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Abstract-The Hanson-Morse model of the linearized Wang Chang-Uhlenbeck equation is used to 
calculate the heat transfer from a spherical particle situated in an infinite expanse of a polyatomic gas. 
Results for heat transfer, density, and internal and translational temperature profiles for all degrees of 
rarefactions and for arbitrary internal and translational a~ommodation coefficients are obtained. Aiso 
studied is the dependence of these results on Knudsen number, internal energy, Eucken factor, and collision 

relaxation number. 

INTRODUCTION 

THE PROBLEM of heat transfer from a sphere (or 
between concentric spheres) in a rarefied gas has been 
studied both experimentally and theoretically by a 
number of investigators. For monatomic gases, the 
available work includes the theoretical investigations 
of Takao [I], Lees and Liu 121, Springer and Tsai 
131, Cercignani and Pagani [4], and the experimental 
measurements of thermal accommodation coefficients 
of helium, argon and xenon gases on Zircaloy-2 and 
UOz spheres at room temperature in refs. [S, 61. How- 
ever, to our knowledge, no commensurate theoretical 
or expe~men~l investigations have been conducted 
on heat transfer from a sphere in rarefied polyatomic 
gases. 

In this paper we extend our previous work on heat 
transfer in a rarefied polyatomic gas between two 
parallel plates [7] to heat transfer from a spherical 
particle situated in an infinite expanse of a polyatomic 
gas. In addition to heat transfer calculations, density, 
translational and internal temperature profiles are cal- 
culated for all ranges of Knudsen number and for 
arbitrary translational and internal accommodation 
coefficients. The dependence of the above on four 
dimensionless parameters describing the polyatomic 
gas is studied. These parameters are: (1) G, the 
dimensionless, constant volume, internal heat 
capacity; (2) Z, the collisional relaxation number; 
(3) the total Eucken number,f, ; and (4) the Knudsen 
number. 

The problem is solved using the Hanson-Morse 
model of the linearized Wang ~hang-Uhlenbeck 
equation (hereafter referred to as WCU equation), as 
given by Hanson and Morse [8], and Cipolla [9]. We 
convert the relevant integro-differential equation 
with associated boundary conditions into a system 
of integral equations, which is then solved by a 
numerical technique. 

STATEMENT OF THE PROBLEM 

Consider a sphere of non-dimensional radius r0 at 
rest in an infinite expanse of a polyatomic gas. Here 
rO = F,,/l, where F0 is the radius of the sphere and 1 
is the mean free path. The surface of the sphere is 
maintained at a constant temperature T,,, different 
from the gas temperature T, at large r. Let r and 
c be, respectively, the non-dimensional position and 
velocity vectors of a gaseous molecule. If AT/Tm = 
(To- T,)/T, is small, the WCU equation for the 
distribution function f(r, c, Ei) can be linearized 
by writing f=fm(l fh). Here k is a measure of the 
perturbation on the distribution function from the 
local Maxwellian, ]hl << 1. 

Assuming the Hanson-Morse model, the steady- 
state form of the linearized WCU equation in the 
absence of external forces leads to the following non- 
dimensional boundary-value problem : 

ah 
c-z= Lh 

where 

Lh = -h (r, c, 6,) + $ $,(c, si ; r)u,(r) 
m=, 

with boundary conditions 

hf = Y+Ztr(C2-2)f7int(Ei-G), rtr;dR, c-n,> 0 

(2) 

h(r,c,~,)--tO for Irl -+ co (3) 

where the functions I&,,, are given by 

ti,=l (4) 

$2 = [(2/3)(c’-3/2)(1- (2G/32))+(2/32)@, -G)] 

(5) 

977 
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NOMENCLATURE 

P dimensional velocity qf,,,(r) free molecular heat flux in r-direction 
C dimensionless molecular velocity, Q partition function, X exp (- E,/kT) 

c = c”(2W,)-“2 R gas constant 

C:. internal specific heat per molecule r. radius of the sphere (dimensional) 
tr 

c” translational specific heat per molecule r. inverse Knudsen number, io/l 

C” total specific heat, (2/3)k + c: To surface temperature of the sphere 

; 
internal energy of level i (dimensional) TCC temperature of the gas far away from the 
molecular velocity distribution for sphere 
particles in level i T,,, T,,, translational and internal 

fOi absolute Maxwell-Boltzmann temperature, respectively 
distribution Z collision relaxation number. 

