9 10 -4 m 2. 

In vacuum s y s t e m s ,  a l a rge ly  unexpanded gas  je t  m a y  encounter  a f lat  obs tac le  [4], in which case  the 
model  may  have a measu r ing  l a y e r  in the fo rm of a thin pla te  of Lucite equipped with absolute  and different ial  
c o p p e r - C o n s t a n t a n  mic ro the rmocoup le s ,  with this plate  cemented to a hollow copper  body with epoxide res in ,  
the copper  being cooled internal ly  by a liquid. The readings  of the absolute the rmocouples  s e rve  to moni to r  
the t e m p e r a t u r e  of the internal  su r face ,  while the different ial  mic ro the rmocoup le s  m e a s u r e  the dis tr ibut ion 
of the t e m p e r a t u r e  d i f ference  between the su r f aces .  F igure  l a  shows a typical  s cheme  fo r  instal la t ion of 
differential  m i c r o t h e r m o c o u p l e s .  This  s y s t e m  gives the highest sens i t iv i ty  in m e a s u r i n g  the t h e r m o - e m f ,  
while at  the s a m e  t ime it m in imizes  the e r r o r  of m e a s u r e m e n t  a r i s ing  f rom dis tor t ion of the t e m p e r a t u r e  
dis t r ibut ion by the w i r e s  themse lves ,  s ince the hot junction 5 is compara t i ve ly  r emote  f r o m  the point of in- 
s e r t i on  of the wi re s  into the l aye r .  

The sys t ema t i c  e r r o r  in the aux i l i a ry -wal l  method is thus made up of the e r r o r  due to the dis tor t ion 
of the t e m p e r a t u r e  dis t r ibut ion by the thermocouples  and the e r r o r  a r i s ing  f r o m  the l a te ra l  heat  leak in the 
l aye r .  We examine each of these  contr ibut ions below. 

We f i r s t  cons ide r  the d is tor t ion  occurr ing  in the pat tern;  we a s s u m e  the s y s t e m  of Fig. l a  fo r  the d i f -  
ferent ia l  m ic ro t he rm ocoup l e  on the bas i s  that  the t h e r m a l  conductivity hi of e i ther  of the wi re s  is much 
g r e a t e r  than the t h e r m a l  conductivi ty ~ of the ma te r i a l ,  while the th ickness  of the cement  l aye r  and the d i am-  
e t e r  d of the wi re  a r e  much less  than the th ickness  h of the m e a s u r e m e n t  l aye r .  This  means  that the effects  
of the cement  l a y e r  can  be neglected,  as  can  the t he rma l  per tu rba t ions  a r i s ing  f rom the horizontal  pa r t s  of 
the wi res .  Consequently,  we cons ide r  only the d is tor t ions  a r i s ing  f r o m  the normal  pa r t s  of the wi res  pass ing  
through the l ayer ,  and the t e m p e r a t u r e  dis t r ibut ion within each of the wi res  can be cons idered  as one -d imen-  
sional by vir tue  of the above r e s t r i c t i ons .  Let  the heat- f lux densi ty  at  the outer  su r face  be constant,  while 
the d is tances  between the ver t ica l  p a r t s  of the w i r e s  a r e  such that t he re  a r e  no overlapping regions of t h e r m a l  
per turba t ion .  Then the re levant  component  of the e r r o r  can be found by solving for  the t e m p e r a t u r e  deviations 
caused by a single wi re :  
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02T 1 OT 02T d 
Or - - ~ - - k  . . . .  r Or b - O z  2 =0 ;  r > - ~ , "  O < z < h ;  

d 
T (r, O) = T t = const; r/>--:- ; (1) 2 

oT i d Oz z=h = qw = const; r >-~-  ; 

T (-~, z)=Ti~(z); O<z<~h; 

IT(~, z)l<o~; O<~z<~h, 

in which the tempera ture  within the wire Tin(Z), in turn,  is found by solving the following one-dimensional 
heat-conduction equation: 

deTin 4 +-~- - -  q(z)=O; O < z < h ;  
dz 2 

dTin z=h Tin (0) = T,; X, ~ = qw, (2) 

where q(z) is the density of the heat flux passing from the measurement layer into the conductor via the side 
surface: 

q(z) = ~, OT , ], 
Or d = ---~.q-O 

Here r and z a re  cylindrical  coordinates.  

