
CORRELATION 13ETWEEN THE EQUATIONS OF TRANSFER 

C O E F F I C I E N T S  A N D  T H E  E Q U A T I O N  OF S T A T E  

FOR L I Q U I D S  

A .  M.  M a m e d o v  a n d  T .  S.  A k h u n d o v  UDC 536o71 

On the basis of test  data on p, v, T, thermal  conductivity, and dynamic viscosi ty  of toluene 
and water,  it is  shown that the equations of t r ans fe r  coefficients can be represented  in a form 
analogous to the equation of state.  

Several ar t ic les  have been pun i shed  recently [1, 2] where an attempt is made to formally cor re la te  
the equations of t r ans fe r  coefficients with the equation of state for substances.  

In this study the authors have found not only a formal  corre la t ion  between the respect ive  equations 
for the liquid phase but also a s imple relat ion between their  pa rame te r s .  The analysis ,  the resul ts  of 
which a re  given here ,  has been applied to toluene and water  as typical examples.  

The equation 

.pv . . . .  1 "- B9 § H97 (1)t 
RT 

d e s c r i b e s ,  wi thin  t e s t  a c c u r a c y  [3, 4], the p r o p e r t i e s  of l iqu id  to luene  over  the r a nge  of t e m p e r a t u r e s  f rom 
25 to 400~ and of s a t u r a t i o n  p r e s s u r e s  Ps up to 500 b a r s .  

If, a c c o r d i n g  to [5], the r e l a t i o n  

P - Pattract -- Ptherm @ Prepulse 

is represen ted  on the basis  of (1) as 

p =- B*p 2"" RTp  ~- H*p s, 

then  13",o 2 and tI* 08 wil l  c h a r a c t e r i z e  r e s p e c t i v e l y  the  fo rces  of a t t r a c t i on  and r e p u l s i o n  be tween  m o l e c u l e s .  

"iEquation (1) re sembles  the special  case  of the equation of state for real gases  in the virial  form, includ- 
ing the second and the eighth virial  coefficient.  

TABLE 1. Values of the Pa rame te r s  B, ema/g and H (em3/g) 7 in 
Eqs. (2)-(4) 

t, 0C 
- - B  

Data for z Data for 
] 

Data for X 

--B H -~]~0s 

25 
50 

I00 
150 
200 
250 
275 

' I 55414,12 134035,28, 0,41343 
14588,76!41757,501 0,34937 

700,27 6977 00 0,24370 
308,57 192911910,15995 
69,026 718,77 0,09603 
15,2390 315,9586 I 0,04823 
6,0166 208,002410,02893 

1,8628 
1,5658 
1,3235 
1,0025 
0,8044 
0,5156 
0,4141 

4,4993 
4,4664 
5,0000 
6,2561 
8,3947 

12,3580 
15,6021 

i f , 
0,41402 0,5827il ,4086. 0,41367 
0,35057 0,5705 1,6295 0,35011 
0,24470 10,513612,1174 ~, 0,24256 
0,16024 0,456212 8303 i 0,16118 
0,09582 !0,345013,57841 0,09641 
0,04172 10,2112:;4,6377~ 0,04554 
0,02654 " . . . . . .  
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Further  analysis has shown that the groups 

p v  1 z 1 ~' 1 

Kpv,r - -  R T  . Kz = zs " K 2 - E] - and Kn-- n / l l ] -  1 
' 9 ' P ' " 9 P 

are  l inear functions of p6 for every i sotherm within a certain range of values of the state var iables .  

Accordingly, the following equations are  valid for liquid toluene within the range of values of the 
state var iables:  

z 
z: -- 1 + B~p + HzpT; (2) 

~ i + Bxp + HxpT; (3) 

- -  1 -~-B~p -~- H ~ p ' .  ( 4 )  

Parame te r s  (B and H), (Bz and Hz), (Bk and H~), and (B~ and H~?) in the equation of state, the com- 
pressibi l i ty ,  the thermal  conductivity, and the dynamic viscosi ty  have been determined for each isotherm 
from test  data [3, 6, 7] and on the basis of the l ineari ty between 0 6 and Kp,v, T, Kz, Kk, KW: 

K : B + H p  6 (5) 
by the method of least  squares .  

The thus determined numerical  values of these pa ramete r s  are  shown in Table 1 for various t emper -  
a tures .  

It is to be noted that the equality 

Sa+He:=o, 
I I 

must be satisifed according to (2), (3), (4) when z = z s, k = k s, and 71 = ~?s, i . e . ,  

Therefore,  the B/H rat ios  in the equations of compressibi l i ty ,  thermal  conductivity, and dynamic 
viscosi ty  for every i sothermal  are  the same and equal to the density of saturated liquid ra i sed  to the sixth 
power (Table 1). 

