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a, thermal diffusivity of gas, b = ~ and b0, thermal  activity coefficients of gas at pressures  P and 
P0; c and Cp, specific heats of sensor material  and gas; d -- Q - ~ c p 6 ,  aquanti ty characterizing the speed of 
response of the sensor; e, measured signal; g, temperature discontinuity coefficient; h, radiative heat t rans-  
fer  coefficient; m, mass  of sensor; R0 and R1, resis tance of sensor and bridge arm in ser ies ;  ~,  mean gas 
temperature;  00, amplitude of sensor temperature oscillations; V= and V ~,  constant and variable voltage 
components at bridge input; ~ = I/R0" dR0/dT, p, and ~i, temperal~are coefficient of resis tance,  density, and 
thickness of sensor; T and ~, density and thermal conductivity of gas; ~,  difference in phase between temper-  
ature and power oscillations; ~0, cyclic frequency of supply alternating current.  
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K N U D S E N  E F F E C T  IN D E T E R M I N I N G  T H E  T H E R M A L  

C O N D U C T I V I T Y  OF G A S E S  BY THE C O A X I A L -  

C Y L I N D E R  M E T H O D  

R. T u f e u  a n d  B. Le  N a i n d r e  UDC 536.23 

The propert ies  of the thermal conductivity of gases a r e  investigated by the coaxial-cylinder 
method at low pressures .  It is established that there  is a temperature-jump effect, which must 
be taken Into account, especially for light gases at P ~ 1 atm and room temperature.  

Macroscopic t ransfer  theory has been formulated for molecular free path lengths less than all the 
macroscopic parameters  of the experiment. In this case the gas behaves as a continuous medium, and the 
concepts of local density, velocity, and temperature gradient have a perfectly definite physical meaning. In 
part icular,  in a pure gas~ the thermal  conductivity ~ is defined as the coefficient of proportionality relating 
the energy flux qc to the thermodynamic force VT 

q~=--~.Vr. (1) 

Experimental values of qc and ~TT allow the value of k to be determined. 

In the commonly used steady-state methods (parallel-plate, coaxial-cylinder,  or heated-fiber methods), 
VT, which is assumed to be unidirectional in the f i r s t  of these methods and axisymmetry in the other two, 
is practically determined from the temperature difference between two solid surfaces bounding the investigated 
gas. 

At low pressures  this definition of the thermal  conductivity is problematic, since the temperature grad-  
ient becomes discontinuous in the vicinity of the wall. For example, if two plane-parallel  solid walls at tern- 

Par is ,  France. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 36, No. 3, pp. 472-479, March, 
1979. Original ar t icle  submitted December 6, 1977. 
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Fig. 1. Explanat ion of the t e m p e r a t u r e  jump encountered in d e -  
t e rmin ing  the t h e r m a l  conductivity of  a gas  confined between two 
pa ra l l e l  p la tes ,  a d is tance  e apar t ,  at  t e m p e r a t u r e s  of  Twl and 
Tw2; Tel  and Te2 a r e  the t e m p e r a t u r e s  which the gas  would have 
at  the walls  if  the t e m p e r a t u r e  gradient  we re  constant ;  Tg  1 and 
Tg2 a r e  the actual  gas  t e m p e r a t t w e s  a t  the wal ls .  

Fig. 2. P r e s s u r e  dependence of the apparen t  t h e r m a l  conductivity 
of hel ium.  ~m,  W ' m - l "  C- i ;  P, 105 N ' m - 2 .  

p e r a t u r e s  Twl and Tw2 a r e  consideredp it is evident  that  the t e m p e r a t u r e  gradient  does  not r e m a i n  constant  
in the vic ini ty  of the walls  (the t e m p e r a t u r e  d is t r ibut ion  is shown in Fig. 1). 

These  conditions a r e  known as  " t e m p e r a t u r e - j u m p "  conditions. The t e m p e r a t u r e  jump at  the wal l  is  de -  
fined as the d i f fe rence  between the wall  t e m p e r a t u r e  Twl and the t e m p e r a t u r e  Tel  obtained by ext rapola t ion  
of the s t r a igh t  l ine r ep re sen t i ng  the t e m p e r a t u r e  d is t r ibut ion  in the gas.  

The value of the t h e r m a l  conductivity obtained f rom expe r imen ta l  m e a s u r e m e n t s  without taking account  
of the t e m p e r a t u r e  jump is lower  than the value obtained when the t e m p e r a t u r e  jump is  taken into account.  

