
where tan 0 is the gradient of the straight-line portion of relation A T ( t  1/2) near the origin. 

Since expression (2) for WE contains easily measured quantities, it is also possible to obtain the nu- 
merical  value of the coefficient B(r ,  Iz*), whose value is required for determination of the degree of degener- 
acy of the gas, the current carr iers ,  and their scattering mechanism. 

Thus, we have shown that measurements of the Ettingshausen galvanomagnetic effect is a varying mag- 
netic field can be used to obtain (in addition to determination of the GTM effects themselves) additional infor- 
mation about the thermophysieal properties of the investigated materials.  

N O T A T I O N  

b, width of specimen; d, S, perimeter and area of cross section; I, current strength; j, current density; 
H, magnetic field strength; T, absolute temperature; Tm, ambient temperature; X, k, :a,  RH, thermal conduc- 
tivity, thermal dfffusivity, electrical conductivity, and Hall coefficient of investigated material;  a, coefficient 
of heat transfer between specimen and surroundings; B (r, ~*), coefficient dependent on scattering mechanism 
and degree of degeneracy of electron gas; k0, e, Boltzmann constant and electron charge; WE = AT, Ettings- 
hausen heat released or absorbed on faces of specimen perpendicular to y axis; ~ (z), probability function; 
W~, v( z ), Whittaker function; Dv(z ), parabolic cylinder function; t, time; p, Laplace transform parameter. 
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M E A S U R E M E N T  OF T H E R M A L  A C T I V I T Y  

C O E F F I C I E N T  OF GASES 

L. P.  F i t i p p o v ,  F .  G. E l ' d a r o v ,  
and  S. N. N e f e d o v  

UDC 536.2.083 

A method of increasing the sensitivity of the circuit for measuring the thermal activity coeffi-  
cient of gases by the periodic-heating method is proposed. The thermal activity of argon, carbon 
dioxide, and air at 1300~ was measured. 

Among the new developing methods of measuring the thermophysical properties of substances the peri-  
odic-heating method meri ts  great attention. This method consists essentially in recording the temperature 
fluctuations of a fast sensor (wire or foil} due to heating by alternating current in the medium under investiga- 
tiom The method is based on the use of electronic circuitry, is suitable for automation, and can be used to 
carry  out investigations in a wide range of temperature and pressure. 

This method was f irst  proposed in [1, 2], where it was used to determine the thermal activity coefficient 
of liquids (foil sensor) [1, 2]. Later, American authors [3, 4] used practically the same measuring circuit to 
determine the thermal conductivity of gases by means of wire sensors. This technique was subsequently de- 
veloped successfully in [5, 6]. Some modifications of the method of measuring the thermal activity coefficients 
of fluids have been used in a series of investigations [7, 8]. 

M. V. Lomonosov Moscow State University. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 36, 
No. 3, pp. 466-471, March, 1979. Original article submitted February 21, 1978. 
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Fig. 1. E lec t r i c  c i rcu i t  for  m e a s u r i n g  
t h e r m a l  act ivi ty  coeff icient  of gases .  

The developed modif icat ions  of the a l te rna t ing-hea t ing  method for  gases  have low sensi t ivi ty .  The a p -  
p rec i ab le  hea t  capaci ty  of the s e n s o r s  g rea t ly  r educes  the sens i t iv i ty  of  the m e a s u r i n g  technique and does not 
p e r m i t  m e a s u r e m e n t s  in gases  of r e l a t ive ly  low densi ty  (e.g. ,  in vapor  at  r e l a t ive ly  low p r e s s u r e ) .  The a m -  
plitude of the t e m p e r a t u r e  f luctuations of the senso r  for  sma l l  va lues  of  t h e r m a l  ac t iv i ty  coeff icient  depend 
weakly  on the la t ter  and a r e  de te rmined  main ly  by  the t h e r m a l  iner t ia  of the sensor .  Hence,  an i nc rea se  in 
sens i t iv i ty  is a m o s t  urgent  p rob lem in the ut i l izat ion of the a l te rna t ing-hea t ing  method for  the study of the 
p r o p e r t i e s  of gases .  

In this paper  we de s c r i be  a now method of inc reas ing  the sensi t iv i ty  of m e a s u r e m e n t s  of t h e t h e r m a l  a c -  
t iv i ty  of gases  and d i scuss  the expe r imen ta l  r e su l t s .  