According to Table 1, the equality (B/H) z = (B/H)A = (B/H)~ is not satisfied exactly, probably on 
account of the 1-2% e r r o r  in the test  values for k and 7. 

The values of B/H can be calculated most  exactly f rom the highly accura te  p, v, T test  data [3]. 

In o rder  to determine the rat io B/H with the aid of the equation of s tate  (1), it is necessa ry  to s tar t  
with the condition 

Bpo+ Hg-- O, (7) 

TABLE 2. Values of the Pa rame te r s  B and H in the Equation of 
State (1) and of Density P0 for Toluene 

B 6 t t2C --B, cm3/g H.(cmS/g) ~ ---E=p~ po,g/cm 3 p=o, nr, bar 

25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 

10,3588 
8,6937 
7,3400 
6,2087 
5,3058 
4,5263 
3,8942 
3,3825 
2,9257 
2,5009 
2,2296 
1,9376 

22,2557 
2t,4730 
20,8358 
20,2720 
20,0269 
19,9311 
19,9365 
20,3t01 
20,5955 
21,1886 
21,9993 
22,7788 

0,46544 
0,40487 
0,35228 
0,30627 
0,26493 
0,22710 
0,19533 
0,16654 
0,14206 
0,11803 
0,10135 
0,085O6 

0,88033 ] 236,86 
0,8601! 250,82 
0,84039 1 264,03 0,82102 276,47 
0,80141 9-87,95 
0,78109 298,27 
0,76172 308,05 
0,74174 ] 316,71 
0,72235 324,73 
0,70038 330,65 
0,68282 337,77 
0,66316 343,00 
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TABLE 3. 

= 25~ 

p, bar 

8,700 
59,878 

106,12 
208,76 
298,45 
398,74 
496,5I 

Va lues  of  P a r a m e t e r  Hp,v,  T (em3/g) 7 fo r  To luene  at  t 
C a l c u l a t e d  A c c o r d i n g  to Eq. (8) 

pv 

Kp, v, T= RT 
P 

--1,114389 
"0,856835 
--0,628184 
--0,132889 

0,287582 
0,745606 
1,181350 

---0,05014 
--0,03841 
--0,02821 
--0,00595 

0,01288 
0,03355 
0,05306 

II ~ Kp, v, T 
p , v , ~ = ~  

P~--P0 

22,2255 
22,3076 
22,2681 
22,3343 
22,3278 
22,2237 
22,2644 

tt* --llp, v, T 100 % 
H* 

0,14 
0,23 
0,06 
0,35 
0,32 
0,14 
0,04 

* H=22.2557 from Table 2,. 

ob t a ined  when p v / R T  = 1: 

~'o 6 , (8) 

w h e r e  P0 deno t e s  t he  d e n s i t y  of l iqu id  t o luen e  a long  e v e r y  p v / R T  = 1 i s o t h e r m .  

The  v a l u e s  of P0 can  be  found e i t h e r  f r o m  c o m p r e s s i b i l i t y  as  a funct ion of d e n s i t y  (z T = f(p)) o r  f r o m  
r e l a t i o n  (8), i f  B and H a r e  known f r o m  the  p, v, T t e s t  d a t a  e v a l u a t e d  by the  m e t h o d  of l e a s t  s q u a r e s .  
Valu'es of  P0 b a s e d  on f o r m u l a  (8) a r e  g iven  in  T a b l e  2. 

P a r a m e t e r s  B and H can  a l s o  be  c a l c u l a t e d  f r o m  the  a p p r o p r i a t e  K g r o u p s  a c c o r d i n g  to  (5), with (6) 
and (8) t a k e n  into c o n s i d e r a t i o n ,  n a m e l y  

g 

and 

(---~ )p.v,r = p6--p~. (I0) 

Results of calculations according to formula (i0) are shown in Table 3. Calculatings according to 
formula (9) will result in large errors, because the accuracy of k, N measurements is worse than the ac- 
curacy of p, v, T measurements. 

A simultaneous solution of (9) and (i0) will yield the K/H ratio for the various thermophysical coef- 

ficients in terms of the most accurately determinable ratio (K/H)p,v,T: 

T --' ) (11) 

The c l o s e n e s s  of  the  a g r e e m e n t  be twe e n  K / H  v a l u e s  ob ta ined  in v a r i o u s  ways  can  be  e v a l u a t e d  on the  
b a s i s  of  da t a  fo r  t o l u e n e  (at t = 50~ and p --= 300 b a r s )  ( see  T a b l e  3). 