On the b a s i s  of [1, 2], Kennard [3] developed a kinetic theory  of the t e m p e r a t u r e  jump. The assumpt ions  
of the Kennard  theory  w e r e  ref ined in [4, 5]. In th is  theory  a t e m p e r a t u r e - j u m p  length g is introduced; it  is  
defined as  a function of a ,  the so -ca l l ed  accomedat ion  coeff ic ient*  

T~ - -  T~ = ~ q  , OT , 
Or 

( )112 ~, 
g = A 2 n R T  

M (V "q- 1)COP ' 

where  A = (2 - a ) / a ;  R is  the gas  constant ;  T = C p / C v .  

(2) 

(3) 

In the case  of coaxia l  cyl inders  of the s ame  mater ia l~ with d i a m e t e r s  r 1 and r2, the re la t ion  between the 
m e a s u r e d  ( ~ m )  and actual  (h) t h e r m a l  conductivity m a y  be wri t ten ,  a s suming  that  Twl ~ Tw2 and k is a func-  
t ion of the t e m p e r a t u r e ,  in the fo rm 

1 1 C (4)  + 7 '  

where  

(5) 

*The accommoda t ion  coeff ic ient  a = lira Ed-- Eo where  E 0 is the ene rgy  of the incident pa r t i c les ;  E w is the 
E w ~ E  o Ez~ - -  Eo  ~ 

ene rgy  of the molecu les  a t  the wall;  E d is the ene rgy  of the re f lec ted  pa r t i c l e s ;  E w <__ E d - E0. Fo r  a m o n o -  

a tomic  gas ,  a = lira Td--T,)_ 
T w i t  o T w  - -  T O 

319 



Introducing the p a r a m e t e r  e = r 2 - r 1 and set t ing r t ~ r z >> es Eq. (4) is t r a n s f o r m e d  to give 

1 i _ A ...... 1 

The t e m p e r a t u r e - l u m p  effect  has  been  taken  into account  in s e v e r a l  m e a s u r e m e n t s  of  the t h e r m a l  ~on- 
ductivi ty of  gases  a t  low dens i t i es  [6-8]. This  has  conf i rmed the theore t ica l  l inear  dependence of  1/Xm on 
1 / P  and s by  ext rapola t ion  to 1 / P  = 0, ha s  led to co r r ec t ed  va lues  for  the t h e r m a l  conductivity of  at tenuated 
gases .  

The t h e r m a l  conductivity of  He m e a s u r e d  a t  P > 1 a t m  in [9, 10] is much  reduced a t  low p r e s s u r e s  (Fig. 
2). No theore t ica l  explanat ion was offered for  this  unexpected behavior  of  the t h e r m a l  conductivity in [9, 10]. 
In [11], da ta  obtained a t  1 ~ > 1 a tm  for  he l ium w e r e  analyzed,  and values  of the accommodat ion  coeff icient  at  
high p r e s s u r e  we re  obtained. 

Belows da ta  obtained by  the coax ia l -cy l inder  method a r e  g iven for  the t h e r m a l  conductivity of  va r ious  
ga se s  as  a function of  the p r e s s u r e  {including p r e s s u r e s  l e s s  than 1 a tng .  

It  is  shown that:  

1) the t e m p e r a l n r e - j u m p  effec t  m a y  be  impor tan t  even at  p r e s s u r e s  for  which the f r ee  path length is  
sma l l  in compar i son  with the d is tance  between the cy l inders ;  

2) ff the r e a l  value of the t h e r m a l  conductivity is to  be  de te rmined  in the l imit ing case  of low densi ty  s it 
m u s t  be  m e a s u r e d  as  a function of the p r e s s u r e .  

Severa l  s e r i e s  of  the rmal -conduc t iv i ty  m e a s u r e m e n t s  w e r e  made  using t h r ee  ce l l s  which di f fered  only 
in the d is tance  e between the cyl inders .  The su r f ace s  w e r e  ca re fu l ly  polished.  A comple te  desc r ip t ion  of the 
m e a s u r e m e n t  ce l l  is  g iven in [12]. 