ft , fir, Ant total, translational and internal 
Eucken numbers, respectively 

G dimensionless specific heat Greek symbols 
h perturbation of distributions @t, translational accommodation coefficient 
k Boltzmann constant a Int internal accommodation coefficient 
I mean free path si dimensionless internal energy 
m molecular mass 2, ,I,,, lint total, translational and internal 

n, number density far away from the sphere thermal conductivities, respectively 

Pm gas pressure, n,k,T, P gas viscosity 

4 total heat flux in r-direction 7, inverse of the total collision frequency 
q,,(r) translational heat flux in r-direction 7r relaxation time for the internal degree of 
q&r) internal heat flux in r-direction freedom. 

$3 = [(2/3)(c2-3/2)(1/2)+(1/G)(&i-G)(1-1/Z)1 E. 

(6) 

th = [(4i9krV -512)~ -G/z) +~(~x2132)1 

(7) 

$5 = kr(c’-5/2)(2/(32))+c,(~i-G)(1 -F)(2/@1. 

(8) 

The moments a,(r) are expressed as 

X h(r, ‘A Ei)Pm(C, &J (9) 

and the functions ‘p’ are defined as 

PI (c, 6) = 1 (10) 

p*(c. EJ = c2 - 3/2 (11) 

/J~(c,&~) = E~---G (12) 

P~(c, 4 = 4~2 - 5/2) (13) 

P&e;) = c&i--). (14) 

The non-dimensional variables are defined as 

r. r. = - 
I 

-2 

2 
C 

’ 2RT, (15b) 

-, 
6 = kT, (15c) 

(154 

Moments a,(r) through a,(r), as calculated with equa- 
tion (9), define, respectively, the density, translational 
and internal temperature perturbations, and the radial 
translational and internal heat flux as 

44 -n, 
u,(r) = ___ 

n, (164 

a2W = 
T,,(r) - T,,, 

T (16b) 
tr,m 

a3(r) = 
TnL(r) - Tnt,m 

T (16~) 
I”LCC 

4(r) = 4&) (164 

&) = qintW We) 

where qtr and qin, are related to the actual dimensional 
radial fluxes by 

&(r) = p,(2RT,)“2q,(r) (17) 

qint(r) = p,(2RT,)“2qi&). (18) 

Also the mean free path I is given by 

I= (4/3)(~/~,)(2RT&“* (19) 

where p is the gas viscosity coefficient. pm and R are 
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the density of the gas far away from the sphere and where A(c, si) is the solution of the integral equation 
the gas constant, respectively. The collision relaxation 
number, Z, is defined by L(A(C,Ej)C,) = C,((C’-5/2)+(&i-G)) (30) 

Z = r,/r, = 3P,r,/2p (20) 
and L is the Hanson-Morse model onerator. The 

where rr, z, and pm are relaxation time, mean collision 
time, and gas pressure far away from the sphere, 

function A(c, E,) is given in terms of the model par- 
ameters by 

respectively. The factor, F, is given by 

(10/9)(GIZ) + (2G/3)(4/9+5G/9Z) A(c, EJ = W, (c’ -S/2) + W2& - G) (31) 

F = 

+(5G/lgZ*)(c,/~)f; . c211 
(4/9+ 5G/9Z)(cJk)f, - (5/3) where constants W, and W2 are defined as 

The Eucken factor, fi, is defined by 

Am/p = ftc, = ft+-t’+f;n,cL. (22) 

where i is the gas thermal conductivity coefficient; 
f;r and& are the translational and internal Eucken 

w, = 

F+; 

(32) 

factors ; and c: is the translational heat capacity of and 
the gas. Further, the constants y, rtr, and rint of equa- 
tion (2) are given by 