The known signs of qw and q(z) have been utilized in inserting these into (1) and (2). 

This case is not covered by any of the cases dealt with in the l i te ra ture  for such thermocouples [5, 6-8]; 
also, the perturbations are  different f rom those produced by flattened thermocouples [9], since the la t ter  relate  
to the extreme case  d>>h, apart  f rom any restr ict ions on the boundary conditions. 

We solve (1) with (2) analytically to obtain 

Ko (2n ,'-F 1) -~- 

1 Ki [(2n-~ 1) -~nd' 
x ~ ; r >~ d/2; 

2n q- I Ko [(2nq- 1) ~d q-; 

Tin (z) = T (d/2, z). 

Then we readily obtain the expression for the e r ro r  of the method s, (r/h) 1 [)~ T (r, h) - -  T, 1 = - - X  qw , 
qw L h j 

due to the tempera ture -pa t te rn  distortion: 

e ' ( r / h ' = - - 8 ~ 2  ('--~i) ~ ' X 
~=o (2n + 1) 2 

Ko ( 2 n +  1) - ~  8h ~, 1 • ; r ~ d / 2 ;  (3) 
x �9 [ - ~  1~ ~d ~., 2 n + l  [ ~xd] 

Ko (2n+l) -~- Ko (2n+l) ~ -  

e,i ~ = e, (d/2h), 
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Fig. 1. Effects of heat-flux per turbat ion in measuremen t  layer  
due to thermocouple wires on the e r r o r  of heat-flux m e a s u r e -  
ment:  a) mode of installation of differential thermocouple [ 1) 
body of model; 2) cement  joint; 3) measurement  layer ;  4, 6) 
Constantan and copper  wires ;  5, 7) hot and cold junctions of 
thermocouple;  8) thermosta t ic  liquid]; b) dependence of ~t in = 
e1(d/2h) on wire d iameter  for  various k/k t (the points a re  f rom 
~/X1~0.0075); c-f)  effects of distance of hot junction f rompoin t  
of insert ion of one of the wires  on ~1 for various d /h  and ~/~1: 
c) ~/Xt =0; d) 0.00045; e) X/X 1 =0.0075 (the points a re  f rom ex- 
per iment  for d /h=0 .49"  10-1); f) ~./X1 = 0.01. 

where K i (x) is a Macdonald function of o rder  i. 

Figure lb - f  shows computer  calculations on el(r/h) for  various combinations of d/h and X/XI; the e r r o r  
e~(r/h) occurr ing  on placing the hot junction near  the point of insert ion of one of the wires  (as r--*d/2) can 
be ext remely  large  [Et(d/2h)= - 1  in the limiting case  X/X1 =0], and the measurement  result  in that case  is 
quite incor rec t .  On the other hand, for  r / h -  > 3.3 and d / h -  < 1 .10  -1 we have that e 1(r/h) < 1" 10 -3, no ma t t e r  
what the value X/~-I < 1; i.e., the differential thermocouple should give a virtually unperturbed t empera tu re -  
difference reading if placed in this way. 

Measurements  on the per turbat ion caused by the wires  were  per formed with the above model having a 
Lucite l ayer  of thickness 1 �9 1 0  - 2  m, which was fitted at various points with normally placed Constantan wires  
of d iameters  4 �9 10 -5 to 0.49 �9 10 -3 m. A copper  wire of thickness 3" 10 -5 m was soldered to the end of each 
such wire ,  and these were brought out f rom both surfaces  to a connection socket. Also, a Constantan rod of 
d iameter  0.49 �9 10 -3 m had the ends of Constantan wires  f rom the absolute coppe r -Cons t an t an  couples soldered 
to it (diameter of the wires 3 . 1 0  -5 m), with the junctions placed on opposite sides of the layer,  one opposite 
another,  at distances f rom the axis of the rod that varied f rom one thermocoupte to another. 

