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A method is  set  forth for calculat ing the coeff icients  of v i scos i ty  of gases  of modera te  den-  
sity on the bas i s  of allowance for d imer iza t ion  and the use of an effect ive potential  function 
of the in te rmoleeu la r  interact ion.  The example  of water  vapor  and ammonia  show that the 
method is fa ir ly  re l iab le .  

The f o r m a l i s m  of r igorous  kinetic theory,  taking into account b inary  col l is ions of molecu les ,  enables 
one to calculate  the t r anspo r t  coeff icients  of only r a r e f i ed  gases .  

F o r  dense s y s t e m s ,  one mus t  take into account the contribution f rom col l is ions of higher o rde r ,  and 
at the present  t ime this p resen t s  g r ea t e r  difficult ies.  However ,  for a gas of modera te  density this p rob lem 
can be solved by using the notations of a molecu la r  associa t ion.  

The coefficient  of v iscos i ty  of a gas is exp re s sed  as an expansion in powers  of the p r e s s u r e :  

n = ~o (I + ~zp + . . . ) ,  (1) 

the coeff icients  being functions of the t e m p e r a t u r e  and they take into account the contr ibut ions of t r ip le  and 
higher o rde r  col l is ions.  

In the region of modera te  dens i t ies ,  it is sufficient to consider  only the l inear  par t  of Eq. (1), in 
which a = v~-1(a~/bp)p= 0 is the coefficient  that takes  into account the contribution of t r ip le  col l is ions .  

I f  one r e g a r d s  a gas of modera te  density as an equi l ibr ium mixture  of m o n o m e r s  and d i m e r s ,  then, 
as Stogryn and Hi r schfe lder  have shown [1], a t r ip le  coll is ion can be r ep re sen ted  as a b inary  col l is ion be -  
tween a monomer  and a d imer .  

In accordance  with the conclusions of [1], the coefficient  of v i scos i ty  of such a gas can be r ep re sen ted  
by the sum 

al = ~lm q- ~h, (2) 

where 'Tm is the coefficient of viscosi ty of the binary mixture of m o m o m e r s  and d imers ,  and ~e is the con- 
tribution due to t r anspo r t  by col l is ions .  

TABLE 1. Coefficients of Eq.  (7) 

a~ 

T*=0,3--3,416 

3,421524 
--0,979053 
--5,430678 

8,471780 
--6,686845 

3,305877 
--1,011695 

0,172360 
--0,012369 

T*=3,416--I0,0 

3,414047 
2,481028 

--59,471495 
880,26772 

~5560,7765 
18654,443 

--34021,774 
31815,555 

~11904,267 

I f  we substi tute into (2) the cor responding  expres s ions  
for  ~m and lle, we can obtain an express ion  for the coefficient  
a in d imens ion less  fo rm,  this being valid for the Lennard-  
Jones  potential  [1]: 

RTcz/b o = - -  B~{0.5113 q- 0.2481 [6 (On~On) - -  4.5455 (Dn/D~)] } 

-t- 0,1750 [B* q- T* (dB*/dT*)]. (3) 

Here  

i Vy(~11/~12)2 (f~}1"l*'"""~*' 

b o = 2~3riNG 3. B* = (B b + Bm)/b o 
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TA]3 LE 2. 

Gas 

CO 2 20 
30 

NH a 20 
3O 

150 
H~O 300 

4OO 

The indices 11 and 12 refer 
r e spec t ive ly .  

Potent ia l  P a r a m e t e r s  of CO2, NH3, and H O 

t, ~ r T* e/k, ~ or, 

1,054 
1,017 
2,057 
1,958 
2,247 
1,486 
1,226 

1,166 
1,224 
0,450 
0,476 
0,425 
0,690 
0,947 

251,4 
247,7 

651,4 
636,9 
996,1 
830,4 
710,5 

3,756 
3,773 

2,818 
2,827 
2,604 
2,660 
2,722 

to the in terac t ion  between two m o n o m e r s ,  and a m o n o m e r  and a d imer ,  

The method can be applied to s imple  gases  with spher ica l ly  s y m m e t r i c  i n t e rmolecu la r  interact ion.  