In the cel l  with a gap of e = 0.260 m m  (No. 1), neon and hel ium w e r e  invest igated a t  r oom t e m p e r a t u r e  
and p r e s s u r e s  f rom P ~ 0.013 M" N" 121-2 {100 InIn Hg) to 100 M" N" m -2. Above room t e m p e r a t u r e  the t h e r m a l  
conductivity of the s a m e  gases  was  m e a s u r e d  a t  P > 100 M- N" m -2. 

In the ce l l  with a gap of  e = 0.225 m m  {No. 2) s the t h e r m a l  conductivity of  w a t e r  vapo r  and n i t rogen was 
m e a s u r e d  a t  r o o m  t e m p e r a t u r e  and above {up to 520~C ) for  P > 1 attn. 

In the cel l  with e = 0.325 m m  (No. 3), n i t rogen and wa te r  vapor  w e r e  invest igated at  T > 420~ and 
p r e s s u r e s  below a ~ o s p h e r i c .  The values  of  Xm obtained a r e  g iven in Table  1. 

In addition, an ana lys i s  was made  of the expe r imen ta l  da ta  for  He obtained in [9], where  a cel l  s imi l a r  to 
these  used in the p r e s e n t  invest igat ion was  used for  t e m p e r a t u r e s  30-365~ and p r e s s u r e s  0.1-20 arm. The 
gap in this  cel l  was  e = 0.200 m m  {cell No. 4). Final ly ,  the r e su l t s  of [13] for  He at  686~ w e r e  used.  The cel l  
used in [13] was  of coax ia l -cy l inder  type and m a d e  of  s i lve r ;  the gap s ize  was  0.600 ram.  

The change in 1/X m as  a function of 1 / P  is  shown in Fig. 3 for  Hes Ne, H2s and H20. The r e s u l t s  shown 
were  obtained at  P < 0.2 M. N- m -2, where  X should be  independent of p r e s s u r e .  The l ighter  the gas  s the l a r g e r  
the slope of the s t ra igh t  l ines  in Fig. 8. 

Consider  the r e s u l t s  obtained for  He {cell No. 1). At a tmospher i c  p r e s s u r e  and 28~ the d i f fe rence  b e -  
tween the m e a s u r e d  value and the value ext rapola ted  to 1 / P  = 0 is 1.6%. Although the f r ee  path length L ~ 
3" 10 -4 m m  is smal l  in compar i son  with e = 2 . 6 . 10  -i r am,  there  is a m a r k e d  d i f fe rence  in the value of the 
t h e r m a l  conductivity. 

It  is evident  f r o m  Eq. (2) that  the t e m p e r a t u r e - j u m p  length g is  on the o rde r  of 6L. Note that m u l t i -  
a tomic  and monoatomic  ga se s  behave in the s ame  way, although energy  t r a n s f e r  be tween the gas  molecu les  is 
a m o r e  complex  p r o c e s s  in the case  of mul t i a tomic  molecu les ,  s ince a l l  the d e g r e e s  of f reedom of the m o l e -  
cule m u s t  be  taken  into account. 

If  a l inear  va r ia t ion  of 1/Xm as  a function of 1 / P  is  n e c e s s a r y  for  the evaluat ion of the t e m p e r a t u r e -  
jump effects i t  is n e c e s s a r y  to ve r i f y  the value of the accommodat ion  coeff ic ient  a obtained f rom Eq. (4). 

For  He at  28~ a ~ 0.3; for  He a t  22~ a ~ 0.6. These  values  a r e  comparab l e  in o rde r  of  magni tude 
with the values  of  a in the case  of  tungsten or  nickel  su r faces  {0.18 < a < 0.47 for  He and 0.3 < a < 0.8 for  Ne).  

The r a t io  aNe/aHe is v e r y  c lose  to the r a t io  M ~ - ~ N e / ~ ,  which is as  predic ted  theore t ica l ly  for  the 

320 



T A B L E  1. E x p e r i m e n t a l  Va lue s  of  the  T h e r m a l  Conduct iv i ty  of 
H e l i u m ,  Neon,  Ni t rogen ,  and W a t e r  V a p o r  

Helium 

P 

P 
~m 

P 

P 
~m 

P 

Neon 
P 

~m 

P 

P 

Nitrogen 

P 
~m 

Steam 
P 

P 
~'lll 

Nitrogen 
P 
Zm 

P 

Seam 

P 
~n~ 

Note.  