The model was attached to the support  in the working chamber,  with the outside surface of the m e a s u r e -  
ment l ayer  paral le l  to the axis of the subsonic nozzle at a fixed distance f rom it. The heat flux at the surface 
of the model was set up by lateral  interact ion with the jet of hot a i r  f rom the nozzle, which was largely unex- 
panded in that condition, and the model acted as an infinite flat baffle in relation to the jet. The model could 
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be displaced with the support  s y s t em  to br ing the hot junctions of all  the rmocouples ,  in turn,  to the s a m e  d i s -  
tance f r o m  the end of the nozzle (to the point where  the heat flux along the su r face  of the baffle  var ied  c o m -  
pa ra t ive ly  little), which ensured that  each junction had identical external  h e a t - t r a n s f e r  conditions. The r ead -  
ings of the di f ferent ia l  the rmocouples  we re  taken with an R37-1 po ten t iomete r  of c lass  0.01, and then the values 
of s and s we re  calculated.  The m a x i m u m  e r r o r  s was then essen t ia l ly  dependent on the e r r o r  of 
thermocouple  ca l ib ra t ion  and did not exceed 0.035. 

Pa r t s  b and e of Fig. 1 show the resul ts ;  the observed  points in Fig. lb in the main  lie above the c o r r e -  
sponding theore t ica l  curve ,  s ince,  in fact,  there  was not ideal t he rma l  contact  between the pla te  and the wi re s  
fitted in it. Figure  le  shows resu l t s  that ,  apar t  f rom the init ial  point,  agree  well  with the theore t i ca l  solution. 

The re fo re ,  the rmocouples  can be used as in Fig. l a  with this ana lys i s  to de t e rmine  the dis t r ibut ion of 
the t e m p e r a t u r e  d i f ference  a c r o s s  the l aye r  with a given accuracy .  

One can conver t  to the dis t r ibut ion of the heat  fluxes by examining the th ickness  of the m e a s u r e m e n t  
l aye r  that will p rovide  an acceptable  level  of l a t e ra l  heat leakage on account of the var ia t ion  in the external  
heat  flux along the outside sur face .  

The effects  of l a t e ra l  heat leakage on the e r r o r  of m e a s u r e m e n t  have been examined prev ious ly  in the 
ma in  for  nonsta t ionary  means  of measu r ing  heat fluxes [10, 1]]. Only ce r t a in  p a r t i c u l a r  cases  have been con-  
s idered  for  the auxi l ia ry-wal l  method [1, 4]. 

Here  we der ive  re la t ionships  for  the genera l  case  that provide  p r e l i m i n a r y  definit ion of the l aye r  th ick-  
ness  and which can a lso  be used for  calculat ing the e r r o r  a r i s ing  f rom heat leakage during such m e a s u r e m e n t s .  

We a s sume  that  the th ickness  of the l aye r  is smal l  by compar i son  with the pr inc ipa l  radii  of cu rva tu re  
of the sur face ;  then the t e m p e r a t u r e  d is t r ibut ion within the l aye r  is descr ibed  by the Laplace  equation in the 
fo rm 

02T O2T O~-T 
ax---y---k Oy ~ -k Oz 2 O, (4) 

where  x, y, and z a r e  orthogonal coordinates  as  follows: x and y l ie along the internal  ( isothermal)  sur face  of 
the l aye r ,  while z l ies  along the normal  to it toward the outer  su r face .  