Y = ((l,h_)), (23) w, = (33) 
z tr = a,,+((1 -cr,,)/2)((c’Z-2,h~)), (24) 

rint = s,I+(l-~in,)(l/G)((Ej-G,h-))b (25) 

where the scalar product is defined by 

((Ah-)), = ; 1 exp;-EJ 
I 0 

W, and W2 are related as follows to the translational 
and internal thermal conductivities and Eucken fac- 
tors : 

s f;, = (mP,lT,N(2RT,)“*(5 WJl(4~rr) 

x dc’ exp (-c’*)]c’ * nlfh- (x, c’, E,), = -(10/9) w, (34) 

x~aR,c”n < 0. (26) & = -(mP,/T~)Z(2R7’~)“‘(GW,)/(2p&) 

Here (xt, is the accommodation coefficient for trans- = - (2/3) W,. (35) 
lational (tr) heat flux and aint is the coefficient for 
internal (int) heat flux Using equations (9), (13) and (14), the non-dimen- 

sional total heat flux in this limit is given as 
(27) 

(28) 
dr) = T, a ’ T [;W,+TG]. (36) 

where 4” indicates heat flux, subscripts ‘in’ and ‘out’ 
indicate the inward and outward components, respec- 

Free molecular limit 

tively, and subscript m indicates the outward flux 
In this limit (Kn >> l), the distribution function h is 

assuming that the reflected (outward) molecules had 
given as 

a Maxwellian distribution corresponding to the tem- 
perature of the sphere. 

h = [~t,(~2-2)+ai,t(~i-G)] for sin 0 ,<.r,/r. (37) 

ASYMPTOTIC SOLUTIONS Again using equations (9), (13) and (14), the total 

Continuum limit 
heat flux in this regime is 

In the continuum limit (Kn << I), the solution to 
equation (I) is given by the classical Chapman- qfm(r) = __ s ,;p,, @tr + (W&d. (38) 

Enskog theory in the form 

ha& r, a,) = 
T(r) - T, 

TO= 
((~2 - 5/2) + (E, -G)) METHOD OF SOLUTION FOR 

ARBITRARY KNUDSEN NUMBER 

+C.vT(‘> 
m4) (29) 

Integration of equation (1) along the characteristic 
T 

oc path, S, results in the expression 
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W, c, 4 = s om f exp (-Y/c) 

5 

x c $m(~,~i;r’)u,(r’) ds” 
In=, 

+h(r,,c, s,) exp (-s/c) (39) 

where, r’ = r -s”C2 and s” = Ir -r’l. 
Taking moments of the above equation with respect 

to P,,,(c, EJ, we obtain the following system of integral 
equations : 

%(r) = F%(r) + &J,(r) +LJm(r) 

+,<, rs J* 
Kmj(r, r’)a,(r’) dr’ (40) 

where the source terms S,, J,, and L, are given by 

S,(r) = (~~(c,e~; 41) (41) 

J,(r) = (p,(c, e, ; 4, (c2 -2)) (42) 

L,(r) = (P,(c, ei ; 4, (E, - Cl). (43) 

Here the scalar product is defined as 

x dcexp (-c’-lr-r,Jc)p,J (44) 
I 

Also, the kernel I&Jr, r’) is given by 

(r2_,:)l.ll+(,.2_,~)lil 
dt/t 

x {T’““Q_“,’ rcdcexp(-c2-t/c) 

X pm(C, Et ; r)$j(Ct Ei ; r’) . (45) 

The source terms and kernels are further simplified 
into forms suitable for computation (see Appendix 
A). The functions a,(r) can be written as 

a,(r) = yP,(r) +~,,Qm<rl +wLW (46) 

where the functions P,,,(r), Q,,,(r) and R,(r) are deter- 
mined from the integral equations 

s 

R, 5 

P,(r) = %W+ r. ,g, &j(r, Wj (r’) dr’ (47) 

s 
Rx Q,(r) = J&9 + i K,,,(r, r’)Q,(r’) dr’ (48) 

10 ,= I 

K&9 = L(r) + 
s 

Rr i K,,(r, r’)Rj(r’) dr’. (49) 
r” ,= 1 

Integral equations (47)-(49) can be solved numeri- 
cally. Once P,(x), Q,,,(x), and R,,,(x) are known, the 
complete solution of equation (40) can be constructed 
through determination of y, rtr, and rint by using equa- 

tions (39), (23)-(26) and (46). Using these equations 
one finds that 

The elements of matrix g, given in Appendix B, 
depend on the solutions P,(r), em(r) and R,,,(r). 