Singh and his co l l abo ra t o r s  [4-6] applied Eq. (3) to compl ica ted  gases  for which the in teract ion 
energy between the molecu les  is de te rmined  by not only the dis tance but also the mutual  or ientat ion.  

F o r  polar  subs tances  they used the S tockmayer  potential  (12-6-3),  and for  subs tances  whose mo le -  
cules  have a quadrupole  moment  they used the potential  (12-6-5) introduced by Smith, Munn, and Mason 
[11]. In addition, the authors  of [4-6] a s sumed  that the molecu les  that make up a d i m e r  a re  in a position 
that co r r e sponds  to max ima l  energy of a t t rac t ion ,  and also that there  is an equal probabi l i ty  of all re la t ive  
or ienta t ions  of in te rac t ing  molecules .  

Although the r e su l t s  of these paper s  agree  qual i ta t ively with the expe r imen ta l  data (for example ,  
they reproduce  the anomalous  p r e s s u r e  dependence of the coefficient  of v i scos i ty  of wa te r  vapor  and a m -  
monia}, the quanti tat ive a g r e e m e n t  between the calculated values  of a and the expe r imen ta l  values  is in-  
adequate.  This  is apparent ly  due to the insufficiently plausible assumpt ion  and the potential  functions used. 

Danon and Amdur  [7], solving this p rob lem only for polar  gases ,  used a previous ly  averaged Stock- 
m a y e r  potential  (12-6-3),  reduced to the fo rm (12-6) with t e m p e r a t u r e  dependent p a r a m e t e r s  and reduced 
dipole moment .  The values  they calculated of a for  NH 3 and H2O agree  be t t e r  with the expe r imen ta l  data,  
although the d i sc repanc ie s  s t i l l  r e m a i n  significant .  

In the p resen t  paper  we a t tempt  to apply the approach developed in [1] to gases  of any molecu la r  s t r u c -  
tu re ,  using an effect ive potential  function of i n t e rmolecu la r  in teract ion.  

It  has been previous ly  shown in [2] that as effect ive potential  one can use a t w o - p a r a m e t e r  potential  
of the type (12-6) with t empe ra tu r e -dependen t  p a r a m e t e r s  o(T) and e(T). The t e m p e r a t u r e  dependence of 
the p a r a m e t e r s  of such a potential  appea r s  as a r e su l t  of averag ing  of the in terac t ion  energy  over  all  poss i -  
ble mutual  or ienta t ions  of the in te rac t ing  molecules .  

The in t e rmolecu la r  in terac t ion  of any gas can be assumed  to be spher ica l ly  s y m m e t r i c ,  which great ly  
fac i l i ta tes  the calculat ion of the t h e r m a l  p rope r t i e s  of subs tances  to a sufficient accuracy .  

Since the effect ive potential  function mus t  desc r ibe  equally successfu l ly  both tim equi l ibr ium and the 
nonequi l ibr ium p r o p e r t i e s ,  we used the following method of de te rmin ing  the potential  p a r a m e t e r s  o(T) and 
e(T) f rom the data on the second v i r i a l  coeff icient  and the coefficient  of v i scos i ty  of a r a r e f i ed  gas.  F r o m  
the express ions  

B = 2 /3nN(PB*,  (4) 

rio ---- 266.93 ] M T  (5) (~2~ (2,2), 

it is not difficult to obtain the dependence 

rloB213 B "213 
- -  = ~p*  ( T * ) ,  

311.64V'MT ~(2.2). 

The actual  f o rm of (6) is de te rmined  by means  of the values  of ]3* and ~2 (2,2)* tabulated in [3]. 

