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EXPERIMENTAL STUDY OF HEAT EXCHANGE IN A MODERATELY RAREFIED GAS 

A. N. Kulev, A. M. Shestakov, S. F. Borisov, 
and Yu. G. Semenov 

UDC 533.722 

An experimental study is performed of heat exchange in multiatomic gases at mod- 
erate Knudsen numbers in coaxial geometry. The data obtained are described well 
by the Liu-Lees theory of multiatomic gases. 

The heat-exchange problem in rarefied gases has many practical applications, such as 
high-altitude aerodynamics, precision chemical technology, etc. On the other hand, comparison 
of experimental results on heat exchange obtained under conditions suitable for theoretical 
consideration of the problem provides valuable information on characteristics such as param- 
eters of the intermolecular interaction potential and energy accommodation and tangential 
molecular momentum coefficients. 

At present the character of heat exchange in the free molecular regime has been studied 
thoroughly [I, 2]. This is because it is possible to determine the energy accommodation coef- 
ficients characterizing energy exchange in the gas-solid system properly [3-5]. Heat ex- 
change has been studied in greater detail in the continual limit [6, 7], since such studies 
are the major source of information on gas thermal conductivity coefficients. At the same 
time, experimental data for the region of transition between free molecular and continual 
regimes are few in number, especially for multiatomic gases. 

There exist a large number of theoretical studies on heat exchange in planar geometry, 
based on solution of the Fourier equation using the temperature change condition on the bound- 
ary (see review [4]). However, such an approach does not permit description of the entire 
rarefaction range. This shortcoming can be eliminated only by solving Boltzmann's equation 
or a model thereof with substitution of proper boundary conditions. 

Two studies are available [8, 9] in which heat exchange in monatomic gases was considered 
at arbitrary Knudsen number with the assumption of small temperature changes for the geometry 
met most often in practical applications - coaxial cylinders. Precise treatment of heat ex- 
change in multiatomic gases is complicated by the necessity of introducing energy accommoda- 
tion coefficients for the internal degrees of freedom. However, under conditions of complete 
molecular energy exchange with the surface such a description is possible by introducing into 
the solution some factor which considers the character of energy exchange in intermolecular 
interactions [i0]. 

Below we will present results of experimental studies of thermal fluxes in certain mon- 
and multiatomic gases by the heated wire method at a temperature of about 300~ in the inter- 
mediate region (Kn = 0.01-i). Processing the data by the theory of [9], extended to multi- 
atomic gases, allowed determination of the Eucken factor, which coincided with values avail- 
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Fig. i. Schematic diagram of experimental 
equipment. 

able in the literature. This fact indicates the validity of the description of heat exchange 
in coaxial geometry proposed in [9]. 

Thermal fluxes were measured by the nonsteady state heated wire method using an RC-gen- 
erator, described in detail in [ii]. A schematic diagram of the experimental arrangement 
is shown in Fig. i. The measurement cell was a stainless steel tube i, on the axis of which 
a nickel wire 2 (200 • i) Dm in diameter was held by ceramic inserts with centering orifices. 
The ratio of the diameter of the wire to the inner diameter of the outer cylinder was (152 • 
2).10 -4 . To decrease the influence of end effects, the measurement cell was about i m long. 

The eccentricity of the wire location relative to the geometric axis of the external 
cylinder, caused by error in the external cylinder and centering washer construction, was 
estimated to be less than 600 Dm. Such an eccentricity produces a thermal flux correction 
of about 0.05% [12]. 

The cell was first evacuated to a pressure of almost 1.10 -3 Pa by forevacuum pump 6 and 
diffusion pump 5 through nitrogen trap 4. The vacuum level was monitored by thermocouple 
and ionization pressure sensors 3. The gas to be studied was admitted into the cell from 
reservoir 7. 

The nickel wire was heated by passage of an electrical current from power source 8 to 
a temperature 0.5-1~ above room temperature. At a certain point in time the heating was 
terminated and the wire was connected to RC-oscillator 9. The change in frequency of the 
RC-generator produced by cooling of the wire was recorded by frequency counter i0. 

During the experiment the wire cooling rate was determined as a function of gas pres- 
sure. The pressure range used ensured achievement of the intermediate regime with respect 
to the wire diameter. The pressure was measured by mercury manometer ii to an uncertainty 
not more than 1.5%. The uncertainty in cooling rate determination comprised about I%. Ex- 
perimental values of cooling rates as functions of pressure for various gases are shown in 
Fig. 2. 
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Fig. 2. Cooling rate vs. pressure: 
P, mm Hg. 

Fig. 3. Relative thermal flux vs. Knudsen number: 
N2; 5) CO2; 6) NH 3. 