NUMERICAL RESULTS AND 

DISCUSSION 

The numerical computations associated with the 
problem were carried out on the UMC College of 
Engineering’s VAX 11/780 and HARRIS-800 com- 
puters. The integral equations (45)-(47), were trans- 
formed into forms suitable for numerical calculation. 
These equations were solved using the 81-point 
Gauss-Kronrod quadrature and the numerical method 
given in refs. [l&l 31. During the course of obtaining 
the numerical results of this problem several different 
approaches were tried. We first employed the 41-point 
Gauss-Kronrod quadrature for the numerical inte- 
grations involved. Most of these integrals have the 
lower limit of r. and an upper limit of infinity. A 
suitable truncation value, R,, was sought to replace 
the upper limit. The approach failed to yield the 
necessary steady-state constant heat flow through the 
surface of the concentric reference spheres with radius 
r extending from r. < r < R,. Next we decided to 
reduce the problem to the monatomic gas case, a much 
simpler numerical problem. However, we obtained 
similar results ; there was variation in the total heat 
transfer across the surface of the sphere of radius r, 

which violates the assumption of steady-state heat 
flow. After analyzing the intermediate results we 
noticed some inaccuracy in the calculation of the 
source term integrals, especially for small values of ro. 

This error was eliminated by using the DCADRE 
routine (one of the IMSL library routines) for inte- 
gration instead of Gauss quadrature. The other 
change made was the use of the 8 l-point quadrature 
instead of 41-point quadrature. This approach sig- 
nificantly improved the results. These results can still 
be improved by using higher order quadratures. Use 
of a 112-point quadrature on both the VAX 11/780 
and HARRIS-800 computers was not possible due to 
lack of sufficient memory. 

We have calculated the heat transfer ratio, density, 
and translational and internal temperature profiles 
using physical properties of four different gases: air 
(at 424 K), CO, (400 K), SO2 (400 K), and N, (424 K) 
with inverse Knudsen numbers ranging from 0.001 to 
10. Each of the parameters Z,fi and G for air, C02, 
and SO, were obtained from ref. [14], and for N, were 
obtained from ref. [15]. Figure I presents the heat 
transfer ratio for N, gas with at, = c(,,~ = 1, and 

% = %t = 0.5. Tables 1 and 2 list the moments u,(r) 

through a,(r) for N2 gas with an inverse Knudsen 
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number r,, = 1.0, for the case of complete accom- 
modation (i.e. ~lr, = mint = 1 and c(~, = aint = 0.5, 
respectively). Tables 3 and 4 list the translational, 
internal and total heat transfer, and heat transfer ratio 
for N2 gas with r,, = 1 .O and tl, = c(,,~ = 1 .O, using 8 I- 
point and 41-point quadrature, respectively. Com- 
parison of these two tables indicates a significant 
improvement in the results by use of the 81-point 

quadrature. 
Several observations can be made from the results 

0.. . 
A of this problem. 

0.1 , 
0 1 * I 4 5 6 I I 9 IO (1) Varying the internal accommodation coefficient 

Inverse Knudsen Number, r. ccint has a smaller effect on the heat transfer ratio than 

FIG. 1. Heat transfer ratio vs inverse Knudsen number, varying the translational accommodation coefficient 

N,gas:(A)f,=1.96,G=l.O,Z=S.O8,a,,=l,a,,,=l; % 
(B)f, = 1.96, G = 1.0, Z = 5.08, atr = 0.5, ain, = 0.5. (2) As the values of clt, and E,,~ decrease, the heat 

Table 1. a,(r) through as(r) profiles for N, gas: r0 = 1 ; a,, = 1 ; coin, = 1 

r a,(r) 49 44 44 a&) 

