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IN THE PREVIOUS paper we showed how one could 
establish a theoretical basis for both understanding 

and testing the molecular level assumptions contained 
in common pure fluid equations of state and for de­
veloping new ones. We now extend this analysis to 
mixtures and will consider activity coefficient models 
and equation of state mixing rules. 

THE GENERALIZED VAN DER WAALS 
PARTITION FUNCTION FOR MIXTURES 

The starting point is again the canonical partition 
function, here for N1 molecules of species 1, N2 

molecules of species 2, etc., contained in a volume V 
at temperature T 

Q(N N V T) = ~ - E;(N1oN2, ... ,V,T)/kT 
1, 2, . .. , , LJ e (1) 

state• 

where Ei is the energy of the it h quantum state. From 
this partition function all other thermodynamic prop­
erties can be computed (Eqs. (1-2 to 4) of [1]). (We 
will refer to equations from [1] using the designation 
I.) 

Following the same analysis as in [1] of separating 
the translational, rotational, vibrational, electronic, 
and interaction energy states, we obtain the following 
expression for the generalized van der Waals partition 

Using the terminology of (1 ), this term 
is referred to as the configurational contribution to 
the free energy. The second term is the residual term; 
it arises from the soft repulsive and attractive 
forces among the molecules-that is, 
from the molecular interactions. 

function for a mixture of simple molecules 

Q=(i;i ~ ;! (qtq rqvq. )N;) 

VN(T V N N ) (-Ncl>(T,V,N1,N2, ... )) 
r ' ' t• 2··· exp 2kT (2) 

where 

( ) - -2kT TI E
00

NF(N1,N2,·· ··V,T ) dT (3) 
cl> N,,N2, ... ,V,T - N kT2 

T =• 

2T i/T CONF ( 1 ) = - J E (N1, N2, ··· ·V,T) d T 
N 1/T=0 

with 

Ec0 NF(N1,N2, .. . ,v,T)= LL EfNF(N1,N2,· ·· · v,T) (4) 

and N = lNi. Once the mixture free volume Vr and 
the average configurational energy for each species i 
interacting with species j molecules, E nNF, is known, 
Eq. (2) can be used to obtain the equation of state and 
other thermodynamic properties of a mixture. 

Alternatively, instead of using the mixture parti­
tion function directly, we can consider the difference 
between the partition function of the mixture and 
those of the pure components to obtain the change in 
properties on forming a mixture from the pure fluids. 
In particular, to obtain an excess Helmholtz free 
energy change on mixing that is equal to the excess 
Gibbs free energy at constant temperature and pres­
sure from which we can obtain activity coefficients, 
the mixing process must be one in which we start with 
the pure components at temperature T and pressure 
P, where their molar volumes are Vi, and then adjust 
the pressure of the mixture so that there is no volume 
change on mixing; that is, that [2] 

In this case we have 
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AEX GEX 
T,V = T,P 

T [I,I,Efi0NF(T, V,N1, .. . )- I,Ef0NF(T, V;,N;)]dT 
-~J-=------------_._-

T=~ ~2 

(5) 

The first term on the right-hand side of the equation, 
which arises from the difference in free volume terms, 
is the excess Helmholtz free energy of mixing that 
persists at very high temperatures; it depends upon 
the hard-core size and shape differences between the 
molecules. Using the terminology of [1] , this term is 
referred to as the configurational contribution to the 
free energy. The second term is the residual term; it 
arises from the soft repulsive and attractive forces 
among the molecules-that is, from the molecular in­
teractions. 

There are two different ways to proceed in ther­
modynamic modeling. One, for high pressure mixtures 
(especially of hydrocarbons and inorganic gases), is to 
use an equation of state to describe both the vapor 
and liquid phases. The other, for mixtures at low pres­
sure and with more complicated molecules, is to use 
an equation of state only for the vapor phase and an 
excess Gibbs free energy (activity coefficient) model 
to describe the liquid phase. While it is common to 
think of these two methods of thermodynamic model­
ing as being completely distinct, we see from Eq. (2) 
(the derivative of which leads to the equation of state) 
and from Eq. (5) (the composition derivative of which 
leads to activity coefficients) that both have the same 
origin: the statistical mechanical partition function. 
Consequently, any assumptions made about the mix­
ture free volume and configurational energy will lead 
to an equation of state and its mixing rule as well as 
to an activity coefficient model. As we will soon see, 
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the assumptions which lead to the usual equations of 
state produce only the simplest excess Gibbs free 
energy models, while the assumptions which lead to 
the most commonly used free energy models result in 
equation of state mixing rules which do not satisfy an 
important theoretical boundary condition. 