" , ? ' J > ,  " , . 'X  ~:' o - -  '~ 

' I i -,G',.. 

' I ~ ~ "l s  , 
~<~'teC---"i-._ ! 

Fig. 3 

i) Xe; 2) CO2; 3) NH3; 4) N=. m, i/sec; 

i) [9]; 2) [8]; 3) Xe; 4) 

1163 



Agreement between theory and experiment was evaluated by comparing experimental and 
theoretical dependences of dimensionless thermal flux q/qfm on Knudsen number Kn. Referring 
the thermal flux to the quantity qfm is convenient and widely used in the literature, inas- 
much as qfm depends linearly on pressure. In this case, the ratio q/qfm gives a clear pic- 
ture of the features of transition into the intermediate regime. 

The Knudsen number was calculated with the expression 

rj9 V 2RTi " 

The value  of q/qfm was determined from the  exper imenta l  data  fo l lowing  [3]: 

q----q---= m - - m ~  (2) 
qfm mfm 

where mfm is the cooling rate in the limit of free molecular heat exchange, calculated with 
the expression 

mfm = ~1P 2 (C,, + B/2) 
rlc--.  p., V2- 7 " (3) 

Here ~z is the energy accommodation coefficient on the nickel wire surface. It was shown in 
[3] that for the gases of the present study on a nickel surface coated by films of unknown 
composition (which conditions were realized in the present experiments) within an accuracy 
of 1% the values of 9z are equal to unity. 

According to Eqs. (1)-(3), the uncertainties in determination of the quantities Kn and 
q/qfm are 2 and 4%, respectively. 

Relative thermal fluxes are shown as functions of the parameter Kn for the gases studied 
in Fig. 3. Also shown are theoretical functions obtained for a monatomic gas at gl = i. Curve 
1 is a solution of the problem of heat exchange in a gas for coaxial geometry by the moment 
method [9]; curve 2 is an extrapolation of the solution of the BGK equation by the variation 
method [8] to the present experimental conditions. 

As is evident from Fig. 3, there is a systematic divergence of the experimental results 
for the gases studied, apparently related to the participation in intermolecular exchange 
of internal degrees of molecular freedom, since energy exchange upon collision of molecules 
of these gases with the surface is total. On the other hand, it is evident from Fig. 3 that 
the data for Xe are described well by the theoretical dependence taken from [9] and obtained 
for the case of a monatomic gas for the condition of total energy exchange on the boundary. 
This fact permits us to conclude in favor of this theory and extend its results to heat ex- 
change in multiatomic gases. 

It can be proposed in analogy to [i0] that the effect of the multiatomic nature of the 
molecules and their incomplete energy exchange upon collision with the surface may be des- 
cribed by introduction of some factor B before the second term in the denominator of the ex- 
pression for specific thermal flux in Liu-Lees form [9]. In this case the dependence of 
thermal flux per unit area of a wire of radius r I upon Kn has the form: 

Z (T,-- 7"2) ( 4 ) 

q =  rj ~ ) " / ln r. 15 ".,- + - - - -  B Kn 
rl 4 , 

The express ion  for  qfm can be r ep resen ted  in the  fo l lowing  form [2] :  

1 -I ]/// RT, f (5) qfm== - ) -  Cv ( 1 T)P ~ (r, -- T j  A- '  

where A is a parameter characterizing molecular energy exchange on the surfaces of the wire 
and outer cylinder, defined by the expression 

A :  . . . .  ~1 + r~h ( 1~2 - - 1 ) .  (6) 

The quantity F is 
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1 - - w  (7 )  
F =  ~ A  

~IA--~  -~---f- 1 - -  ~ A - - ~  

/ f l  - -  

9 

X 1 r~ r~ 

2 r 1 r 2 

where  z i s  t h e  d i m e n s i o n l e s s  t e m p e r a t u r e  d i f f e r e n c e ,  �9 = (T1 - T 2 ) / T 1 .  

From Eqs .  (4 )  and ( 5 ) ,  c o n s i d e r i n g  t h e  d e f i n i t i o n  o f  t h e  Knudsen number ,  Eq. ( 1 ) ,  and 
t h e  Eucken f a c t o r  ( f  = X/CVn), we can  o b t a i n  an e x p r e s s i o n  in  e x p l i c i t  fo rm f o r  t h e  d i m e n s i o n -  
l e s s  t h e r m a l  f l u x  q / q f m  as  a f u n c t i o n  o f  Kn: 

q = 4 [  A Kn ( 8 )  

qfm 1 ~ ? F In ~ + B 15. Kn 
rx 4 

S i n c e  in  t h e  f r e e  m o l e c u l a r  l i m i t  (Kn + ~) Eq. (8 )  mus t  be e q u a l  t o  u n i t y ,  f o r  t h e  
q u a n t i t y  B we o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n :  