The following a r e  the boundary conditions at the su r faces  of the l aye r :  

aT t =qw(x, g), (5) T (x, y, 0) = Tt = const; ~, - ~ z  ,--a 

and the d is t r ibut ion qw(x,y) of the heat-f lux density at the outer  sur face  is a s sumed  to be continuous. 

We in tegra te  (4) with r e spec t  to z using (5) to obtain an exact  express ion  for  the local e r r o r  r a r i s ing  
f rom la t e ra l  heat leakage:  

Here 

, ] 
e z =  qw(x, y) h q~(x, y) = 

h h 

- - ~ ' q w  (x, y) [ i" A'Tdz - - l  S dz ,12 A'Td~l 
0 0 0 

a ~ - a~  

T2= T(x, y, h); A'=- + - -  Ox 2 ay 2 

We suppose that  the l a y e r  is so thin that the longitudinal heat fluxes a r e  smal l  by compar i son  with the 

(6) 

t r a n s v e r s e  ones; then the z dis t r ibut ion of the t e m p e r a t u r e  within the l aye r  is approx imate ly  l inear :  
Z 

r (x, y, z) - -  T l ~-~ ( 7 2 -  T 0 -~  

and we use  this r ep resen ta t ion  with (6) to obtain the following equations for  $2: 

Dt A' (T 2 - -  T 0 h ~ A' (T 2 -  Tt) 

3 qw (x, #) i 72 - -  T~ 
(7) 

Formula  (7) al lows one to ca lcula te  s f rom the m e a s u r e m e n t s .  If qw(x, y) is doubly different iable ,  we 
can give the following fo rm for  (7): 
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�9 h 2 A'qw (x,  y) 

~ - 3 - "  qw(x,v) ' (8) 

which was used subsequent ly  in compar ing  the approx ima te  and exact  values of the e r r o r  a r i s ing  f rom la te ra l  
leakage .  This  c o m p a r i s o n  was p e r f o r m e d  on models  in o rde r  to t e s t  the re la t ionsh ips .  

Equations (7) and (8) a r e  of asympto t ic  type,  and the e r r o r  should be d i rec t ly  re la ted  to the th ickness  of 
the l aye r  by vir tue  of the a s sumpt ions  made.  

These  equations apply for  a l a y e r  in which the side su r face  is the rmal ly  insulated; if the boundary con-  
ditions at the s ides  a r e  o the r  than these ,  it is st i l l  p e r m i s s i b l e  to use the equations for  p a r t s  of the l aye r  at  
d is tances  g r e a t e r  than about 5h f rom the edges [3]. 

F r o m  (7) and (8) we obtain a consequence of cons iderab le  p rac t i ca l  impor tance :  ff the l aye r  is thin, the 
e r r o r  a r i s ing  f r o m  la te ra l  heat leakage is propor t iona l  to the square  of the th ickness  of the l ayer ,  the o rde r  

of the quantity being 

e~ .~. (h /L , )  z, (9) 

where  L .  is the c h a r a c t e r i s t i c  l i nea r  d imens ion  of the nonuniformity in the heat flux. 

This  means ,  f i r s t  of all, that a thin l a y e r  should be defined as a l a y e r  such that  (h/L.)Z<< 1; secondly,  
this  condition indicates  the choice of l aye r  in designing a model .  

The equations that  approx ima te  ~2 have been  checked theore t ica l ly  and by exper iment ;  in the f i r s t  case ,  
we compared  the exact  values  g2e der ived f r o m  analyt ical  solution of model  two-dimens iona l  s t eady - s t a t e  
p rob l ems  with the approx imate  ones ~2a der ived f rom (8). The heat- f lux dis t r ibut ion at  the outer  su r face  of 
a plate  of length L (planar case)  or  of a flat  disk of radius R (axially s y m m e t r i c a l  ca se )  was given as a c e r t a i n  
function; the side su r faces  (at x = 0 and x=  L inthe  p lana r  case  o r  at r =R in the axial ly  s y m m e t r i c a l  c a s e ) w e r e  
cons idered  as  t he rma l ly  insulated.  The solution was de te rmined  by separa t ing  the va r i ab les .  