1.003 -0.363E+OO 
1.145 -0.252E+OO 
1.512 -O.l58E+OO 
2.095 -0.996E-01 
2.880 -0.632E-01 
3.848 -0.445E-01 
4.976 -0.315E-01 
6.237 -0.229E-01 
7.600 -O.l63E-01 
9.032 -O.l26E-01 

10.500 -0.952E-02 
11.970 -0.720E-02 
13.400 -0.544E-02 
14.760 -0.409E-02 
16.020 -0.305E-02 
17.150 -0.225E-02 
18.120 -O.l63E-02 
18.900 -O.l17E-02 
19.490 -0.811E-03 

0.815E+OO 
0.514E+OO 
0.294E+OO 
O.l72E+OO 
0.108E+00 
0.720E-01 
0.506E-01 
0.368E-01 
0.274E-01 
0.207E-01 
O.l59E-01 
O.l22E-01 
0.941E-02 
0.727E -02 
0.561E-02 
0.433E-02 
0.333E-02 
0.257E-02 
O.l97E-02 

0.541EfOO 
0.344E+OO 
O.l99E+OO 
o.l18E+oo 
0.740E-01 
0.493E-01 
0.344E-01 
0.249E-01 
O.l84E-01 
O.l39E-01 
O.l06E-01 
0.814E-02 
0.629E-02 
0.484E-02 
0.373E -02 
0.287E-02 
0.219E-02 
O.l67E-02 
O.l28E-02 

0.513E+OO 
0.393E+OO 
0.225E +OO 
O.l17E+OO 
0.622E-01 
0.350E-01 
0.210E-01 
O.l34E-01 
0.905E-02 
0.641E-02 
0.475E -02 
0.365E-02 
0.291E-02 
0.240E-02 
0.203E-02 
O.l77E-02 
O.l58E-02 
O.l45E-02 
O.l36E-02 

0.255E i-00 
O.l96E+OO 
O.l12E+OO 
0.578E-01 
0.302E-01 
O.l66E-01 
0.972E-02 
0.606E-02 
0.401E-02 
0.290E-02 
0.205E-02 
0.157E-02 
O.l25E-02 
O.l03E-02 
0.872E-03 
0.765E-03 
0.690E - 03 
0.639E-03 
0.607E-03 

Table 2. a,(r) through as(r) profiles for Nz gas: r0 = 1; a,, = 0.5; mint = 0.50 

r al(r) a2(r) a369 49 a5W 

1.004 -O.l89E+OO 
1.183 -O.l24E+OO 
1.647 -0.734E-01 
2.384 -0.443E-01 
3.375 -0.282E-01 
4.598 -O.l89E-01 
6.023 -O.l32E-01 
7.615 -0.944E-02 
9.336 -0.690E-02 

11.150 -0.511E-02 
13.000 -0.382E-02 
14.850 -0.286E-02 
16.660 -0.214E-02 
18.390 -O.l59E-02 
19.980 -O.l17E-02 
21.400 -0.850E-03 
22.620 -0.606E-03 
23.620 - 0.422E - 03 
24.350 -0.285E-03 
24.820 -0.185B’03 
25.000 -O.l24E-03 

0.423E+OO 
0.250E +00 
O.l33E+OO 
0.751E-01 
0.462E-01 
0.306E-01 
0.214E-01 
O.l55E-01 
O.l14E-01 
0.858E-02 
0.630E-02 
0.495E -02 
0.378E-02 
0.288E-02 
0.219E-02 
0.166E-02 
O.l25E-02 
0.937E-03 
0.701E-03 
0.526E-03 
0.418E-03 

0.282E +00 
o.l68E+oo 
0.909E-01 
0.516E-01 
0.317E-01 
0.209E-01 
O.l45E-01 
O.l04E-01 
0.765E-02 
0.573E-02 
0.434E -02 
0.330E-02 
0.252E-02 
O.l92E-02 
O.l46E-02 
O.llOE-02 
0.824E -03 
0.613E-03 
0.454E -03 
0.336E-03 
0.264E-03 

