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A nonstat ionary method for measur ing  hea t  fluxes using a hollow cyl indrical  probe placed in 
the cr i t ical  c ross  sect ion of a nozzle is proposed.  The t empera tu re  at a fixed distance f rom 
the inner surface  of the probe is measured  as a function of t ime.  The t ime var iat ion of the 
heat flux is determined by solving the one-dimensional  nonlinear heat-conduct ion equation. 

The most  widely used nonstat ionary method for determining heat fluxes is the ca lo r imete r  method 
with a l inear charac te r i s t i c .  In this method a uniform heat flux enters  the front face of a probe in the 
fo rm of a f ini te-s ized plate with thermal ly  insulated side and r e a r  su r faces .  By measur ing the t empera -  
tu re  of the r e a r  surface which var ies  l inearly with t ime the heat-f lux density can be determined [1, 2]. The 
heat flux can a lso  be determined by solving the one-dimensional  l inear  nonstat ionary heat-conduct ion prob-  
lem for a probe of specific configurat ion [3]. More accura te  resu l t s  which can be used to analyze the na- 
tu re  of heat t r ans fe r  between a h igh- tempera tu re  gaseous medium and the surface  of the probe can be ob- 
tained by solving the one-dimensional  nonlinear nonstat ionary heat-conduct ion equation. This method is 
par t icu la r ly  suitable for high heat fluxes when the thermophysica l  proper t ies  of the probe a re  s trongly 
t empera tu re  dependent. 

We have measured  the heat flux in the cr i t ical  c ross  sect ion of a nozzle through which a h igh- tem-  
pera ture  gas is flowing. A cyl indrical  copper washer  placed in the cr i t ica l  c ross  sect ion of the nozzle and 
thermal ly  insulated f rom the r e s t  of the nozzle was used as a probe.  The tempera tu re  at a fixed distance 
f rom the inner surface  of the probe was measured  as a function of the t ime.  By solving the one-dimen- 
sional nonlinear heat-conduct ion equation the t ime var ia t ion  of the heat flux was determined.  

Figure  1 shows a schemat ic  d iagram of the probe. Thermocouple  1 in the side wall of the copper 
washer  measures  the t empera tu re  at a fixed distance f rom the inner surface  of the probe. Thermocouple 
2 is a moni tor .  The thermocouple  readings as a function of t ime were recorded  on a type N-700 loop os-  
ci l lograph. Figure 2 shows the t empera tu re  as a function of t ime at a distance of 0.5 mm f rom the inner 
surface  of the probe (curve 1) and on the r e a r  surface  (curve 2). 

The method developed for determining the heat flux is based on the solution of the nonlinear heat-  
conduction equation 

Ot 1 O ( )~ (t) r Ot ) 
po c (t) o-;- = - - 7  o-7 ~ (RI < r < R~, �9 > o) (1) 

with the boundary conditions 

t (rl~)~=o = to (R1 < r ~< R~), 

t (qz)r=~, = % (~) (v > 0), 

t (rzT)r=, % = r (~) (~ > 0). 

It is assumed that the specific heat and the rmal  conductivity a re  functions of the t empera tu re .  

(2) 

(3) 

(4) 
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Fig. 1 Fig. 2 
Fig. 1. Schematic d iagram of probe for measur ing  heat f luxes.  1) 
Location of thermocouple  in side wall of probe;  2) monitoring the rmo-  
couple. 

Fig. 2. T ime var ia t ion  of probe t empera tu re :  1) t e m p e r a t u r e  at 0.5 
mm f rom the inner  sur face  of the probe; 2) t e m p e r a t u r e  of r e a r  su r -  
face of probe.  T i n ~  i n s e c .  

To obtain the t e m p e r a t u r e  dis t r ibut ion corresponding to the solut ion of Eqs.  (1)- (4) we cons ider  the 
following express ions  : 

I 

1 ~ %(t) dt, (5) O1 (t'lT) ----" ~ o  J 

G 
t 

02 (qT) -- 1 ~ p0 c (t) dt, (6) 
Poco 

t= 

t f 

O~ (rl T) = --~o 00% 
to te 

(5)- (7) once with r e spec t  to r and twice with r e spec t  to r and rea r rang ing ,  we Different iat ing Eqs.  
obtain 

oo, I o at 1 o ) 
r Or Or ) r Or ~-r +~'~ --Or r--~-r-) ,  

00~ 008 =po c ( t ) ~ + p o %  - -  
ooco T o, 0, (9) 

