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A method is proposed for  numer ica l  determinat ion of genera l ized  angular  coefficients for  a rb i -  
t r a r y  surfaces .  Examples of calculations a re  presented.  

In solving radiant  heat exchange problems with a radiating and an absorbing gas l aye r  by the zonal 
method, determinat ion of the geomet r ica l  optical charac te r i s t i c s  of the thermal  radiation is of g rea t  impor t -  
alice. The p resence  of a quite s imple method for  determinat ion of general ized angular coefficients pe rmi t s  a 
significant reduction in volume of the task of filling the matr ix  coefficients for  unknowns in the zonal equation 
sys tem [1].  The existing methods, using the function Ki (x) pe rmi t  finding genera l ized  angular  coefficients for  
a l imited number of sur faces  [2, 3]; use of the Monte Carlo method requ i res  a large  number  of tests ,  and thus, 
a large amount of computer  t ime [4, 5]. 

In the presen t  study, to calculate general ized angular coefficients f rom the a rea  I to the a rea  2 we use 
the express ion [ 1 ] 

r = l A ~  exp (-- Kp)g cos~t~p2cos ~2 dAldA~. ( 1 ) 

A t A ,  

Let the sur faces  A 1 and A 2 be specif ied by the equations 

We will consider  the vec tor  

and the normal  vec to r  to the surface  

Then 

zt = h (xt, yt),  z~ = f2(x~, y:)'. 

p = fix.,-- x,), (y~--  y,), (z~-- z,)) 

(2) 

(3) 

- Ox ' @ '  

C O S  C r  - -  - -  [nI'[Pl ~ ~ cos~ ~ 0, (5) 

dA = V z (  ox ] + (  Oy + * dxdy. (6) 

Finding cos ~l ,  cos ~2, dA1, dA2 with Eqs. (5), (6) and substituting the express ions  found in Eq. (1), we 
obtain 

~At--A, = ~ A  t 
A~Ae" 

where 

F(xt, y~, x... y~)=[--(x2--x~)--L-U----(y2--y,)--~--f-+(f2 x,) --(Y2--Y~) +( f2- - f~)  p--~-, 
(8) 

p = V ( x ~  - x,)2 + (y~ _ y~)~ + ( s  h)~. 
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Fig. 1. Determination of general ized angular coordinates .  

In the case of heat exchange between cylindrical  areas  with paral le l  d i rec t r i ces  z 1 = ft(yi),  z 2 = f2(Y~), 
the integrand function F takes on the form 

(9) 

The fourfold integrals  thus obtained are  calculated approximately by Simpson's  method, with automatic 
step select ion [6].  In the case  where the project ions of the surfaces  A 1 and A 2 on the plane xy A ~ and A~ are  
not rectangles ,  integrals  with variable upper l imits a re  obtained. These can be reduced to integrals  with con- 
stant l imits,  if for the integration area  we take a rectangle including within i tself  A ~ and A ~ and take the in- 
tegrand function in the following form: 

lexp ( -  Kg~,) e (~,, a ,  ~, w), (~,, v,) C A ~ (*~, W) ~ A ~ 
=[ o, (x,, v,)EA ~ (x~, V~)~A ~ (10) 

To calculate general ized angular coefficients f rom an elementary area,  which is par t  of a cyl indrical  
surface,  onto an infinite cyl indrical  surface  with paral lel  direetr ix,  it is convenient to use the expression [2] 

2 ~2 

lPdA,__A2 = - -  exp (-- Kgp) cos [~ cosZ~df~dq. ( 11 ) 
3Z 

2 

are  shown in Fig. 1. To determine the ray  length we use the ex- The angles fl, d and the ray  length p 
p ress ion  

p = x (~)/cos 8, (12) 

where X (•) is the distance f rom the e lementary  a rea  to the cyIindrical  sur face  in the plane perpendicular  to 
the surface  (see Fig. 1). 

To find X(fi) it is neces sa ry  to write the equation for the cyl indrical  sur face  in a coordinate sys tem 
fixed to the e lementary  a rea  (ordinate directed along normal  to this a rea ) :  

[(x, g) = 0. , (13) 

Adding the equation of a ray  departing f rom the origin of the coordinate system,  we obtain a sys tem of 
two equations, permit t ing determinat ion of X (~) : 

f(x, y ) = 0 ,  y = k x ,  (14) 

where k= tan  T =cot  p is the angular coefficient of the s traight  line (see Fig. 1). 

