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!'i\'~: methods of m~asuring heat fluxes are examined, tleat flux dis- 
tributions ,qcross a jet of high-temperature gas are measured using two 
of these n~cthods. 

The p rob lem of m e a s u r i n g  l a rge  heat  fhtxc~ a r i s e s  
in re:my a r e a s  of technology.  It is  met ,  for  example ,  
in welding, in hea t ing  m a t e r i a l s  in h i g h - t e m p e r a t u r e  
gas iets ,  and in a number  of o ther  c a s e s .  

Va H.~,s t echniques  a re  used to m e a s u r e  heat  f luxes  
in the r ,  nge 1-10  k W / c m  2 and above.  The ~)bjeet of 
this pqper  is to examine  and c o m p a r e  the main  me th -  
ods appl icable  to a je t  of h i g h - t e m p e r a t u r e  gas  ob- 
ta ined with an e l e c t r i c - a r c  hea t e r .  

THE EXP()NENTIAL (CALORIMETRIC) METHOD 
p-7] 

For small dimensions of the heated body and large 

thermal conductivity of the material or low values of 

the heat transfer coefficient, i.e., for small values 
of the parameter Bi = oH~X, the variation of body tem- 

perature (which under these conditions is the same at 
aH points of the body) is decided by the rate of heat 

transfer between the body and the surrounding medium. 

In this case the body temperature is an exponential 
function of time. For this reason Kudryavtsev [I] re- 

fers to the "exponential method. " 

The amount of heat entering such a body in time 
dr is equal to the change in heat content of the ele- 

ment. 

dT 
Qdr ,:Gc,,dT or q = S p % , - ~ - ~ -  (1) 

(5 is  the th icMmss  of the e l emen t ) .  F o r  a g iven du ra -  
tion r of the e x p e r i m e n t  t h e r e  is  a c h a r a c t e r i s t i c  
t h i e lmess  l = ~]~-Tr, ea l l ed  the diffusion depth, which 
may  be thought of as the a p p r o x i m a t e  depth to which 
the heat  flow has pene t r a t ed .  If the th ickness  of  the 

me ta l  is  of the s a m e  o r d e r  as the diffusion depth, only 
a sma l l  amount  of hea t  is  t r a n s f e r r e d  f r o m  the me ta l  

plate  to the i n su l a to r .  

The v a r i a t i o n  of t e m p e r a t u r e  with t i m e  may  be ex-  

p r e s s e d  in t e r m s  of the v a r i a t i o n  of the e l e c t r i c a l  

va lues .  If a c u r r e n t ,  which is held constant ,  is passed  
through a m e t a l l i c  spec imen ,  the t e m p e r a t u r e  v a r i a -  
t ion may  be r e l a t ed  to the vo l tage  v a r i a t i o n  as fol lows:  

dT t dU 

d T ~R R,,! d "~ (2) 

where  a R is  the t e m p e r a t u r e  coe f f i c i en t  of r e s i s t a n c e .  

Thus the e x p r e s s i o n  fo r  the hea t  flux t akes  the 

fo rm 

i ('P~"~t aU 
~ : H <  ~ ,~,, l - - S  (a) 
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The method of c ,mducting the e x p e r i m e n t  depends 
on which of the two e x p r e s s i o n s  o'iven is  used as the 
bas i s  for  the heat  flux. 

Models  used to d e t e r m i n e  heat  flux on the bas i s  of 
e x p r e s s i o n  (1) a r e  hollow metal  cy l inde r s  with plane, 
sphe r i ca l  and e l ] ipsoidnl  ends of sma l l  wal l  th ie lmess  
[2]. To reduce  the e r r o r  in heat  flux de t e rmina t i on  
a r i s i n g  f r o m  r e t u r n  flow of heat  in the shell  along the 
model  g e n e r a t o r s ,  h e m i s p h e r i c a l  models ,  made up 
of s epa ra t e  e l emen t s ,  have been used [3]. The t e m -  
p e r a t u r e  of each seo'ment was m e a s u r e d  with t h e r m o -  
couples .  The slope of the c u r v e s  T w = f ( ' r )  at ze ro  
t i m e  was used in the ca lcula t ion ,  s ince  the t e m p e r a -  
t u r e s  of the va r i ous  s e g m e n t s  changed at d i f fe ren t  
ra tes ,  and i s o t h e r m a l  condit ions p r e v a i l e d  at z e r o  

t i m e  only. 
When e x p r e s s i o n  (3) was used, the s e n s o r  [4] con-  

s is ted  of p la t inum foil  in contac t  with a p y r e x  model  
with a h e m i s p h e r i c a l  head.  The s e n s o r  cove r ed  30 ~ 
of the head.  The foil  had four  l eads - - two  c u r r e n t  and 
two potent ia l .  The mode l s  w e r e  t es ted  in a wind tunnel  
with a i r  heated to a t e m p e r a t u r e  of the o r d e r  of 9000~ 

The heat  f luxes  m e a s u r e d  r eached  40 k W / e m  2. These  
s e n s o r s  w e r e  used in [6] under  condi t ions  whe re  ion i -  
zat ion of the gas was  suff ic ient  to cause  e l e c t r i c a l  
s h o r t - c i r c u i t i n g  of the s enso r .  This  ef fec t  was e l i m i -  
nated by insula t ing  the s e n s o r  with a l a y e r  of s i l i con  
oxide of  t h i ckness  6 • 10 .4 cm.  