LOCAL COMPOSITIONS AND 
THERMODYNAMIC MODELS 

For demonstration purposes we will consider a 
mixture of square-well molecules (see [1] for a defini­
tion of this potential). Following the analysis in [1] we 
obtain 

E90NF = - Ni N --C·· 
IJ 2 IJ IJ (6) 

where Nij is the average number of i molecules in­
teracting with a central j molecule at the temperature 
and density of interest. Thus, Nij may be thought of 
as a species-species coordination number. In order to 
proceed further we need to have information about 
the free volume in the mixture and the species coordi­
nation numbers N ij as a function of temperature, com­
position, and density. We will now consider each of 
these terms separately. 

For mixtures of hard spheres (or the hard-core 
part of square-well fluids) the free volume can be ap­
proximately estimated using the van der Waals ex­
pression 

Vr=V-(I,N;)b with b=I,I,x;xh 

[Further using bij = (bu+ bjj)/2, which is correct for 
hard spheres, we have b = Ixibi.] Using this result 
in Eqs. (1 and 1-3) gives the usual van der Waals con­
figurational or free volume part of the equation of 
state 

pCONF=~(alnVj') =~(atnVr) = N~ (7) 
av N,T av N,T V-Nb 

Similarly using this expression for the free volume in 
the configurational contribution to excess Helmholz 
free energy, Eq. (5), gives 

AcoEXNF = -~(N ln Vr · - .._.N-ln Vr - + .._.N- ln x-) ,mlX LJ I 1 1 LJ I l 

= -~ ln ,L, ' ' ~ - = kTI,N; ln-'1 ((v - .._. N-b-)N x.Ni) <l>r . 

II(V; -N;b;) l X; 
(8) 

where 
<l>r,; = (V; - N;b;) / (V - N;b;) 

is the free volume of pure species i divided by the 
total free volume in the mixture. 

If we assume that the free volume fraction of 
species i is equal to its volume fraction, Eq. (8) be­
comes the well-known Flory expression for the config­
urational free energy term [3]. Clearly other assump-
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tions can be made; for example, we can also use the 
Carnahan-Starling free volume expression (Eq. (1-15)) 
and its analogue for mixtures, though at the cost of 
greater mathematical complexity. 

The simplest species-species coordination number 
model is that the mixture is random, that is 

N -
N -- =-'C 

u V 
where C is the same constant for all species-species 
interactions. This is the generalization of the van der 
Waals assumption that the coordination number is a 
linear function of density that we used in [1]. Using 
this in Eq. (2 to 4, and 1-3) we obtain 