Pa r t s  a and b of Fig. 2 show ~2e for  a p lanar  case  with the heat flux g iven  by 

qw(x) = exp(--  Ax + 2), (10) 

where  x = x / L  and A take the va lues  20 and 40, respec t ive ly ,  for  h = h / L  = 0.01, 0.03, and 0.05; the d is t r ibut ions  
of (10) a r e  a lso  shown, 

Figure  2c shows analogous data for  the axia l ly  s y m m e t r i c a l  case ,  in which the heat- f lux dis t r ibut ion 
was descr ibed  by 

qw(7) -- ~ [0.4028 + J0(3.8317 r)], (11) 
1.4028 

where  r = r / R  and J0(x) is a Besse l  function of the f i r s t  kind of ze ro  order ;  he re  h = h / R = 0 . 0 2 ,  0.06, andO.1 
and for  c o m p a r i s o n  of qw(r) we show the graph for  ~.(ATw/h)=A[(T2--TI)/h] fo r  h =0.1. 

It is c l e a r  that e2 eve rywhe re  d e c r e a s e s  as  the l aye r  becomes  thinner,  apar t  f rom points  where  the 
incident heat  f l u x i s  zero;  i .e.,  the longitudinal heat fluxes in the l aye r  dec rease ,  and the local  values of 
)~(ATw/h) and qw(x) or ,  r espec t ive ly ,  qw(r) become  s imi l a r ,  this occur r ing  the m o r e  rapidly,  the smo o th e r  
the dis t r ibut ion of the heat flux (compare  pa r t s  a and b of Fig, 2). Consequently,  one is justif ied in approx i -  
mat ing the t r a n s v e r s e  t e m p e r a t u r e  dis t r ibut ions in the l aye r  by l inea r  functions for  h - - 0 ,  and the re  should 
be a tendency for  the approx imate  values to approach  the exact ones asympto t ica l ly .  Table  1 gives  a c l e a r  
conf i rmat ion  of this .  

These  c o m p a r i s o n s  a lso  show that (9) g ives  the c o r r e c t  o rde r  for  e2 in the neighborhood of the peak 
qw(X) �9 [qw(r)] = q m a x f o r t h e e n f i r e  range  in ~a; as our  L .  w e t o o k  the leas t  of the d is tances  f r o m  the qmaxPOint 
to the p o i ~  at which qw(x)[qw(~)]= 0.1 qmax.  

The scope for  using (7)-(9) in p r ac t i ce  for  es t imat ing ~2 was examined for  the in terac t ion  of a highly 
c o m p r e s s e d  h o t - a i r  jet  f rom a subsonic nozzle with a p lanar  baffle  in an evacuated sys t em.  The m e a s u r e -  
ment  l aye r s  on the model  were  Lueit~ p la tes  of var ious  th icknesses  (1 �9 10 -3 to 4.4 �9 10 -~ m),  which were  fitted 
with di f ferent ia l  c o p p e r - C o n s t a n t a n  the rmocouples .  These  were  instal led as  in Fig. la ,  and (3) then indicated 
that  el < 0.1%; the th ickness  of the l aye r  was chosen  by t r i a l  to be such that  the l a te ra l  heat leakage nea r  the 
qrnax point was unimportant ,  and then ~. was es t imated  for  this th ickness .  Figure  2d shows the exper imenta l  
resu l t s ;  the a b s c i s s a  is the dimensional  th ickness  and the ordinate  is a quantity propor t iona l  to the ra t io  of 
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Fig .  2. Heat  l e a k a g e  in  the  m e a s u r e m e n t  l a y e r  fo r  v a r i -  
ous m o d e l  c o n d i t i o n s  and fo r  the  w ork ing  c o n d i t i o n s :  a ,  b) 
m o d e l  p l a n a r  s t a t i o n a r y  c a s e  f o r  a l a y e r  wi th  a h e a t - f l u x  
d i s t r i b u t i o n  of the  f o r m  of (10) wi th  A of 20 and 40, r e s p e c -  
t i ve ly ;  c) the  s a m e  f o r  t h e  a x i a l l y  s y m m e t r i c a l  c a s e  wi th  a 
hea t  f lux of the  f o r m  of (] 1); d) r a t i o  of the  m e a s u r e d  hea t  
f lux to  t he  a c t u a l  f lux at  a po in t  q m a x  a s  a func t ion  of the  
d i m e n s i o n l e s s  t h i c k n e s s  of the  m e a s u r i n g  l a y e r  f o r  a h ighly  
c o n d e n s e d  a i r  j e t  i n t e r a c t i n g  with  a f l a t  o b s t a c l e .  