Cell d~- 

0,070 0,115 
129,0 136,3 

1,01 5,1 
152,3 153,8 

1,01 lO,1 
181,8 184,8 

1,01 9,8 
201,6 205,5 

1,01 10,1 
225,3 231,4 

0.093 0,114 
46,09 46,59 

1,01 10,1 
49,63 50,27 

1,01 10,I 
77,11 I 78,0 

Cell Jr 

1,01 25 
42,2 I 43,6 

1 25 
54,6 I 5 6 , 4  

1,01 [ 25 
63,1 [ 64,6 

Cell N_. 

0,093 I 0,123 
35,73 J 36,12 

O, 120 44,31 I 0,150 44,94 

0,173 0,267 
53,4 I 54,4 

1 el -- 0,260 mm 
T = 28 ~ 

[ 0 , 2 0 [ 0 , 4 7  0,77 
142,6 , 148,4 149,9 

T = 31 ~ 

t 10,0 25,2 50,7 
154,9 ] 155,8 156,7 

T = 121 ~ 

25,3 50,7 101,5 
[ 186,0 1 187,0 188,8 

T = 186 ~C 

25,2 50,7 206,6 I 76,4 207,4 208,3 
T = 270,5 ~ 

25,3 50,9 101,7 
232,4 [ 233,4 234,5 
T = 22~ 

0,178 0 , 2 5 6  0,568 
47,47 , 47,86 48,18 

T = 3 3 ~  

I 25,3 [ 50,7 73,8 
50,66 5 1 , 3 4  51,77 

T = 333,2 ~ 

[ 25,3 i 50,7 101,8 
78,27 , 78,73 79,54 

2 e 2 = 0 ,225  mm 
T = 296 :C 
I 50 100 187 

44,2 145,5 ] 4 7 , 7  
T = 406,4 ~C 

I 56 t 1oo l 
5 7 , 9  i 6 4 , 7  

T = 475 ~ 

[ 50 t 75 [ 100 
65,9 67,4 I 69,6 

3 e 3 = 0 ,325  mm 

T = 208 ~ 

i 0 ,164 0,266 36,70 I [ 0,291 37,04 37,31 
T = 410 ~ 

I 0 ,169 0 , 4 0 7  0,789 
45,3 i j 48,31 47,73 

T = 420 :C 

r 0,541 0,817 0,99 
55,04 I [ I 56,0 55,8 

P,  105 N ' m - Z ;  XmJ 1 0 - S W  " m - i ' ~  

I. 4,56 
152,4 I 

159 
190,6 ] 

101,7 
208,8 [ 

200 
237,3 ] 

0,981 
48,47 [ 

110,4 
52,80 t 

20O 
81,18 I 

I 

125 
72,7 i 

0,629 
37,68 I 

1,01 
48,6 I 

0,99 
56,3 I 

149 
210,1 

1,05 
48,40 

1,01 
38,00 

a c c o m m o d a t i o n  coe f f i c i en t s  on p u r e  s u r f a c e s .  

F r o m  th i s  v iewpoin t ,  i t  m a y  b e  concluded tha t  the  d e c r e a s e  o b s e r v e d  in Xm a t  p r e s s u r e s  on the  o r d e r  of  
1 a i m  for  l ight  g a s e s  in e x p e r i m e n t s  wi th  coax ia l  c y l i n d e r s  is  a r e s u l t  of  the t e m p e r a t u r e - j u m p  effect .  

The  t e m p e r a t u r e - j u m p  t h e o r y  is  a p p r o x i m a t e  and,  w h e r e a s  it  has  now b e e n  deve loped  for  the  d e t e r m i n a -  
t ion  of  the  a c c o m m o d a t i o n  coef f ic ien t ,  the t h e o r y  of the  a c c o m m o d a t i o n  e f f ec t  of  g a s e s  h a s ,  as  f a r  as  is  known, 
not  y e t  b e e n  deve loped .  Hence ,  to ob ta in  a c o r r e c t e d  va lue  of X at  low p r e s s u r e s ,  i t  m u s t  be  m e a s u r e d  a s  a 
funct ion of the  p r e s s u r e .  