pre•=N
2 

~~~X-X·E··=--1-~~x-x-a-• (9) y2 2 L,L, I J I) y2 L,L, I J ij 

where 
a\i = -CN! Eij / 2 

in analogy with [1]. 

Combining the configurational (Eq. 7) and residual 
(Eq. 9) contributions gives the van der Waals equation 
of state (Eq. 1-14b) with the following mixing rules 

(1011) 

and 
b= LLxixibii (!Ob) 

Eqs. (10 a,b) are known as the van der Waals one-fluid 
mixing rules. The first part of the name refers to its 
originator, and the second to the fact that they lead 
to mixture being described by the same equation of 
state as the pure fluid, but with composition-averaged 
parameters. 

It is known from statistical mechanics [ 4] that the 
mixture second virial coefficient, that is, the coeffi­
cient Bmix in the expansion for a mixture 

PV Bnux(T) 
RT=l+ V + .. (11) 

has a quadratic composition dependence. Since the low 
density expansion of any cubic equation of state re­
sults in the second virial being a linear function of the 
equation of state parameters a and b (for example, 
Bmix(T) = b - (a/RT) for the van der Waals equation), 
the known quadratic composition dependence of B(T) 
requires that Eqs. (10 a,b) be satisfied at low density. 
This is an important theoretical low-density boundary 
condition. In fact, in chemical engineering the mixing 
rules of Eqs. (10 a,b) are generally used at all densi­
ties. One present area of equation of state research is 
density-dependent mixing rules which have a more 
complicated composition dependence at high density 
but reduce to Eqs (10 a,b) at low density. 

Using the random mixing assumption in Eq. (5) 
with the further approximation that the molar volume 
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of each species is approximately the same leads, for a 
binary mixture, to 

A EX EX 1 [ ~ ] N
2 

RES= GRES = 2 Ncj>mix - :L,,Ni<l>i =-Cyxix2(E11 +£22 -2£12 ) 
t= I 

(12) 

which is the one-constant Margules expression [5], or 
the two-constant Margules expression if we do not 
assume that the molar volumes are equal. Thus, from 
the analysis so far we see that the Margules equation 
with a Flory-Huggins correction (or without it if we 
neglect the contribution of Eq. 8) for the excess free 
energy and activity coefficients, and the van der 
Waals one-fluid mixing rules have the same origin in 
molecular theory, the random mixture. 

From statistical mechanics we can easily show that 
the exact low density result for the species-species 

TABLE 1 
Local Coordination Number Models 

and Equations Which Result 

Lot:111 Coordination 
Number Model 

N-•=Nic 
u V 

N-
Nii =.j-Cii 

N -• = Ni C--e•ijlkT 
ll V ll 

Nii =Ni vi 
Njj Ni vi 

with 

Nii+Njj=Nci 
and 

Oii independent 
of T and V 

Nii _ Ni vi (•ij-•jj)tkT ----e 
.ii Ni vi 

with 

Surface area 
fractions 

E~•tlon of St•t• 
Milling Rule 

vdW 1-fluid 

vdW 1-fluid 

vdW 1-fluid 

nonquadratic, 
density independent 

L :r_xixiviaij 
a= 

LXiVi 

if 

N-=NC . 
ci V i 

as above 

nonquadratic, 
density 

independent 

FrH Enerw 
(Activity Coefficient) 

Mod•I 

Margules 

Margules 

Margules 

Van Laar and 
regular 

solution [6] if 

A~~NF =0 

or Flory - Huggins 
if Flory term 

used for A~~NF 

Wilson[7] 

equation 

UNIQUAC[B] 
equation when 
Guggenheim-

Staverman 
expression used for 

A~~NF 
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coordination number in a mixture of square-well 
molecules is 

L. N (N N V ) N; 41t 3 ( 3 ) •u'kT rm ti 1, 2 , ••• , ,T =- -crti Ru -1 e 
p• O V 3 

(13) 

This is an interesting result since it requires that the 
local composition of i molecules around a j molecule is 
proportional not only to the mole fraction of species i, 
but also terms that depend on the sizes and energies 
of interaction of the i and j molecules. Thus, in gen­
eral, the mole fraction of i and j molecules around a 
central molecule will be different than their bulk mole 
fractions. That is, the random mixing model is incor­
rect, unless all species have the same size (ail = ajj 
= aij), well width (Rii = Rjj = Rij), and energy of 
interaction (sii = sjj = s;/ We refer to departures 
from random mixing as a local composition effect. 

Assuming that Eq. (13) is valid at all densities, we 
obtain for the residual part of the equation of state 

PRES N
2 

21t ~~ 3( 3 )( · ··/kT ) =-v2 3k:T -",-",X;xpij Rij-1 e IJ -1 

(14) 

where 

Thus, again the van der Waals one-fluid mixing rules 
and the Margules expansion for the activity coefficient 
(which we leave as a proof for the reader) are ob­
tained, though this time from a non-random, local 
composition model. In fact we can generalize the 
analysis to show that any assumption in which the 
local composition Nij is a linear function of the density 
of species i (regardless of its temperature dependence) 
results in the van der Waals one-fluid mixing rules 
and the Margules Gibbs free energy or activity coeffi­
cient model. Table 1 contains a number of local compo­
sition models and the equation of state mixing rules 