T A B L E  1. C o m p a r i s o n  of e2e and e2a and T e s t  on the  L i n e a r  A p p r o x -  
i m a t i o n  fo r  T r a n s v e r s e  T e m p e r a t u r e  D i s t r i b u t i o n  in a L a y e r  f o r  the  
A x i a l l y  S y m m e t r i c a l  C a s e  wi th  a Heat  F lux  of the  F o r m  of (11) 

0 

0,261 

0,496 

0,757 

0,10 
0,06 
0,02 
0,10 
0,06 
0,02 
0,10 
0,06 
0,02 
0,10 
0,06 
0,02 

~Iz=0 

1,0519 
1,0188 
1,0022 
1,0475 
1,0172 
1,0019 
1,0293 
1,0108 
1,0012 
0,920~3 
0,9685 
0,9963 

& 2e 

--3,2950.10 -2 
--I,2299.10-" 
--1,3922.10- 3 
--2,9924.10 - 2 
--1,1303.10 -2 
--1,2791.10 -s  
--1,9020.10--* 
--0,7094.10- ~- 
--0,8032. lO-S 

5,8084.10-2 
2,1677.10-2 
2,4519.10 -3 

S 2a 

--3,4887. ;0- z 
--1,2559-10 -~" 
--1,3955.10 -s  
--3,2062.10- " 
--1,1542.10 -z 
--1,2825.10 -3 
--2,0145.10 -'~ 
--0,7252.10- 2 
--0,8050.1 O- 2 

6,1510.10 -2 
2,2139.10 -2 
2,4599-10 - s 

2a/~ 2e 

1,0588 
1,02|2 
1,0024 
1,0715 
1,0212 
1,0026 
1,0592 
1,0223 
1,0032 
1,0590 
1,0213 
1,0032 

t he  m e a s u r e d  hea t  f lux to  t he  a c t u a l  f lux.  The  d i s t a n c e  s f r o m  the  a x i s  of the  j e t  to  the  s u r f a c e  of the  baf f le  
was  s e t  a s  s = 2 s / d a  = 12, whi le  t he  d i a m e t e r  of the  exi t  s e c t i o n  of the  nozz l e  was  d a = 1.65 ~ 10 - s  m,  hmin  = 1" 
10 -3 m,  a a d t h e  s t a g n a t i o n  t e m p e r a t u r e  of the  j e t  was  Too = 400"K. The  f o r m  of the  e x p e r i m e n t a l  c u r v e  shows  
tha t  t he  l a t e r a l  hea t  l e a k a g e  n e a r  the  q m a x  po in t  is  s l i gh t  f o r  h-< hmin ,  whi le  (9) shows  the  e r r o r  due to  l a t e r a l  
hea t  l e a k a g e  in  the  l a y e r  is  about  1.5% f o r  h ~ h m i  n, which  is  in  good a g r e e m e n t  wi th  the  o b s e r v e d  c u r v e  in  th i s  
r e g i o n .  The  r e s u l t s  of  [4] w e r e  u sed  in d e t e r m i n i n g  the  c h a r a c t e r i s t i c  s c a l e  of the  n o n u n i f o r m i t y  in the  hea t  

f lux.  