16 f A 
= ( 9 )  

15 1 + ? F 

In  t h i s  e x p r e s s i o n  t h e  p a r a m e t e r  A c o n s i d e r s  t h e  e f f e c t  o f  g a s - s u r f a c e  i n t e r a c t i o n  on h e a t  
16 f 

e x c h a n g e .  The f a c t o r  c h a r a c t e r i z e s  t h e  e f f e c t  o f  t h e  m u l t i a t o m i c  n a t u r e  o f  t h e  
151-}-7 

gas on heat transport in the gap. Using for f the expression proposed by Eucken [13], it 
is simple to show that for a monatomic gas B = i, and for a biatomic gas B = 38/45. This 
result coincides with the conclusions of [i0] and generalizes them to the case of an arbitrary 
multiatomic gas. It should be noted that for the case of low temperature differences (~ + 0), 
i.e., for a situation in which the Liu-Lees expression Eq. (4) is valid, the value F = i. 
In particular, for the experimental data obtained F differs from unity by not more than 0.1%. 

With consideration of Eq. (9), for the relative heat flux q/qfm we finally obtain 

__q__q = 1 (i0) 
qfm 1 ~ - - 4  - - 1  in r2 

15 BKn  rl 

This expression was used to process the experimental data. Values of the quantity B for Xe, 
N2, COz, and NHs and the random uncertainties in their determination are presented in Table 
i. Also shown are values of f, calculated with Eq. (9), as well as values of the Eucken fact- 
or f0, calculated from experimental data on thermal conductivity, viscosity, and specific 
heat [14]. 

In calculating f values for the gases studied with Eq. (9) the quantity A was taken equal 
to unity. It is evident that this will introduce an error into the calculation of f of no 
more than 1%, since for the concrete value of rl/r2 = 0.0152 the quantity A, according to 

TABLE I. Results of Processing Experimental Data 

Gas B _+AB [ _+ay fo frel _+af rel 

Xe 

N~ 
CO.. 
NH3 

0,992 
0,824 
0,728 
0,629 

• 
+_0,004 
• 
• 

2,48 
1,86 

1,57 

1,37 

-]-0,02 
+0,m 
+_o,oi 
+-0,01 

2,60 
1,95 

! ,68 

1,46 

! ,95 
1,65 

1,44 

4-0,02 
+0,02 
+_0,02 
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Eq. (6), is determined only by the value of ~z, which for the gases studies is within 1% of 
unity [3]. 

As is evident from Table i, the values obtained for f are 4-5% less than the values of 
f0. Such a divergence exceeds the random uncertainties in Af determination presented in the 
table, and is due to the presence of systematic error in the quantity B, which according to 
Eq. (i0) comprises 6-7%. To eliminate the systematic error, values of the Eucken factor 
for the multiatomic gases studied were calculated relative to xenon with the expression 

B i @ ? (11) 
~e*- Bxo fxe l + ? x  ~ 

I t  can  e a s i l y  be shown t h a t  t h e  u n c e r t a i n t y  in  f r e l  d e t e r m i n a t i o n  i s  d e f i n e d  by t h e  u n c e r t a i n t y  
in  t h e  c o o l i n g  r a t e  and i s  a t  t h e  l e v e l  o f  1-2%. V a l u e s  o f  f r e l  f o r  m u l t i a t o m i c  g a s e s  and t h e i r  
u n c e r t a i n t i e s  a r e  p r e s e n t e d  in  T a b l e  1. 

From c o m p a r i s o n  o f  t h e  f0 and f r e l  v a l u e s  p r e s e n t e d  in  t h e  t a b l e  i t  i s  e v i d e n t  t h a t  de -  
v i a t i o n s  o f  f r e l  f rom f0 do n o t  e x c e e d  2% and l i e  w i t h i n  t h e  l i m i t s  o f  f r e l  u n c e r t a i n t y .  

Thus we may c o n c l u d e  t h a t  h e a t  t r a n s p o r t  in  m u l t i a t o m i c  g a s e s  be tween  c o a x i a l  c y l i n d e r s  
in  t h e  i n t e r m e d i a t e  r e g i m e  i s  d e s c r i b e d  w e l l  by t h e  t h e o r e t i c a l  e x p r e s s i o n s  o b t a i n e d  in  [ 9 ] ,  
w i t h  c o r r e c t i o n  f o r  t h e  m u l t i a t o m i c  n a t u r e  o f  t h e  g a s e s  by Eq. ( 9 ) .  