The ray  length can then be found f rom 

x (8) = VT~ + v~, (15) 

where Xo, Yo a re  the solutions of Eq. (14) smal les t  in absolute value, which can be obtained analytically or  by 
numerica l  methods.  

As an example of calculation of ~dA~_A2 we will consider  two cases :  radiation of an e lementary a rea  onto 
a plane surface and onto the internal  and external surfaces  of a r ight c i r cu la r  cylinder,  as is most  often met 
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TABLE 1. Comparison of Data of Various 
Authors 

h, m 
[7] [81 I present study 

0,5 
1,0 
1,5 
2,0 

0,542 
0,438 
0,368 
0,332 

0,53 } 0,523 
0,42 0,415 
0,35 0,350 
0,32 . 0,314 

Kr 

I000 7- 

Fig. 2 

~H2 

~o 

~2 

o,~ o,8 %o 

Fig. 3 

Fig. 2. Correct ion coefficient KT versus  temperature ,  
T, ~ 

Fig. 3. Correct ion coefficient KrH20 versus  volume 
fract ion of H20 vapor (all quantities are  dimensionless);  
1) PE/P  0 = 0.2; 2) 0.4; 3) 0.6; 4) 0.8; 5) 1.0. 

with in solving problems of heating of complex charges  in heaters  and furnaces,  The distance X (/3) has an ex- 
act analytic express ion in each of these cases .  

1. Radiation of e lementary area  onto plane surface.  The formula  for  determination of X (fl) has the form 

h 
X(~) - - ,  (16) 

COS 

when the surface and a rea  a re  parallel ,  and 

x(~) h , (17) 
sin [~ 

when the surface  and a rea  are  perpendicular .  

.2~ Radiation of e lementary a rea  onto internal and extei~ surface  of cylinder.  To determine the distance 
X (/3) the equations of a c i rc le  and s t ra ight  line a re  solved simultaneously:  

( x - -  %)2 + ( y _  ~G)~ = R2, u = kx. (18)  

The coordinates of the center  of the second c i rc le  x B and YB are  determined in a coordinate sys tem 
fixed to the e lementary area,  with ordinate directed along the normal  to this area .  

The quantity X(fl), in the case of radiation onto the external cyl inder  surface,  is defined as : 

X (8) ---- IXlm,, Kk-r 1, ~ ~ 0, 
(19)  

x (8) = lYB - -  l / l ' x ~  + R2I l, ~ = 0, 

where IX [rain is the absolute value of the smal le r  of the two solutions of Eq. (18). 

In the case  of radiation onto the internal cyl inder  surface,  
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Fig. 4. Nomogram for finding general ized angular 
coefficients (fl, red; r dimensionless) .  

x(l~) : F - - - i  , ~ o ,  ~ : / = - 7 - '  
1-+ h 2 

X (D) = ly~ + V I - G  + R~I I, D = 0, 

(20) 

x (13) = 1% + l / I - y ~  + R~I I, 1~ = ~ �9 
2 

To determine general ized angular coefficients a FORTRAN p r o g r a m  using Eqs. (7), (8), (11), (t2) was 
written. To verify the technique the resul ts  of the calculations for  radiat ion of an e lementary area  onto a plane 
surface  (using Eq. (16)) were compared  with data presented in [7, 8].  

Table 1 presents  the calculation resul ts  for  var ious  distances between the surfaces .  A compar ison of the 
data will indicate the sa t i s fac tory  accuracy  of the calculations for engineering problems.  

Calculations of general ized angular coordinates were per formed for the radiation of severa l  geomet r ic  
forms for a gas medium consist ing of mixed CO 2 and H20 , without considerat ion of radiation selectivity.  The 
calculations were ca r r i ed  out to an accuracy  of e = 0.005, in connection with which the step in numerica l  inte-  
grat ion was chosen automatically.  In all cases  considered,  16 nodes in each var iable  were sufficient to achieve 
the des i red  accuracy .  Time for  calculation of one coefficient with an ES 1020 computer  did not exceed 1.5-2 
rain. 