A c o m p l e t e  s tudy  r e q u i r e s  e x a m i n a t i o n  of a d i s c o n t i n u o u s  h e a t - f l u x  d i s t r i b u t i o n ;  the  l a t e r a l  hea t  l e a k a g e  
i s  a l w a y s  c o n s i d e r a b l e  a t  the  po in t  of d i s c o n t i n u i t y  (apar t  f r o m  the l i m i t i n g  c a s e  of an  in f in i t e ly  th in  l a y e r ) ,  so  
i t  i s  i m p o r t a n t  to  e x a m i n e  the  s c a l e  of the  r e g i o n  a r o u n d  the  d i s c o n t i n u i t y  ou t s ide  of which  the  e f fec t  c a n  be  
n e g l e c t e d .  

We p e r f o r m e d  a n u m e r i c a l  p a r a m e t r i c  s tudy  of a m o d e l  s t e a d y - s t a t e  e a s e  fo r  the  a b o v e  p l a n a r  and a x i a l l y  
s y m m e t r i c a l  c i r c u m s t a n c e s  wi th  the  h e a t - f l u x  d i s t r i b u t i o n  a t  the  o u t e r  s u r f a c e  of  a s t e p  f o r m  ( th is  m a d e  i t  p o s -  
s i b l e  to  e x a m i n e  t h e  e f f ec t s  of t he  d i s t o n t t n a i t y  in  p u r e  f o r m ) .  We found that  the  l a t e r a l  hea t  l e a k a g e  due to  
the  d i s c o n t i n u i t y  b e c a m e  e s s e n t i a l l y  z e r o  a t  a d i s t a n c e  of 3h f r o m  the  d i s c o n t i n u i t y ,  and the  e r r o r  of t he  m e t h o d  

790 



: h/~ -- o,/z5 
>o,25 

o,e ~ , j 2 , o  

o,4 

<:z 

I 

1 2 3 x/c 

3/0 ~ 

2/0 s 

i 1 

1 
D 

- =  

/o 2o 2 

Fig. 3 Fig. 4 

Fig. 3. Local tempera ture  differences between the sur faces  of the measu remen t  
layer  for a heat flux with a step distribution; the solid and dashed curves  a re  f rom 
the theory  for  the planar  and axially symmet r ica l  cases ,  respect ively (the solid 
lines a re  for  h / L = 2  �9 10 -2 and the dashed lines for h/R = 1.10-2)) the points a re  
f rom experiment  for the p lanar  case with h/a = 0.24. 

Fig. 4. An example of a convective heat-flux distribution qw {W/m2) at a flat 
obstacle for  natural interaction with a highly condensed ho t -a i r  jet. 

a r i s ing f rom the discontinuity was less than 1~ of the discontinuity itself. Figure 3 shows the calculations 
and a check experiment for the planar  case (a is the g e o m e t r i c a l p a r a m e t e r  that defines the l inear  dimensions 
of the region of action of the heat flux, while q is the height of the step in the heat-flux distribution). A nearly 
square heat-flux distr ibution was set  up by a special  radiation source,  which was moved along the blackened 
surface of the l aye r  (Lucite, h = 0.95 �9 10 -s m), which contained the differential micro thermocouples .  Theory 
and experiment  were  in good agreement  for x / a  < 1, but there  were some disc l~pancies  between the two for  
x/a > 1 on account  of the deviation of the actual real  distribution f rom square.  

This means that the auxi l iary-wall  method can be used with an accuracy  sufficient for pract ical  purposes  
to measure  the heat-flux distribution even in the p resence  of a discontinuity, apar t  f rom areas  less than 3h 
f rom the point of discontinuity. 

Therefore ,  a thin measur ing  layer  with mic rowi res  can be used to reduce the systematic  e r r o r  to within 
acceptable l imits ,  while substantially improving the spatial resolution and thereby making it possible to mea -  
sure  highly inhomogeneous s teady-s ta te  local heat-flux distributions.  