and activity coefficient models which result. 

A different class of thermodynamic models results 
from starting instead from assumptions about the 
ratio of local compositions, which we will write as 

Nii N -
-=-'8--
Njj -Ni 1J 

For example, from Eq. (13), we have 

. N-- N- cr~- (R~ -1) (,,,-• )tkT 
Lim _u =-' _IJ --- e-~ ll 

p• o Njj Ni cr1 (Rt-1) 

so that 

(15) 
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However, to proceed with generalized van der Waals 
theory, each of the Nij are needed, not merely their 
ratio. A common (implicit or explicit) additional as­
sumption contained in many activity coefficient mod­
els is that the total coordination number for each 
species 

while it may be a function of temperature and density, 
is independent of composition. That is, 

(16) 

This assumption has its origin in lattice-based models 
of liquids which generally require that the lattice on 
which molecules are placed is fixed, so that the coordi­
nation number of each lattice site is unchanged with 
composition. This assumption is correct if the random 
mixing assumption, N;j = CNiN, is valid, but is incor­
rect otherwise. 

For a binary mixture using Eq. (16) to solve for 
Nij in terms of 0;j leads to 

and 

Table 1 also contains the activity coefficient models 
which result from the combination of Eqs. (5 and 17) 
with various choices for 0ij. Note that we have not 
shown the corresponding equation of state mixing 
rules in this table. This is because the mixing rules 
which result from using Eq. (17) do not satisfy the low 
density boundary conditions of Eqs. (10 a,b). For 
example, the combination of Eqs. (2, 17, 1-13) with 
the assumption that the total coordination number is 
a linear function of density yields the van der Waals 
equation of state residual term (Eq. 9) with 

(18) 

if 0;j is independent of temperature and a somewhat 
more complicated expression if it is not. The impor­
tant observation is that this mixing rule is not quadra­
tic in composition because of the denominator (unless 
0ij = 1). However, using this local composition model 
also leads to a residual contribution for the free energy 
(or activity coefficient) of the widely used regular so­
lution or van Laar form if 0;j is taken to be the ratio 
of some measure of the molecular sizes. Further, com­
bining this residual term with the Flory expression 
for the configurational term, Eq. (8), gives the Flory­
Huggins model [9]. 
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In Table 2 we display a collection of recently pro­
posed density dependent local composition models 
which lead to density dependent equation of state mix­
ing rules that are quadratic only at low density, and 
to one new activity model to be discussed shortly. 

COMPARISON WITH COMPUTER SIMULATION 

Given the collection of local composition models in 
Tables 1 and 2, we can now ask two questions. First, 
is the local composition effect real? That is, do local 
compositions exist in the vicinity of a molecule that 
are different from the bulk compositions? Second, if 
the answer to the first question is yes, which of the 
local composition models in these tables is correct, if 
any? To answer these questions we again turn to the 
Monte Carlo computer simulation method used in [1], 
but now for binary mixtures of square-well molecules. 
For each species we use the potential ofEq. (1-8) with 
the following combining rules to obtain the paramet­
ers for the interactions between the unlike molecules 

and 

(In our simulations we also chose R11 = R22 = R12 = 

TABlE 2 
Local Coordination Number Models Which 

Result In Density-Dependent Equation of State 
Mixing Rules 

Local Coordlnaflon 
Number Model 

Whiting & Prausnitz [12) 

Nij = N; e(•;j - •jj)NcjlltT 

Njj Ni 

Nij+Nii=Nc;;=Cip 

Hu, et al. [13) 

( 
~ 3 )0.186S <l=0.60-0.58 p ~X;<l;j 

V •ul2kT 
N .. = X;Nm o,ij e 

u V + V ·- (e•ul2kT) o,g 
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E~•llon of Slat• FrH En•rgy 
Mhtlng Ru/e (AclMly Coeff.) 

Model 

complicated, 
see ref. 12 None given 

quadratic only at 
low density 

complicated, 
see ref. 13 

quadratic 
at low 

density 

Eq (22) 
quadratic at 
low density 

None given 

Eq (23) 

1.4 

-------
I. 2 

1.0 

0.8 

0.6 

0.4 

0.0 

. 
0 

. 
0.1 

'--
'-

---- ----
0.2 0.3 0.4 0.5 0.6 0.7 0.8 

REDUCED DENSITY po3 

FIGURE 1. The local composition ratios 021 and 012 as a 
function of reduced density p<r3 for the square-well fluid 
with 2e11 /kT = e22/kT = 1.2 and <r11 = rr22 • The points 
were obtained using Monte Carlo simulation [1 OJ. The 
arrows (·) are the theoretical low density limits, - - - is 
the Whiting-Prausnitz model [12], - - - is the Wilson 
model, --- is the model of Hu et al. [13], and --­
results from the model of Eqn. (20) for different mole 
fractions. 

1.5.) The results obtained in [10] for the species­
species combination numbers N;j for mixtures of 
square-well molecules of equal size, but different well­