Subtracting (8) f rom (9) and using (1) we can wri te  

oe~ 1 o ( oo~ 

and using (1) it follows f rom (5) and (6) that 

OO~. 1 

ae, 1 a ( 002 
& a~ Or \ r -&-- r  ] '  (10) 

a (r ao~ 
Or T )  " (11) 

After  differentiat ing Eqs.  (10) and (11), respec t ive ly ,  once with r e spec t  to T and twice with r e spec t  
to r and replacing @2 by @1, we can wri te  Eq. (10) in the fo rm  

6~ ~ ~ ~  ~ ~ 6~ I = 6~ ~ ~o* 6 ~ L - 7 - T \  ~ ) j  

It was calculated in [4] that l inear  heat-conduct ion equations higher  than s e c o n d - o r d e r  ensure  the 
de te rmina t ion  of the t empe ra tu r e  d is t r ibut ion to an accuracy  sufficient for  p rac t i ca l  purposes .  

Consequently,  it can be assumed that 

020~ 82 [ 1 O ( r 80~ ) 
a~ a~ a,.-- ~ L T  ~-~. ~ " (13) 
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Fig. 3. T ime  dependence 
of heat flux: 1) in the c r i t -  
ica l  c ro s s  sec t ion  of the 
nozzle,  q is in k W / c m  2 
and ~- is in 10 -1 sec .  

Then f r o m  (12) it follows d i rec t ly  that  

t~203 G O - -  " (14) 
O~ ~ r Or Or - 0 (  

Since s ix  boundary conditions a r e  r equ i red  to solve Eq. (13) we d e t e r -  
mined the heat  flux in our ease  by using Eq. (14) which does not r equ i re  
specifying boundary conditions within the in te rva l  (B1, B2). 

Solving Eq. (14) by using the Laplace  t r a n s f o r m  with boundary con- 
dit ions of the f o r m  

O3(r, T)I~=0 --- 0 (RI~<r~R2), (15) 

OO3(r'o'c ~:) l*=o = 0  (R~-.<r ~< R2), (16) 

where  

and 

03 (r, x)I,fR , = ~ (T),, (17) 

03 (r, x)I,=R, = 0, (18) 

t t 

(x) = -~o X (t) dt + P0Co poc (t) dr; 
to to 

X it) = ~o + Xl ( t - -  to); c (t) = c o + q (t - -  to), 

we obtain 

0 s(r~.*)= 2 ( t - - t  o ) + -~ -  + ~  (t--to) 2 r = , ~ , - -  

In Rs 
/" 

In R~ 
R1 

-- [2 at at 

(R 2 - -  r ~) In R, _ (R~-- R~) In R ~  _ (rz _ ~ )  In R 2  In R~ 
• R1 r r R1 (19) 

4% In 2R~ 
R1 

In obtaining the solution (19) we l imited ourse lves  to  the f i r s t  de r iva t ive  of r We a s s u m e  that  h igher -  
o rde r  de r iva t ives  a r e  negligibly sma l l .  

The heat  flux enter ing the su r f ace  is g iven by 

I ~ (t - -  t 0) 003 1 
Or (2 0 ) 

where  ~@J0r  is found f r o m  (19), and t ( r ,  r ) r = l R l _  A f r o m  the exp re s s ion  

%[r=R,-a = 2 (t--lto) ]r=R,--~ + ~ -  ' CO . I~=R,--~ 

Curve 1 of Fig. 3 shows the t i m e  dependence of the heat  flux at r = RI-  A. The graph  shows that 
a f t e r  0.4 sec  a s t a t ionary  heat  flux of the o rde r  of 2.4 k W / e m  2 is es tabl ished.  

Thus it follows f r o m  the data obtained that  using the solution of the nonlinear nonsta t ionary  hea t -  
conduction equation to de t e rmine  heat fluxes gives a unique answer  indicating the nature  of the heat  t r a n s -  
fe r  be tween the gaseous  med ium and the su r f ace  of the p robe .  

The use  of the l inear  equation in this ease  would introduce an e r r o r  into the e s t ima te  of the heat  
flux, s ince the t he rmophys i ea l  p r o p e r t i e s  of the probe  a r e  t e m p e r a t u r e  dependent.  
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