0.267EfOO 
O.l92E+OO 
0.989E-01 
0.473E-01 
0.236E-01 
O.l29E-01 
0.746E-01 
0.467E -02 
0.311E-02 
0.217E-02 
O.l59E-02 
O.l22E-02 
0.965E -03 
0.792E-03 
0.669E -03 
0.582E-03 
0.520E-03 
0.476E-03 
0.446E-03 
0.429E -03 
0.423E -03 

O.l33E+OO 
0.957E-01 
0.492E-01 
0.232E-01 
O.l13E-01 
0.596E-02 
0.339E -02 
0.207E-02 
O.l35E-02 
0.335E-03 
0.680E -03 
0.518E-03 
0.410E-03 
0.337E-03 
0.286E-03 
0.250E-03 
0.226E-03 
0.209E -03 
O.l99E-03 
O.l93E-03 
O.l91E-03 
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flux ratio increases, even though the total heat flow 
decreases. 

We have solved the boundary value problem of heat 

plates in the transition regime, Physics Fluids 11, 497- 
506 (1968). 

transfer in a rarefied polyatomic gas from a sphere, 
and provided results for the quantities of interest (i.e. 

APPENDIX A 

density translational and internal temperature per- The final expressions for the source terms S,,,(r), J,,,(r) and 

turbations, and non-dimensional translational and L,(r) and kernel K&r, r’) in equation (40) are given by 

internal radial heat flux). These results are of fun- 
damental interest in several aspects of aerosol mech- S’(r) = (l’(n”Zr)) s T2((r2-r~)‘r2- ‘) dr 

anics, and their availability should encourage exper- 
imental measurements on single particle heat transfer S,(r) = U/(s “‘r)) [T4(f)-(3/2)T2(r)]((r2-r~)/?-- 1) dt 
in polyatomic gases under controlled surface con- s 

ditions. S,(r) = 0 

Acknowledgement-This work was supported by a National 
Science Foundation grant. 

S,(r) = (1/(2n”‘r*)) 
s 

[r,(r)-(5/2)T,(t)l 

x ((r2 -rD’/r-‘- r) dr 

REFERENCES S5(r) = 0 

1. K. Takao, Heat transfer from a sphere in a rarefied gas. 
In Rarefied Gas Dynamics (3rd Symp.), Vol. 2, pp. 102- 

Ji (r) = (l/(x “*r)) 
s 

[T4(r)-2T2(r)]((r2-ri)/t*- 1) dr 

110. Academic Press, New York (1965). 
2. L. Lees and C. Y. Liu, Kinetic theory description of 

conductive heat transfer from a fine wire, Physics Fluids 
J*(r) = (l/(n”*r)) 

s 
[T6(r)-(7/2)T4(r)+3T2(f)l 

5, 1137-l 148 (1962). 
3. G. S. Springer and S. W. Tsai, Method of calculating 

heat conduction from sphere in rarefied gases, Physics 
Fluids 8. 1561-1563 (1965). 

J,(r) = 0 

x ((r’-ri)/r’- 1) dr 

4. C. Cercignani and d. D. Pagani, Variational approach 
to rarefied gas flow in cylindrical and spherical geometry. J&r) = (1/(2n”*r’)) [T7(r)-(9/2)Ts(r)+5T~(r)l 
In Rarejied Gas Dynamics (Edited by C. L. Brundin), s 
Vol. 1, pp. 555-573. Academic Press, New York (1967). 

5. L. B. Thomas and S. K. Loyalka, Determination of 
x ((r* -rG)‘/r3 - r) dr 

thermal accommodation coefficients of helium, argon, JS(r) = 0 
and xenon on a surface of Zircaloy-2 at about 25”C, 
Nucl. Technol. 57,213-219 (1982). 

L,(r) = 0 

6. L. B. Thomas and S. K. Loyalka, Determination of L,(r) = 0 
thermal accommodation coefficients of inert gases on a 
surface of vitreous UO, at 35”C, Nucl. Tech&l. 59,63- 
69 119821. 