I t  s h o u l d  a l s o  be  n o t e d  t h a t  p r o c e s s i n g  o f  t h e  e x p e r i m e n t a l  d a t a  by t h e  e x p r e s s i o n s  o f  
t h i s  t h e o r y  p e r m i t s  ( i n  t h e  c a s e  o f  known Eucken f a c t o r s )  d e t e r m i n a t i o n  o f  t h e  e n e r g y  accom-  
m o d a t i o n  c o e f f i c i e n t s  i n  t h e  i n t e r m e d i a t e  and c o n t i n u a l  r e g i m e s .  V a l u e s  o f  t h e  accommoda t ion  
c o e f f i c i e n t s  c a l c u l a t e d  in  t h i s  manner  can  d i f f e r  s i g n i f i c a n t l y  f rom v a l u e s  o b t a i n e d  in  t h e  
f r e e  m o l e c u l a r  r e g i m e ,  s i n c e  change  in  gas  p r e s s u r e  can  l e a d  t o  s i g n i f i c a n t  change  in  t h e  
q u a n t i t y  o f  m o l e c u l e s  a d s o r b e d  on t h e  s u r f a c e  and ,  c o n s e q u e n t l y ,  t o  change  in  e n e r g y  e x c h a n g e  
be tween  gas  m o l e c u l e s  and s u r f a c e .  

NOTATION 

Kn, Knudsen number; q, specific thermal flux; qfm, free molecular limit of specific therm- 
al flux; r I, r2, wire and outer-cylinder radii; Ti, T2, temperatures of wire and outer cylin- 
der; R, universal gas constant; p, gas density; N, X, coefficients of viscosity and thermal 
conductivity; m, cooling rate; m~, cooling rate in vacuum; mfm, cooling rate in free molecular 
heat exchange limit; ~z, a2, energy accommodation coefficients on wire and outer cylinder 
surfaces; P, gas pressure; CV, isochloric heat capacity of gas; CNi,@N i, specific heat and 
density of nickel; A, parameter characterizing molecular energy exchange with wire and outer- 
cylinder surfaces; B, factor considering effect of multiatomic nature of molecules on heat 
exchange; F, parameter characterizing equipment geometry; ~, dimensionless temperature change; 
f, Eucken factor; 7, adiabatic index. 
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THERMAL DEFORMATION OF UNEVENLY HEATED JET HEAT EXCHANGERS 

S. B. Koshelev, V. V. Kharitonov, and G. E. Ter-Avakimov UDC 532.525.6+536.24 

Expressions are obtained for evaluating stresses and strains in an unevenly 
heated jet heat exchanger having the form of a metallic disk with a cellular 
structure. 

Jet heat exchangers are widely used in different areas of technology [1-3]. Such heat 
exchangers may be significantly deformed at high thermal loads and temperature gradients, 
and their structural materials may experience intolerably high thermal stresses. The goal 
of the present study is to evaluate thermal stresses and strains in jet heat exchangers hav- 
ing the form of a metal disk of thickness H and diameter 2b with a cellular structure (Fig. 
i) in the case of nonuniform axisymmetric heating. The cellular structure makes it possible 
to intensify heat transfer due to the finning effect and retains the bending stiffness of 
the exchanger. 

Formulation of the Problem. The exact simultaneous solution of the differential equations 
of heat conduction (second order) and thermoelasticity (fourth order) is possible only in 
certain simple cases [4, 5]. Thus, various approximations of the theory of thermoelasticity 
are used in engineering calculations [4-7]. Below we represent the resulting strain m(r) 
of the heated surface (z = H/2) approximately in the form of the sum of the thermal expansion 
~expn(r) (thickening) of the heat exchanger along the z axis and the bending of its middle 
plane (z = 0), mbnd(r). We will evaluate the bending by using an approximation of plate 
theory for a plate with properties which vary through the thickness [5]: the radial coeffi- 
cient of thermal expansion 8r(Z) and the modulus of elasticity Er(z). 

According to [4, 5], the so-called thermal force and thermal moment are sources of bend- 
ing stresses and strains: 

l H/2 
N t (l') = 1"--''"--~" ,I Or (Z) E r (Z) T (r, z) dz, 

--HI2 

I ~/~ 
M t (r) = - ~  S [~ (z) E~ (z) T (r, z) zdz, 

l - - v  - n / 2  

(1) 

which are determined by the temperature field T(r, z) in the metal. Henceforth, the tempera- 
ture is reckoned from the temperature of the fluid at the inlet of the heat exchanger (Tin = 0). 

After fourfold integration of the equation of thermoelasticity of circular plates [4, 
5] over the radius, we obtain 
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