T h e r e  is  a cho ice  of two p o s s i b l e  m e t h o d s :  

a) e x t r a p o l a t i o n  of the  va lue  of X f r o m  the  l o w - p r e s s u r e  r eg ion ,  c o n s i d e r i n g  the  r e g i o n  w h e r e  X is  in-  
dependen t  of  p r e s s u r e  (a t t enua ted  gas) ;  
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Fig.  3. I n v e r s e  of  a p p a r e n t  t h e r m a l  conduc t iv i ty  as  a 
func t ion  of  the i n v e r s e  p r e s s u r e :  a) h e l i u m ,  T = 28~ 

b) neon,  T = 22~ c) nitrogen, T = 208~ d) s t e a m ,  
T = 420~ Xm, W - l . m  " ~  1 / P  ( 1 0 5 N ' m - 2 )  -1. 

TABLE 2 

Material Gap size, ] ~,, 
mm T, ~ 6, % 6', % 6e, arb.units i arb. units 

He el = 0,260 1,6 4,2 

He 

He 
Ne 

N 2 
N2 

H20 

H~O 

ej = 0,200 

e 5 = 0 , 6 0 0  

el  = 0 ,260  

e= = 0,225 
e 3 = 0,325 

e= = 0,225 

e 3 = 0,325 

28 
31 

122 
186 
270 
30 
99 

198 
299,5 
356 
686 
22 
33 

333 
296 
2O9 
410 
4O6 
475 
420 

0,6 

0,6 
1,4 

1,1 

1,7 
1,9 
2,1 
3,0 
2,4 
3.3 
3,6 
3,2 
4,5 
5,4 

0,7 
1,1 
1,8 

1,4 
1,4 

1,6 

2,0 
4,6 

3,5 I 

4,4 
5,0 
5,5 
7,8 
4,8 
6,6 
7,2 
6,4 
9,0 

31,2 

1,8 
2,9 
4,0 

3,2 
3,2 

b) e x t r a p o l a t i o n  f r o m  the h i g h - p r e s s u r e  r e g i o n ,  g iv ing  a t t en t ion  to  da t a  wh ich  t ake  no account  of  the t e m -  

p e r a t u r e  j ump ,  and a s s u m i n g  tha t  2, changes  m o n o t o n i c a l l y  as  a func t ion  o f  the  dens i ty .  

F o r  e a c h  gas  i t  i s  e x p e d i e n t  to c o n s i d e r  the  r e l a t i v e  d e v i a t i o n  

6 = ( I / ~ ) , -  (1 /~)~  lOO, 

w h e r e  t he  v a l u e  of  ( 1 / X m ) l  is  t aken  at  1 a t m  and (1/Xm)~o is e x t r a p o l a t e d  to  the  p r e s s u r e  1 / P  = 0 (Xm is  the  
t h e r m a l  conduc t iv i t y  a t  P < 1 a tm) ,  o r  the  d e v i a t i o n  

5 '  - -  -. I00 
~ext , l  

b e t w e e n  the  t h e r m a l  conduc t iv i ty  o b s e r v e d  a t  1 a t m  and the v a l u e  e x t r a p o l a t e d  to  1 a rm f r o m  h i g h e r  p r e s s u r e .  
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Fig. 4. Temperature dependence of 
the character is t ic  quantity ~e for 
helium. T, ~ 

Within the limits of experimental e r r o r ,  extrapolation of the results  for P < 0.1 M" N" m -2 and those for 
P > 0.1 M" N- m -~ leads to the same value of k (for He at T -~ 30"C, 6 ~ ~ = 1.6%; for Ne at room temperature,  
5 ~ 5' ~- 0.6%). Then 5e and 5'e may be considered for different cells. Temperature- jump theory predicts 
that 5e should be constant for a given type of cell  and a given gas at the same temperature.  Table 2 shows 
that 5e may be regarded as constant within the limits of accuracy of the data. 

Curves of 5e and 5'e against the temperature  for He may be presented as the conclusion of this work (Fig. 4). 
These curves character ize  the temperature-jump correct ion which may be applied in the case when the thermal 
conductivity is measured at P = 1 atm. The correct ion becomes significantly larger at high temperatures ,  for 
which there a re  two possible explanations. 

1) Since the free  path length at high temperatures  is large, the temperature-jump length g increases.  

2) The surface conditions change with increase in temperature.  The number of adsorbed molecules de-  
c reases ,  so that a decreases  (0.32 at 28~ and 0.18 at 688~ reaching eventually the value of a for a pure 
surface, which is an order  of magnitude lower for He, for example. This behavior of a is similar to that ob- 
served in [20] in the case of the ni t rogen-tungsten system. 
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