Having data on 7/0 and ]3 at our  d isposa l ,  we can use Eq. (6) to ca lcula te  ~*, and, by a specia l ly  con-  
s t ruc ted  graph of T* as a function of {0", find the value of the reduced t e m p e r a t u r e .  After  this we find 
the p a r a m e t e r  e / k  = T / T * .  

The co r respond ing  value of the p a r a m e t e r  a is found f rom (4) or  (5). 

(6) 
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TABLE 3. Comparison of Calculated and Experimental  Values of 
RTa /b  0 for Ammonia and Water Vapor 

t, ~ 

NHs 

H20 

20 
30 

170 
200 
230 
270 
149 
176 
195 
214 
148 
192 
234 
275 

[51 

--3,85 
--3,64 
--6,44 
--6,18 
--5,85 
--5,64 

Calculated valueSdata Of this 
[o] [7] 

Ipaper 

--1,88 
--1,76 --3,07 1 --2,89 

--4,41 
--3,81 
--3,27 
--2,96 

Experimental values 

[s] 19] [x0] 

--4,12 
--4,07 
--3,38 
--2,44 
--4,56 
--3,24 
--0,82 
--0,82 

--5,36 
--4,96 
--4,78 
--4,60 
--5,39 
--4,79 
--4,26 
--3,75 

--4,01 
--3,65 
--3,84 --1,60 
--3,28 --2,63 
--2,81 --0,83 
--2,30 --0,19 
--4,33 
--3,73 
--3,36 
--3,06 
--4,36 
--3,42 
--2,76 
--2,25 

--3,73 
--2,62 

Instead of plotting T* against ~*, one could use the analytic expression obtained in this paper:  

T*---- ~ a ~h *i Xnl i t  �9 (7) 
t-~0 

Equation (7) has two sets of coefficients corresponding to the two ranges of variat ion of the reduced tem-  
pera ture :  T* = 0.3-3.416 and T* = 3.416-10.0 (the value T* = 3.416 corresponds  to the reduced Boyle t em-  
perature  for the Lermard-Jones potential, for which ~ = 0). The values of these coefficients are  given in 
Table 1. 

The values of the potential pa ramete r s  of carbon dioxide, ammonia,  and water  vapor determined in 
this way exhibit a c lear ly expressed tempera ture  dependence, as can be seen from Table 2. 

Using the pa ramete r s  we have obtained, we calculated the values of RTa/b 0 for superheated water 
vapor and ammonia.  The values of B~ were obtained from the table in [1] and the values of [2(l't) *, B*, 
and dB*/dT* from [3]. 

The pa ramete r s  of the monomer - -d imer  interaction were  calculated by means of the relat ions ob- 
tained in (1) for the potential (12-6) 

e1~/e n = 1.32; r = 1.16. (8) 

The resul ts  of the calculations are  given in Table 3 and they reveal  a fairly good agreement  between 
the calculated and experimental  values of BTa /b  0. Fo r  compar ison we also give in Table 3 the resu l t s  of 
[5-7], which were obtained in a more complicated manner.  They agree less well with the experimental  
data. 

Analysis of the resul ts  of this paper indicates a sufficient reliabil i ty of the method, which enables 
one to determine fairly accurately the influence of p ressure  on the coefficient of viscosi ty  of gases of com-  
plicated molecular  s t ructure .  

~o 
B 

Bb, Bm 

B d = B b + B m 
D 
~ (i,l)*, [~ (2,2)* 

R 
N 

N O T A T I O N  

is the coefficient of viscosi ty of a compressed  gas; 
is the coefficient of viscosi ty of a raref ied  gas; 
is the second v i r ia l  coefficient; 
are  the contributions of bound and metastably bound d imers  to the second vir ial  coeffi-  

cient, respect ively;  
is the total contribution of d imers  to the second vir ial  coefficient; 
is the coefficient of diffusion; 
are the reduced collision integrals  used to calculate the coefficients of diffusion and 

viscosi ty ,  respect ively;  
are  the pa ramete r s  of the potential of the in termolecular  interaction; 
is the gas constant; 
is Avogadro 's  number.  
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