L,(r) = (G/n”*r) I T2(r)((r2-ri)/r- 1) dr 

7. N. Pazooki and S. K. Loyalka, Heat transfer in a rarefied 
J 

polyatomic gas-I. Plane parallel plates, Inr. J. Hear L4(r) = 0 

Mass Transfer 28,20 19-2027 (1985). 
8. F. B. Hanson and T. F. Morse, Kinetic models for gases L,(r) = (G/(2n”*r’)) T,(r)((r’-ri)*/r3-r) dr 

with internal structure, Physics Fluids 10, 345-355 s 
(1967). 

9. J. W. Cipolla, Jr., Heat transfer and temperature jump 
where the integration extends from (r - rO) to (r2 - r@“’ 

in a polyatomic gas, Inr. J. Hear Mass Transfer 14,1599- 
1609 (1971). K,, (r,r’) = 2(r’/n”*) (T,/r) dr 

10. S. K. ‘Lovalka, A numerical method for solving integral J 

equations of neutron transport, Nucl. Sci. &gng56, 
317-319 (1975). KII(r, r’) = (4/3)(r’/rr”2r)(l -(2G/3Z)) (T,-(3/2)T,) dr/r 

11. S. K. Lovalka and R. W. Tsai. A numerical method s 

for solving integral equations of’neutron transport-II, 
Nucl. Sci. Engng 58, 193-202 (1975). K,,(r, r’) = (4/3)(r’/n”*r)(l/Z) (T, -(3/2)T,) dr/r 

12. S. K. Lovalka and T. S. Storvick. Kinetic theory of s 

thermal transpiration and mechanocaloric effects-111 : 
flow of a polyatomic gas between parallel plates, J. 

K14(r.r’) = (4/9)(1/x “‘r)(l -G/Z) 

Chem. Phys. 71,339-350 (1979). 
13. S. K. Loyalka and T. C. Chang, Sound wave propa- 

x 
s 

(T4 - (5/2)T,)((r* -r’2)/r2 - 1) dr 

gation in a rarefied gas, Physics Fluicls 22, 83CL836 
(1979). KIS(r,r’) = (4/9)(l/z”‘r)(llz> 

14. S. K. Loyalka, T. S. Storvick and S. S. Lo, Thermal 
transpiration and mechanocaloric effect-IV : flow of a 
polyatomic gas in a cylindrical tube, J. Chem. Phys. 76, 
41574170 (1982). 

x (T, - (5/2)T,)((r* -r”)/r’- 1) dr 
s 

I- 
15. W. P. Teagan and G. S. Springer, Heat transfer and K2, (r, r’) = 2(r’/n”‘r) (TJ - (3/2)T,) dr/r 

density distribution measurements between parallel J 



984 N. P~zcxxt and S. PC. L~YALKA 

&(r, r’) = (4/3)(r’/n”‘r)(l- 2G/3z) 

x 
s 

(T, - 3 TX + (914) T, ) dtjf 

f&(r,r’) = (4/3)(r’/~c’/~r)fI/Z) (TS-(3Ts+(9/4)T1) d&/t 
s 

f&(r,r’) = ~4~9)(i~~‘;*r)(l-G/~ 

x (T6-4T4+(15/4)Tz)((r2-r’*)/P-1)dt 
s 

K33(r,r’) = 2(r’jsr’%)(l- l/Z) 
s 

(Z’,/f) dr 

R&r, r’) = (l/n’~*r)[2G/3Z) 
s 

Tz((r2 -r”)/t2 - I) dt 

K&,r’) = ~I~~i’*r)~l --@ 
s 

~&rZ-rf2)jt2-f) dr 

K,,(r,r’) = (r’/n’/2rZ) 
I 

(T4-(5/2)T~)((r2-r’Z)/t2-1) dt 

f&(r, r’) = (2~3)~r‘/~‘~z~~)(l-2G/3Zf 

x (~,-4~,+(i5/4fT2)((rZ-r'*)l~*+1)dt 
f 

&(r, r’) = (2/3)(r’/~~‘~r~)(l/Z) 