It was noted that  a l a rge  e r r o r  may  a r i s e  f r o m  in- 
exac t  eva lua t ion  of the t ime  dur ing which condi t ions  
w e r e  s teady when the t e s t  t i m e  in the shock tube was  
15-25  #sec .  

HEAT FLUX DETERMINATION FROM CHANGE OF 
SURFACE TEMPERATURE [4, 8-11] 

This method uses a solution of the heat conduction 

equation for a plate in perfect contact with a semi- 

infinite body [4]. 

If a metal plate is in contact with an insulator of 

semi-infinite thickness, and if, in addition, the metal 

t h i cknes s  i s  v e r y  smal l ,  i . e . ,  l << / i n su l a to r  = ~ 
( c h a r a c t e r i s t i c  t h i ckness  of the insu la tor ) ,  the  a v e r a g e  
t e m p e r a t u r e  of the e n t i r e  m e t a l  p la te  wi l l  be equal  to 
the t e m p e r a t u r e  of the contact .  

r , ~ t =  _ 2, ~,~,~ qo,,,~, (4) 
" ~ )~ins 

The m e t a l  t e m p e r a t u r e  i s  d e t e r m i n e d  by m e a s u r -  

ing i ts  r e s i s t a n c e ,  and the hea t  flux is  found f r o m  (4). 

The t h e r m a l  p r o p e r t i e s  of the me ta l  f i lm and of  the 

backing a r e  a s s u m e d  to be cons tant  in d e r i v i n g  the 

t h e o r e t i c a l  r e la t ion ,  but, s ince  the t e m p e r a t u r e  of 
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bodie~: in superson ic  flow often reachers severa! hun- 
dred depirees, the val idi ty  of this  assumpt ion  b.as been 
checked [8]. 

For  constant  heat flux, the change of surface t em-  
pe ra tu re  of a s emi - in f in i t e  body is given by (4). A 
heat flmx was produced by pass ing  through the senso r  
a c u r r e n t  pulse .  

and 

q = I~R ( 1 ~- a~ Tree t) (5) 

A U  = Roloa n A T .  (6) 

Combining re la t ions  (4), (5), and (6), we obtain an ex-  
p r e s s i o n  for  the product  pcX in t e r m s  of values  mea -  
sured  in the exper imen t :  

(~pc~)'/2 = 2aR R~ -[-' aR T)I~R~ t'/~ 
4.18A AU ' (7) 

where  A is the a r ea  of the f i lm. 

Fig.  1. Cooled (a) and uncooled (b) 
heat  flux s e n s o r s .  

The au thors  of [8] checked m e a s u r e m e n t s  of this  
kind for  a n u m b e r  of subs t ra te  m a t e r i a l s ,  and it was 
shown that the re  m a y  be apprec iab le  e r r o r s  in  ca lcu-  
la t ing heat  t r a n s f e r  r a t e s  f rom the dependence of s u r -  
face t e m p e r a t u r e  on t ime  if the p rope r t i e s  a re  a s -  
sumed to be constant .  Cor r ec t i ons  to the t e m p e r a t u r e  
may  be evaluated f rom an approximate  solut ion of the 
o n e - d i m e n s i o n a l  heat  conduction equation, taking into 
account  the dependence of ;t and c on t e m p e r a t u r e .  The 
value of the c o r r e c t i o n  de t e rmined  us ing  the e x p r e s -  
s ion obtained was 45% for  a pyrex  subs t ra te  and about 
15% for  quar tz  and g lass  subs t r a t e s ,  at 150 ~ C. 

The authors  of [9] used a r e s i s t ance  t h e r m o m e t e r  
in the form of a pla t inum film 10 -6 cm thick to me., 
sure  the model surface t e m p e r a t u r e .  

THE METHOD OF SURFACE POINTS [2] 

The heat flux to a fiat plate is given by the heat con-  
duction law 

( 0 r )  . 
q = ~[ ax /.,=0 (8) 

The grad ien t  at the surface  may be de te rmined  by solv-  
ing the heat conduction equation for an inf ini te  plate 
of th ickness  6 for the case  of an in i t ia l  d i s t r ibu t ion  
T (x, 0) = const  and boundary  condit ions T (0, r) = q~l(r) 
and T (6, T) = ~02 (~). Dif ferent ia t ing  the exp res s ion  
for  the t e m p e r a t u r e  with r e spec t  to x and subs t i tu t ing  
it into (8), we obtain an express ion  re la t ing  the heat  
flux to the change of t e m p e r a t u r e  with t ime  at the 
front  and back sur faces  [2]. 