Calculations were performed for T O = 800~ r~ r~ = 0.2; PZ/P0 took on values of 0.2, 0.4, 0.6, 0.8, 1.0. 
2 ~ . . o 

In order to determine values of tAI_A2 for parameters differing from the baste ones, the dependence of tAt-A2 
on temperature and on volume concentration of H20 was found for various PZ/P0. Results of the calculations 
are presented in Figs. 2, 3 in the form 

%,-A0 (T~,) ~A,-~ (%0) 
KT= *A,--A:(T~) =/(Tg), KrH, ~ -- $A,-4,(r~ --q0(rH'o)" 

TO determine the quantity ~bAI_A2 at parameter values differing from the basic ones, it is necessary to 
have the value of ~bAi_A2 obtained for T ~ r~20, multiplied by the corresponding correction coefficients. 

As an example of application of the proposed method, a calculation of generalized angular coordinates 
was made, where A 2 is an infinite cylindrical surface and A I is a portion of a right circular cylinder, the 
directrix of which is parallel to the directrix of A 2 and is one unit long, and for a rectangle, which is parallel 
to the directrix of A2, with one side one unit long. The surfaces arc specified by the equations (see Fig. 1) 

z, = ],rl --  y~ where zl ---- 0, z~ ---- B-- ] / i  __g22, B > 2. (21) 

Finding 8 zl/0y ~ and 8 z2/0y2, we obtain the following expression for generalized angular coordinates in 
the first case: 
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TABLE 2. Dependence of General ized Angular  Coordi -  
nates on Dimensions and Relat ive Posi t ion of Surfaces  

B, m 

2 , 5  a, m _ . 
cylinder-i- plane 

[ 

0 0,432 I 0,432 
0,1 0,413 I 0,415 
0,3 0,384 0,410 
0,5 ' 0,330 0,392 

3 , 0  

cylinder 

0.246 
0,229 
0,218 
0,196 

plane, 

0,246 
0,230 
0,227 
0,223 

3 , 5  

cylinder I pls 

0,174 0,174 
0.160 0.160 
0,154 0,159 
0,143 0,158 

*A,--A,--:- 2z arcsin a 

a 1 ~, 

Vl-v  
~ a  - - t  --oo 

(22) 

x VV-'-- vg 
In the calculat ions i t  is  n e c e s s a r y  that  

Y, (Y2 - -  Y~) 

Y2 (Y~ - -  Y,) 
VT-- 

- - Y l - -  - - -  2 , J }  t- B - - V I - y ~ - - V - I - - ~ y ~  {[x~+(y2-y t )  z + ( B - - V 1  ~ ]/~--~2~z~z 

eB-V VI-y >!o, 

+ B - - V I - - y ~ - - V ~ I - - y ~  9 0 .  

(23) 

In a s i m i l a r  manne r  we obtain the value of @Ai-Az, when A 1 is a rec tangle .  

Calculation r e su l t s  for  var ious  values of  a and B a re  p resen ted  in Table  2. Calculat ions at a = 0 were  
pe r fo rmed  with Eq. (11). A compar i son  of the resu l t s  with a = 0 and not equal to 0 shows how much the gen-  
e ra l ized  angular  coordinates  differ  in the cases  where  A i is an e l emen ta ry  a r e a  and in the case  of a rea l  f o r m  
A 1. As follows f r o m  the table,  this d ivergence  i n c r e a s e s  with i nc r ea se  in the s ize  of a r e a  Ai. 

Resul ts  of calculat ing the dependence of genera l ized  angular  coefficients  f r o m  an e l emen ta ry  a r e a  dA 1 
onto a plane su r face  on angle fl a re  shown in Fig. 4. 

To de te rmine  edAl_A2 it is n e c e s s a r y  to find the angles fi I and fl2, s ta r t ing  f r o m  the re la t ive  posi t ion of 
the sur faces ,  a f t e r  which the nomograms  a r e  used to find two values of r and r (fi2). If the angles  a r e  on 
the s ame  side of the no rma l ,  then ~ = I~( f l l )  - ~(~2) I, while if  they a r e  on dif ferent  s ides ,  then ~ =~(f i t )  + 
r 

In conclusion, i t  should be noted that the a lgor i thms and p r o g r a m s  developed p e r m i t  a significant  r educ-  
tion in the volume of labor  in finding genera l ized  angular  coefficients .  To p e r f o r m  the calculat ions only the 
mos t  genera l  data on geome t r i c  posi t ion of the su r f aces ,  t empera tu re ,  and composi t ion of the radia t ing gas  
need be specif ied to the computer .  