x (~‘,-4T,+(15/4)T,)((rZ-r’z)~t2fI)dt 
s 

K&,r’) = (Z/P~(r/n”*r’f(I-C 

x (T~-5Ts+(25/4)TJ((r2-r’Z)2/t3-t)dt 
s 

&(r, r’) = (l~3)(l/~1~2r2)~l~~ 

x (T~-5Ts+(25/4)?'3)((r2-r'")2/~3-t) dt 
i 

iu,, (r, r’) = 0 

K~~(r,r’) = (2/3)(r’/n”Zr2)(G/Z) 
s 

7’2((rZ-r”)/t2+ 1) dt 

K,,(r,r’) = (l/n’W)(G/3~ 
s 

T,((? -f2)/t” - t) dl 

The limit of integration in the above integrals are from Ir -r’l 
to (r’-r~)“2+(r”-r~)“2 and the argument of T, functions 
is t = lr - r’j ~ The T, are Abramowitz functions defined by 

T,(x) = P exp (- tz--x/t) dt. 

APPENDIX B 

The elements of matrix 9 in equation (50) are given by 

TRANSFERT T~E~~I~U~ DANS UN GAZ RAREFIE ~U~YAT~M?~UE-II. SPHERE 

R&ntn&--I,,e mod&e de Nanson-Morse de l’bquation Iinearisbe de Wang Chang-Uhien~k est utilid pour 
calculer le transfert de chaleur pour une particule spherique situ&e dans un gaz polyatomique inliniment 
detendu. On obtient des resultats pour le transfert de chaleur, les protils de densite et de temperatures 
interne et de ~anslation, pour tous les degres de rarefaction et pour des coe&cients ~a~o~odatio~ 
inteme et de translation arbitraires. On itudie aussi la d+endance de ces &sultats vis-&is du nombre de 

Knudsen, de l’energie inteme, du facteur d’Eucken et du nombre de relaxation de collision, 



Heat transfer in a rarefied polyatomic gas-II. Sphere 985 

WARMEUBERGANG IN EINEM VERDtiNNTEN MEHRATOMIGEN GAS AN 
KUGELFdRMIGE PARTIKEL 

Zusammenfassung-Es wird das Hanson-Morse-Model1 der linearisierten Wang Chang-Uhlenbeck- 
Gleichung verwendet, urn den Warmetibergang an einem kugelfiirmigen Partikel zu berechnen, das 
sich in einem unendlich ausgedehnten mehratomigen Gas befindet. Es liegen Ergebnisse fiir den Warme- 
iibergang, die Dichte und die inneren sowie translatorischen Temperaturprofile vor fur alle Verdiinnungs- 
stufen und fur beliebige innere und translatorische Akkomodationskoeffizienten. Ferner wird die Abhlng- 
igkeit dieser Ergebnisse von der Knudsen-Zahl, der inneren Energie, dem Eucken-Faktor und der 

Kollisions-Relaxations-Zahl untersucht. 

TEIWIOOEMEH B PA3PEXEHHOM MHOrOATOMHOM TA3E-II. C@EPA 

&IEOTPUJIPMO~enb Xancona-Mopse nnneapn303auuoro ypaauemin Batir Yanra-Ynen6etta npkihieti- 
ffeTc53 nnn pacliera rennoo6hfeua OT c+epwnecrofi racrunbr, tiaxonnmeiicn B 6eCKOHeSHOM o6mxe MHO- 

rOPTOMHOT0 TB38. nOJI)'YeHbl p3yJIbTaTbI L(JIH TeIIJIOO6MeHa, IUIOTHOCTH U II&Wleii BH,'veHH&i W 

noclrnaTenbHOiiTeMnepaTyphlanK EN2ZXCTeIleHei-i pa3PeXCeHHK HIIpOEi3BOJIbHbIXK03++HUHeHTOB aKKO- 

LIaUHH. H3,'WeTCK 3aBHCHMCCTb IIOJQWCHHbIX pa3yJIbTaTOB OT YHCna Kriynceria, BH,'TpHHefi 3HePTHH, 

KO~HUNCHTa3iiKeHaHYPCTOT~IOnKHOBeHBji. 