An i nc r ea se  in the sensi t iv i ty  of the m e a s u r i n g  s y s t e m  is achieved by the use of d i f fe ren t ia l  c i rcu i t s ,  
which provide  for  compensa t ion  of the t h e r m a l  iner t ia  of the sensor .  We propose  a b r idge  circui t ,  one a r m o f f  
which contains a s enso r  in vacuum,  while the other  contains a sensor  in the gas under invest igation.  The un-  
ba lance  of such a c i rcu i t  would t r a n s m i t  the effect  of the invest igated gas as  happens ,  for  instance,  in t h e r m a l  
gas  ana lyze r s .  

Such a c i rcu i t  can in pr inc ip le  be  used in devices  where  the heat ing of the senso r  r e l a t ive  to the cel l  
wal l s  is slight. In the m o s t  p romis ing  c i rcu i t s  designed for  the invest igat ion of gas p r o p e r t i e s ,  the sensor  is 
heated  wel l  above the cel l  walls .  This  overhea t ing  is a method of c rea t ing  suff icient ly high t e m p e r a t u r e s ,  
s ince the r e f e r e n c e  t e m p e r a t u r e  in this case  is  that of the sensor .  In such conditions the use  of a s imple  d i f -  
fe ren t ia l  c i rcu i t  does  not give the des i r ed  resu l t .  The introduction of gas  into one of the a r m s  g rea t ly  a l t e r s  
the heat  t r a n s f e r ,  and a lso  g rea t ly  r educes  the sensor  t e m p e r a t u r e  in this a r m ,  i .e. ,  a l t e r s  the conditions in 
which the br idge  a r m  is si tuated. Compensa t ion  of the t e m p e r a t u r e  of the pa r t i cu l a r  s enso r  by the passage  of 
ex t r a  cu r ren t  through it is poss ib le  in pr inciple .  Both d i r ec t  and a l te rna t ing  cur ren t ,  however ,  a l t e r  the power 
of the per iodic  heating,  which again  a l t e r  the conditions in which the pa r t i cu l a r  s enso r  is situated. These  di f -  
f icul t ies  were  ove rcom e  by using a h igh- f requency  (tens of kilohertz)  addit ional  vol tage imposed on the sensor  
in the inves t igated gas for  compensat ing  heating. The h igh- f requency  vol tage does not cause  changes in the 
power  of per iodic  heat ing on the main  f requency and gives the des i red  deg ree  of f reedom for  independent r e g u -  
lat ion of the t e m p e r a t u r e  of one of the s enso r s .  

The c i rcu i t  of the m e a s u r i n g  device  is shown in Fig. 1. 

Two identical  s ens o r s  (of pla t inum foil) Z 0 and Z1 a re  connected in the a r m s  of an ac br idge.  The 
g e n e r a t o r  1 and b a t t e r y  3 produce  a low-f requency  s ignal  containing a constant  component  at  the input of  the 
Wien br idge .  The gene ra to r  4 ef fec ts  h igh- f requency  heat ing of the s enso r  Z0. The separa t ing  capac i tor  C2 
e l imina tes  the ef fec t  of gene ra to r  4 on the dc balancing of the br idge.  The incorpora t ion  of the capac i to r  C2 
ensu re s  that  ba lance  of the b r idge  at  the supply-vol tage  f requency is achieved in the p r e sence  of capac i tor  C1, 
which for convenience is a va r i ab l e  one. 

The  dc ba lance  of the br idge  is checked by a m i c r o v o l t m e t e r  7 (Fl16-2) .  The ac  unbalance of the br idge  
is amplif ied by an ampl i f i e r  6 (U2-6} tuned to the supply-vol tage  frequency.  The f i l te r  5 p reven ts  the passage  
of the  h igh- f requency  signal  to the input of ampl i f i e r  6. 

The br idge  unbalance signal is m e a s u r e d  by compar ing  it  with a r e f e r e n c e  signal  supplied f rom genera to r  
1 through the divider  Es-R 6. The magni tude of the s ignal  is de te rmined  f rom the readings  of the vo l tme te r  2 
and the r e s i s t a n c e  box Rs. 