N O T A T I O N  

~AI_Az , genera l i zed  angular  coefficient  f r o m  a r e a  A 1 to a r e a  A2; A, a r e a  of e lementa l  a rea ,  mf; Kg, ab-  
sorpt ion coefficient  of gas,  re ' l ;  p, r ay  length, m; a ,  angle between direct ion of r ay  and no rma l  to sur face ,  rad; 
~r ~ 3.141; h, dis tance f rom e l emen ta ry  a r e a  to plane sur face ,  m;  R, radius  of cyl inder  forming sur face ,  m; 
rH20, volume f rac t ion  of water  vapor  in gaseous medium (at a tmospher i c  p r e s s u r e  equal to PHzO/P0) ! PZ = 
PCO z + PHzO, total  par t ia l  p r e s s u r e  of CO 2 and H~O, N/mf;  P0 = 98.1- 103 N/m2; Tg, gas t e m p e r a t u r e ,  ~ K T, 
d imensionless  co r rec t ion  coefficient; T, t empera tu re ,  ~ 
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MODELING OF IRREVERSIBLE PROCESSES BY 

ANALOGY METHODS OF STATISTICAL MECHANICS 

G.  P .  Y a s n i k o v  UDC 536-12 

Analogies to s t a t i s t i ca l  mechanics  of a Gibbs ensemble  a r e  cons t ruc ted  on the bas i s  of the r e -  
f lection method for  d iss ipa t ive  m a c r o s c o p i c  p r o c e s s e s .  

The f o r m a l i s m  of c l a s s i ca l  and i r r e v e r s i b l e  the rmodynamics  can be used success fu l ly  to cons t ruc t  ma th -  
emat ica l  models  of a b road  c lass  of different  p r o c e s s e s ,  pa r t i cu la r ly  control  p r o c e s s e s  [ 1]. This is p r i m a r i l y  
due to the exis tence  of a profound analogy between the equations of a whole range  of dynamic s y s t e m s  and 
the rmodynamics .  The analogy between nonequi l ibr ium the rmodynamics  and analyt ical  mechanics  was analyzed 
in detail  in [2, 3], where it was shown that the rmodynamic  re la t ions  can be r e p r e s e n t e d  in the f o r m  of La -  
grange or  Hamilton equations.  The bas i s  for  this f o r m a l i s m  is an a r t i f ic ia l  method of introducing the so-caUed 
" m i r r o r  re f lec ted  s y s t e m "  with negat ive d iss ipat ion and dec reas ing  entropy [4].  

The Lagrangian  of the total sys t em,  including the or iginal  and re f l ec ted  pa r t s ,  can be r e p r e s e n t e d  in the 
fo rm 

= 7((@ ; ' ) - -  2~ R (:r ;,) + flZ-R*(/~?,2 x~)--f'(x?, x~). (J) 

Here  the functions K, V, R, R* a re  cons t ruc ted  on the bas t s  of specif ic  expres s ions  for  the kinetic and poten-  
ttal energ ies  and the d iss ipat ion function. 

By means  of [ 11 one can introduce the genera l ized  momenta  

0 ~  _ a /~  1 OR a ~  _ o R  1 OR* ( 2 )  
Pi - -  Ox~ o;c~ 20x~ ; p ? -  ax? Ox3 F 20x? 

and the Hamil tonian 

= plx~ + p~ x*-- ~ .  (3) 

Here  and below doubly repea ted  subsc r ip t s  imply summat ion .  F o r  an appropr i a t e  choice of the functions R and 
R*,  ~ is an in tegra l  of motion.  

For  a s y s t e m  of m a t e r i a l  points,  moving in a medium with a l inear  r e s i s t a n c e  law, the functions {1)-(3) 
a r e  [4] 

�9 1 . ,  1 �9 * 
~}~ = ai~x~xh - ~  rihx, xk-r r~hxixh - -  b~kx[~x~, (4) 
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