The  v a l i d i t y  of  the  r e l a t i o n s  in  the  e a s e  of  t o lue ne  has  a l s o  been  c o n f i r m e d  in the  c a s e  of w a t e r .  
F o r  w a t e r  we u s e  the  v a l u e s  of k and rl f r o m  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s  [8] and ou r  p r o p o s e d  equation, of 
s t a t e  [4] : 

.p_o = 1 -- B 9 -F E9 ~, (12) 
RT 

v a l i d  wi th in  the  r a n g e  of  t e m p e r a t u r e s  f r o m  0 to  350~ and of p r e s s u r e s  Ps up to  1000 b a r s .  

The  d e n s i t y  P0 a p p e a r s  h e r e t o  be  a v e r y  i m p o r t a n t  p a r a m e t e r ,  and knowing i t s  v a l u e  i s  u se fu l  a l s o  
fo r  r e l a t i n g  the  f o r c e s  of a t t r a c t i o n  and r e p u l s i o n  be tween  m o l e c u l e s .  

T A B L E  3 

(K/II) z 

0,06584 

(KtH) k 

0,06553 

(K/H)~ 

0,06504 

(K/H) P, v, T 

0,01044 i 

( 6  6~ (7{-K 

0,05550 0,06594 
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Following a modif icat ion of (8), these  re la t ions  for  liquid toluene a r e  

t B*P--~/p.~.r = (P/PoP. (13) 

According to (13) we have these  specia l  cases :  

n < P0; (B*PS)OTV, z > (H*p'), 

P = Po; (B*P~)o.~,r -- (H*PS),.v,r, 

P > 90; (B*P~)p.v,r< (H*Pgp,~,r, 

i . e . ,  during i so the rmal  compres s ion  of liquid toluene the a t t rac t ion  force  exceeds  the repuls ion force  at 
densi t ies  below P0, both fo rces  a r e  equal at density P0, and the repuls ion force  exceeds the a t t rac t ion force  
at densi t ies  above P0. 

It is in te res t ing  to note that  the ra t io  between these  two forces  va r i e s  propor t ional ly  to the sixth 
power  of the density ra t io  (P/P0) in the ca se  of toluene and propor t ional ly  to  the th i rd  power  of the density 
ra t io  according to the equation of s t a te  (12) for  water :  

_ (  e,0  1 _- ( p )3 
(1 4) 

Our studies have es tabl ished [4] that the equation of s ta te  (1) is the s a m e  for  five a romat i c  hydrogen 
carbons  (benzene, toluene, o-xylene,  m-xy lene ,  and p - x y l e n e ) .  

On the bas i s  of re la t ion  (13), t he re fo re ,  one may  conclude that  the ra t io  of a t t rac t ion force  to repu l -  
sion force  between molecules  is the s a m e  for  all  these  liquids at any given t e m p e r a t u r e  and the s a m e  den- 
si ty ra t io  P/P0, namely:  

( B,pZ \benzene / B.p2 \toluene ( B . p2 /~  m-, p-xylene 

As a consequence of this homomorph i sm of the equations of s ta te  for  the liquid phase  of no rma l  
wa te r  and heavy water  [4], the following equality will be valid under  the s t ipulated conditions: 

E*P s Jp,~,r \ E*P s ,l,,~,r 

Thus, the equations of t r a n s f e r  coefficients (k and 7) for liquid toluene can be r ep re sen ted  in a fo rm 
analogous to the equation of s ta te ,  with a s imple  re la t ion  exist ing between the p a r a m e t e r s  of both. 

The re  is r ea son  to bel ieve that  the laws es tabl ished h e r e  for liquid toluene and water  as typical  
examples  will be valid for  other  liquids as well, but this mus t  s t i l l  be exper imenta l ly  ver i f ied .  

P 
Pat-tract 
P therm 
Prepu lse  
V 

P 
Ps 
P0 
R 
T 
B, E, H 

Z s 

k 

Zs, ks, ~s 

N O T A T I O N  

is the ex te rna l  p r e s s u r e ;  
is the a t t rac t ion  p r e s s u r e ;  
is the t h e r m a l  p r e s s u r e ;  
is the repuls ion p r e s s u r e ;  
is the spec i f ic  volume;  
is the densi ty;  
~s the sa tura t ion  densi ty of a liquid; 
is the density of a liquid when p v / R T  = 1; 
is the gas constant;  
~s the absolute  t e m p e r a t u r e ;  
a r e  the p a r a m e t e r s  of the t e m p e r a t u r e  function; 
is  the compress ib i l i ty ;  
is  the t h e r m a l  conductivity; 
is  the dynamic v iscos i ty ;  
a r e  the compress ib i l i ty ,  t h e r m a l  conductivity, and dynamic  v i scos i ty  at sa tura t ion.  
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