The init ial  dc and ac  balancing of the b r idge  is  effected by the boxes  l~t and C1 in conditions that  a r e  
ident ical  for  both s ens o r s  (e.g. ,  at  a ce r t a in  p r e s s u r e  of  the invest igated gas) ; if the gas  p r e s s u r e  in one Of the 
ce l l s  is a l t e red  and then the b r idge  is balanced for  d i r e c t  cu r r en t  by m e a n s  of genera to r  4, the b r idge  unbal-  
ance s ignal  at  the supply-vol tage  f requency will  be  uniquely re la ted  to the t h e r m a l  act ivi ty  coeff icient  of the 
invest igated gas.  
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TABLE 1. Compar ison of Experimental  and 
Published Data on Thermal  Activity of 
Gases 

Gas (~o/%)exp (bo/bo: from[9] 

Air 
Carbon dioxide 
Argon 

1,03 
1,36 
0,626 

1,01 
! .35 
0,620 

The theory of the method, whose principles are  expounded in [1], leads to the following relat ion between 
the magnitude of the signal on the bridge diagonal and the thermal  activity coefficient of gases  in conditions 
where b i / d  << 1 (i = 1, 2): 

I - -  9 9 

2 l '  2 V~_V~R~Ri~z [hi - -  b2] cos (o~t - -  ~/4). (1) 
e : cmr + Ri) ~ 

The measured  signal in this case  is proport ional  to the difference in activity coefficients of the media. At a 
gas p r e s s u r e  onthe order  of tens to hundreds of ram Hg and for platinum sensors  5-6 /zm thick b /d  = 0.01- 
0.05. 

The sensit ivity of the c i rcui t  with one sensor  in these conditions would be given by the express ion 

e = 2 ]fl V=V_RoRtO~ (1 - -  b/d) cos (cot-- ~) .  (2) 
cmo~ (Ro + Rt) ~ 

A 1% e r r o r  in the measured  value of e would give a 20-100% e r r o r  in the determined act ivi ty  coefficient b 
(95-99% of the thermal  react ion is determined in this case  by its heat capacity and the effect of the medium is 
bare ly  detectable}. In the differential  c i rcui t  a 1% e r r o r  in the measured  signal e gives a 1% e r r o r  in the ac -  
tivity coefficient. Thus, the descr ibed c i rcu i t  ensures  an increase  in sensit ivity by two orders .  

The discussed method can be used in two var iants :  for absolute and relat ive measurements .  In the f i rs t  
var iant  one of the sensors  is contained in a vacuum (bl = 0). In the second it is contained in some gas. The 
f i r s t  var iant  requ i res  no re fe rence  data, but it has the disadvantage that the tempera ture  distr ibution along the 
sensor  in a vacuum is slightly different f rom that in the medium under investigation. This necess i ta tes  the in- 
t roduction of a cor rec t ion  for the t empera tu re  profile.  For the case of gases  in both a r m s  this effect is much 
less.  Of special  in teres t  in difference measuremen t s  a re  measurements  in conditions where the cells  contain 
the same gas,  but at  different p r e s su re s  P and Pl. In this case for ideal gases  we have 

/ - - -  2 2 
2 ] 2 V=Y_RoR~Cz be lUPine  - -  ]/-P~-~o]. (3) 

e = cmxod (Re + Rt) ~ 

Equation (3) can be used for different gases ,  forming the ra t io:  

e - - = ~ _ ~ ]  _ R o §  J bo " I / P  -7-]/'P-~ ' (4) 

This equation provides the bas is  for the re la t ive  var iant  of the method. Its advantage is the absence of infor-  
mation about the proper t ies  of the sensors  in Eq. (4). 

We give some resul t s  i l lustrating the operat ion of the device. Table 1 gives the values of bo/b  ~ obtained 
on the bas is  of (4) for a i r ,  carbon dioxide, and argon at sensor  t empera tu re  1300~ (b~ = 5.06 W- secl/2/m2 "K 
is the thermal  activity of nitrogen). 

The obtained values,  as can be seen, agree  to within 2% with published values. 

The experiment  shows that at constant sensor  t empera tu re  the ra t io  of the measured  signal to 4-ff is 
constant and is independent of the initial p r e s s u r e  at which the br idge is balanced. As an example, Fig. 2 gives 
the resu l t s  of se r ies  of measurements  of thebr idge  unbalance voltage in relat ion to the a i r  p r e s su re  in the 
measur ing  cell  for three  frequencies of t empera tu re  oscil lat ions:  9.0, 30, and 40 Hz. In the experiments  the 
a i r  p r e s s u r e  in the re fe rence  cell was Po = 0.3 atm. The resul t s  of the measuremen t s  confirm the l inear r e -  
lationship between the bridge unbalance voltage e and 4"P/-Po in accordance  with Eq. (3). The gradients  of the 
lines in Fig. 2 depend on the thermal  activity coefficient of the gas and the t empera tu re  oscil lat ion frequency 
at constant heating power. The standard deviation of the points is ~1.5%, which gives ~3% for the confidence 
interval at the 0.95 significance level. 
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Fig. 2. Br idge unbalance voltage e .  104 
as function of reduced  gas p r e s s u r e  

for di f ferent  f requencies  of 
t em p e ra tu r e  osci l lat ions:  1) 20; 2) 30; 
3) 40 Hz. 