Figure 4 shows the distr ibution of convective heat fluxes on a flat-baffle model, which was placed in an 
evacuated tube within a ho t -a i r  jet near  the nozzle and paral lel  to the axis. The Lucite measu remen t  layer  
had a thickness of 0.9 �9 10 -3 m, while the wires  in the differential micro thermocouples  (copper-Constantan)  
had a d iameter  of 2" 10-~m. The spatial reso lu t ionwas thenabout  5 - 10 - s m .  The measurements  were made 
under the following conditions: p r e s s u r e  and stagnation t empera tu re  in the jet, respectively,  P0 = 6.33- 104 
Pa and Too = 763~ M a = 3.65; P0/P~ =2.2.104 to 2.5" 104 (P~ is the p r e s s u r e  in the working chamber  outside 
the jet), T I = 295~ dae = 4.33-10 -3 m, where the la t ter  is the effective d iameter  of the end of the nozzle; angle 
of the nozzle cone 20~ and distance f rom the surface of the baffle to the axis of the jet 2s /dae =4.5. Here 
M a and dae were  determined in accordance  with the recommendat ions of [12]. The distribution of qw was 
plotted as a function of the dimensionless Car tes ian  coordinates x = 2x/dae and y = 2y/dae on the surface,  where 
x was reckoned f rom the p | . ne  of the end of the nozzle along the line of intersect ion of the surface of thebaffle 
with the plane perpendicular  to it passing through the axis of the nozzle. 

Qualitatively speaking, the pa t te rn  of Fig. 4 is s imi la r  to that of [4] for  the case  M a = 1, but it differs 
f rom the lat ter  in that the fall in the heat flux f rom the qmax point in the longitudinal direct ion was less rapid 
than that in the t r a n s v e r s e  direction. It seems that this difference is due to the reduction in the t r ansve r se  
size of the jet as M a increases .  
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The estimates show that ~2 for the qw distribution of Fig. 4 was about 0.25%, while el was less than 0.1%. 
The absolute error  in calibrating the thermocouples did not exceed 1.5%, while the er ror  in determining the 
thermal conductivity of the lucite was +5%. Therefore, the overall e r ror  in measuring qw was about +5.5%. 

NOTATION 

x, y, z, Cartesian coordinates; r, z, cylindrical coordinates; ~, integration variable; h, thickness of 
measuring layer, m; hmi n = 1 - 10 -3 m; d, diameter of thermocouple wire, m; da, dae , end diameter and effective 
end diameter of nozzle, m; s, distance from jet axistowall  (Fig. 2d), m; L . ,  characteristic linear dimension 
of heat-flux nonuniformity, m; L, R, length of plate and radius of disk in two-dimensional models for measuring 
layer, m; a, region of stepped heat flux, m; x =x /L in  (10) and in Fig. 2a, b; A, parameter in (10); Ki(x), J0(x), 
cylindrical functions; exp x, exponential function; T, temperature, OK; Tin, temperature inside a normal part 
of thermocouple, ~ T1, T2, temperatures of internal and external sides of measuring layer, respectively, ~ 
ATw=T2-T1; Too, jet stagnation temperature, ~ q, height of step in discontinuous heat-flux distribution, 
W/m2; q (z), heat flux from the measuring layer through side surface of normal thermocouple section, W/m2; 
qw' heat-flux density at the outer surface of measuring layer, W/mS; qmax, maximum qw; X, Xl, thermal con- 
ducttvtties of the measuring layer and thermocouple, respectively, W/m" deg; Po, P~, pressures in the mixing 
chamber and working chamber of the tube outside the jet, Pa; M a, value of M at end of nozzle| et, e r ror  due 
to distortion of the temperature distribution by the thermecouples; e 2, e r ror  due to heat propagation in the 
measuring layer; e 2e, e2a, exact and approximate values of e 2. 
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