To achieve tes t  condi t ions  approximat ing  the 
heat ing of an inf ini te  plate, the authors  of [2] used a 
model  in the form of a s teel  cy l inder  sur rounded  by 
two annul i  of t h e r m a l l y  insu la t ing  m a t e r i a l  to avoid 
heat ing the cy l inder  f rom the l a t e ra l  sur face .  A t he r -  
mocouple p a s s e s  along the cy l inder  axis in a porce la in  
tube of d i a m e t e r  1 ram,  i ts  junct ion  being located on 
the heated end and covered by a s i l ve r  plate of th ick-  
ness  0.1 mm.  The second junct ion of the t he rmocou-  
ple is located at the opposite end of the cy l inder .  

DETERMINATION OF HEAT FLUX FROM THE TIME 
AT WHICH THE MATERIAL STARTS TO MELT [12] 

This  method uses  the solut ion of the o n e - d i m e n -  
s ional  heat conduct ion equation for  a s e m i - i n f i n i t e  
body with a cons tant  heat  flux at i ts  sur face  (4) [13]. 
In the t ime  in t e rva l  T 1 f rom the s t a r t  of heating, the 
sur face  t e m p e r a t u r e  reaches  the mel t ing  point of the 
ma te r i a l ,  T f .  Subst i tut ing these va lues  in  (4), we ob-  
ta in  a fo rmula  for ca lcu la t ing  the heat flux 

q 2 ] /  ~1 �9 Tf(usion). (9) 

t 
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F i g .  2. Var i a t ion  with t ime  T (sec) of the t e m p e r a t u r e  t (~ of a n  
uncooled spec imen  (a), and of the t e m p e r a t u r e  of the cool ing w a t e r  
(b) r eco rded  us ing  a t h e r m i s t o r :  a) with gas flow ra te  GN2 = 5 g / s e e ;  
dca 1 = 20 ram;  s p e c i m e n  th ickness  6 = 7 m m ;  I = 590 a; U = 240 V; 
b) dca 1 = 10 ram; flow ra te  of cooling wa te r  Gca 1 = 0. 048 k g / s e c ;  

I =  570 a;  U - ~ 2 4 0 V .  
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Models consisting of copper and aluminum cylinders 
with their lateral surfaces protected by fiberflass were 
tested in a wind tunnel with an electric-arc air heater. 
The time to the start of melting was measured by tak- 
ing photographs or with a timer. 

THE COOLED CALORIMETER METHOD [14-17]  

The heat  flux to the  cooled c a l o r i m e t e r  is  d e t e r -  
mined by the flow r a t e  and heat ing of  the cool ing w a t e r .  

Thus 

Ghtcp 
q := T ' (10) 

where  G and At a r e  the  flow r a t e  and t e m p e r a t u r e  r i s e  
of the cool ing  w a t e r ,  and f i s  the  a r e a  of  the hea ted  
s u r f ace  of the s e n s o r .  The s e n s o r  used,  fo r  example ,  
in [15], was  a hol low c o p p e r  c y l i n d e r  with i t s  l a t e r a l  
s u r f ace  p r o t e c t e d  by a cooled  annu la r  s c r e e n .  

The ex i s t i ng  me thods  of m e a s u r i n g  hea t  f lux m a y  be 
divided into u n s t e a d y  and s t eady  me thods .  Of the  
me thods  examined ,  the  cooled  c a l o r i m e t e r  method i s  
a s t e ady  one, whi le  the  r e m a i n d e r  a r e  uns teady .  In 
app ly ing  u n s t e a d y  methods ,  d i f f i cu l t i e s  a r i s e  f r o m  the 
need to al low for  the  t e m p e r a t u r e  dependence  of  the 
p h y s i c a l  p a r a m e t e r s  of  the  spec imen ,  and, in shock 
tube m e a s u r e m e n t s ,  fo r  the  u n s t e a d i n e s s  of the gas  
flow. On the o t h e r  hand, v e r y  r e a l  e r r o r s  m a y  a r i s e  
in the s t eady  method,  due to hea t  c u r r e n t s  not  con-  
f o r m i n g  to the  ca l cu l a t i on  mode l .  

A c o m p a r i s o n  of  the d i f f e r en t  me thods  i s  in o r d e r .  
M e a s u r e m e n t s  of  hea t  f lux w e r e  made  in [4] by the 

exponent ia l  method and the change of s u r f a c e  t e m p e r a -  
t u r e  method.  Both me thods  a r e  u n s t e a d y  and w e r e  
used  fo r  m e a s u r e m e n t s  in  a shock tube .  