0,5 o,7 

The sys temat ic  e r r o r  of de te rmina t ion  of the t h e rm a l  act ivi ty coefficient ,  according to Eq. (4), is d e t e r -  
mined by the contr ibution of the e r r o r s  5R/R ~ 0.05%, 6(V/V')/(V/V') ~0.1%, 6 ( e / e ' ) / ( e / e ' )  ~0.2%, 6 P / P  ~ 
0.3%. The resu l tan t  sys temat ic  e r r o r  is 5(b0/b~)/(b0/b ~) ~ 1%. Bes ides  this (par t icular ly  in the absolute v a r i '  
ant of the method), possible contributions to the e r r o r  due to the d i f ference  between actual  exper imenta l  condi-  
tions mad the ideal conditions on which the theory of the method is based mus t  be taken into account. 

Considerat ion of the t empe ra tu r e  discontinuity at the f o i l - g a s  boundary leads to the following c o r r e c -  
tions for  the constant and var iable  t empera tu re  components:  

( d ~ P )  A0o f o) 
a ~ = - g  ~ ~=; Oo - e ],/ ed " (5) 

For  typical  exper imenta l  conditions (gas p r e s s u r e  ~0.1 atm or  m o re ,  w / 2 7 r  = 20-80 Hz, (d'~/dr0x=0 = 103 
K/cm) these cor rec t ions  a r e  negligibly smal l  (~0.1%). 

The ro l e  of radia t ive  heat  t r ans fe r  in per iodic-heat ing methods is s m a l l  The co r rec t ion  to Eq. (3) has 
the form 

hbo 2 h  
- ( 6 )  

bo cp6~ . 

In typical  conditions (~ ~ 1300~ this co r r ec t i on  does not exceed 0.5%. 

An important  question of the method when the sensor  is highly heated is that of the r e f e r en ce  t e m p e r a -  
t u re  of the measu remen t  resu l t s .  It is known [1] that the depth of penetrat ion of the medium by the t e m p e r a -  
t u re  wave is given by 2 a ~ ' ~ ,  which is tenths of a cent imeter .  Hence, the t empera tu re  osci l lat ions of the sen-  
sor  depend on the s ta te  of the gas in its immediate  vicinity.  An analyt ical  t r ea tment  of this question nece s s i -  
ta tes  the solution of the nonlinear heat-conduct ion equation for the medium. This equation is eas i ly  l inear ized 
in r e a l  conditions, when 0 << T. In this case  the propagation of the t em p e ra tu r e  wave in the medium is given 
by a l inear  di f ferent ia l  equation with var iable  coefficients.  The dependence of the coefficients on the coord i -  
nates in this case  is de termined  by the constant t em p e ra tu r e  component in the medium. The solution of this 
equation near  a foil sensor  gives the co r rec t ion  to Eq. (3), de termined by the gradient  of the mean  t e m p e r a -  
tu re  at the sensor  surface  and the t empera tu re  coefficients  of the thermophysica l  pa rame te r s  r e f e r r e d  to the 
sensor  t e mpe ra tu r e  

A.o d,  :o bo (7) 

Specific es t imates  for  r e a l  conditions and ( d ~ / d x )  0 = 10 3 K/era  give a value of ~0.5% for  Ab0/b0. The f r e -  
quency dependence of the co r rec t ion  (7) can be used to de te rmine  the the rmal  activity coefficient of the gas at 
the sensor  t empera tu re  f rom the resu l t s  of measu remen t s  of b 1 and b 2 at two frequencies  w~ and ~2 f rom 
the equation 

b = b,~(o2 ~ b,(o~ (8) 

In the conditions of the exper iment  whose r e su l t s  a r e  given in Fig. 2 the co r r ec t ion  f rom Eq. (8) to the the rmal  
act ivi ty coeff icient  (3) is ~2%. As a whole the total  sys temat ic  e r r o r  of m easu rem en t  of the the rmal  act ivi ty 
coeff icient  of gases  is 2-3%. 
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N O T A T I O N  

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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