It i s  of i n t e r e s t  to c o m p a r e  the two types  of m e t h -  
ods  examined  above  u n d e r  cond i t ions  of s t e ady  gas  
flow, and, in fact ,  in a gas  je t  hea ted  to a t e m p e r a -  
t u r e  of the  o r d e r  of  7000 ~ K and above in  an e l e c t r i c -  
a r c  h e a t e r  [18, 19]. 

Two me thods  w e r e  used  fo r  m e a s u r i n g  hea t  flux 
in the p r e s e n t  s tudy:  the cooled  c a l o r i m e t e r  method 
and the exponen t i a l  me thod .  The f i r s t ,  a s  noted '  above,  
i s  s teady ,  whi le  the  second,  which i s  the  m o s t  w i d e -  
s p r e a d  and conven ien t  for  o u r  condi t ions ,  i s  an un-  
s t e ady  method .  

The s p e c i m e n s  used  in the  u n s t e a d y  method w e r e  
c o p p e r  c y l i n d e r s  of  t h i c k n e s s  5 - 8  ram.  A s c h e m a t i c  
of the  cooled  c a l o r i m e t e r  i s  shown in F ig .  1. The 
d i a m e t e r s  of  the  c a l o r i m e t e r  and of  the  s p e c i m e n  w e r e  
5, 10, 15, and 20 mm,  and the t h i c k n e s s  of the  annu-  
l a r  wa l l  of the  c a l o r i m e t e r  was  3 - 5  ram.  The t e m -  
p e r a t u r e  of the  w a t e r  coo l ing  the c a l o r i m e t e r  was  r e -  
co rded ,  us ing  a type  M M T - 1  t h e r m i s t o r  and a t h e r m o -  
couple ,  with an o s c i l l o g r a p h  and an e l e c t r o n i c  po ten -  
t i o m e t e r ,  r e s p e c t i v e l y ,  whi le  the  s p e c i m e n  t e m p e r a -  
t u r e  was  r e c o r d e d  with  a t h e r m o c o u p l e  (as shown in 
Fig .  1) and an o s c i l l o g r a p h  (Fig .  2). The s p e c i m e n s  
w e r e  mounted  at  d i s t a n c e  L = 25 m m  f r o m  the exi t  
s ec t ion  of the  nozz l e  of the  d i s c h a r g e  c h a m b e r ,  d i a -  
m e t e r  15 and 20 ram.  Al l  the  m e a s u r e m e n t s  e x a m i n e d  
w e r e  m a d e  fo r  one se t  of  o p e r a t i n g  cond i t ions  of  the  

e l e c t r i c - a r c  heater~ in t e r m s  of power  and gas  flow 
r a t e .  

The m e a s u r e m e n t s  showed (Fig.  3, cu rve  2), that  
in the c o r e  of the  jet ,  d i a m e t e r  roughly  10 ram, the 
spec i f i c  hea t  flux was  cons tan t  o v e r  the  sect ion,  and 
twice  as  l a r g e  a s  the mean  spec i f i c  f lux fo r  the whole 
je t .  The use  of  a c y l i n d r i c a l  mix ing  c h a m b e r ,  length 
100 ram, i n t e rna l  d i a m e t e r  50 ram, and exi t  sec t ion  
d i a m e t e r  20 ram, did not r e s u l t  in equa l i za t ion  of the 
hea t  flux o v e r  the  je t  sec t ion  (Fig.  3, cu rve  1). M o r e -  
over ,  the  p r e s e n c e  of the mix ing  c h a m b e r  reduced  the 
hea t  f lux by a f a c t o r  of four,  both in the  co re  and ove r  
the whole sec t ion  of the je t .  

o - - a  

o-- b 

lr__.~ 

oL 
5 IO ,'5 d 

Fig .  3. Dependence  of hea t  f lux 
q (kW/cm 2) on s e n s o r  d i a m e t e r  
d (mm): 1) with a mix ing  c h a m -  
be r ,  d m . c h .  = 20 m m  (mean 
m a s s  en tha lpy  of  the  gas  (n i t ro -  
gen) at  the  exi t  H = 8700 J / g ,  
mean  m a s s  v e l o c i t y  W = 270 
m / s e e ) ;  2) wi thout  mix ing  c h a m -  
b e r  (danod e = 15 mm,  ~ = 13400 
J / g ,  ~ = 600 m / s e c ) ;  a) fo r  a 
coo led  s e n s o r ,  b) uncooled .  

The  hea t  f lux va lue s  m e a s u r e d  by  the  two methods  
at  v a r i o u s  s e n s o r  d i a m e t e r s  and je t  p a r a m e t e r s  (Fig.  
3) showed suf f i c ien t ly  good a g r e e m e n t .  
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