depths, are shown in Figure 1, and in [11] for mixtures 
of molecules of equal well-depths, but unequal size, in 
Figure 2. In the first of these figures we have plotted 
the ratio 

N -- N -
8-- =-u _J 

lJ Njj N; 

which would be unity if there were no local composi­
tion effects (that is, if N;/Njj = N/Nj), while in Figure 
2, based on Eq. (13), we have plotted the ratios 

cr3. N-- N - cr3. 
9 .. ....J! = ~ .:..:.1. ....J! 
u cr1 N jj N; cr1 

In this case if the local compositions were proportional 
to the covolume fractions, the ratios would be unity, 
while if the mixtures were random the ratios would 
be equal to the constant oi/OJj independent of temper­
ature, density, and composition. 

The first important observation from Figures 1 
and 2 is that the local composition or nonrandom mix­
ing effect is real; the local composition ratio is not 
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equal to the bulk composition ratio (i.e., eij is not equal 
to unity in Figure 1, or af/ajj in Figure 2). Further, 
the local composition ratios are a strong function of 
density, but only a weak function of mole fraction. 
Also, for mixtures of equal size molecules (Figure 1), 
where local compositions result only from attractive 
forces, the local composition or nonrandomness effect 
is strongest at low densities and weakens as the den­
sity increases. There is a simple physical explanation 
for this . At low densities the molecules are, on the 
average, widely separated, and while few molecules 
approach each other, when they do the effect of the 
attractive potential well is strong. On the other hand, 
at high density the spacing between molecules is small 
so that each molecule is constantly in the attractive 
well of several of its neighbors. In this case the attrac­
tive potential provides an almost uniform background 
in which the molecules move, and the hard cores, 
which exclude a molecule from certain regions, play a 
dominant role. It is for this reason that for the case 
of equal size, unequal attractive energy mixtures the 
local composition effect is large at low density (where 
the difference in the attractive wells is important) and 
small at high density (where the effect of the equal­
size hard cores predominates). 

For the case of unequal size molecules, the size 
difference plays an important role at all densities, as 
may be surmised from Eq. (15). Consequently, by 
using covolume fraction ratios, the remaining local 
composition effects are small in magnitude and rela­
tively simply dependent on both density and composi­
tion. Figure 1 also contains the predictions of various 
thermodynamic models when their parameters are 
identified with those in the intermolecular potential. 
In Figure 2 we show only the predictions of our local 

composition model since those of most other models 
are so seriously in error as to be off the scale of the 
figure! The second observation, then, is that only our 
recently proposed local composition model (to be dis­
cussed in the next section) is in even approximate 
agreement with simulation results. 

Another observation is that the local composition 
ratios obtained from simulation are only very slightly 
dependent on composition; indeed, to the accuracy of 
the simulations they may be independent of composi­
tion. Thus, in agreement with the assumptions in a 
number of thermodynamic models, eij may not be a 
function of mole fraction. This implies that the simple 
quadratic equation of state mixing rules of Eq. (11) 
may be adequate at all densities-at least for 
molecules that can be modeled by the square-well po­
tential. 

In fact, in our studies of the high pressure phase 
behavior of light hydrocarbons and inorganic gases 
[14], we found that the simplest and most accurate 
cubic equation of state correlation was obtained using 
Eqs. (10 a,b) with the combining rules 

(19a) 

and 

(19b) 

where kij and dij are fitted to experimental data. We 
can understand the success of this simple procedure 
from the fact that the simulation results establish that 
the composition dependence which underlies the van 
der Waals one-fluid mixture rules is approximately 
correct, so that the adjustable parameters in the com­
bining rules (Eqs. 19 a,b) can be made to compensate 
for any remaining small errors. 

1.2 ~---------.-------------,-----------, 

~ , ~ 

0 b 1.1 
N 

<D 

1.0 

~r N N 

6' G 0.9 
<D 

0 0 

0 

A 
D 

0 0 

:-~:-! _____ _ 

I 

0.8 ..,_-,----,---r----r-'--.--""T"-----,.--.,..--L---,----,,---~-~__J 

0.1 
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0.3 0.5 

pcl3 

0.7 0.1 0.3 0.5 0.7 0.1 0.3 0.5 

p<iJ 

0.7 

FIGURE 2 . The local composition 
ratios 021 u 11 '/u21

3 and 012u22 •1 
u,2 • obtained from Monte Carlo 
simulation [1 1 J as a function of re­
duced density pu• = p2, X;U;;' for 
the square-well fluid with = e22/ 

kT = 0.4 for various values of the 
d iameter ratio u22/u1 1• The points 
D, 6., and O are for the mole frac­
tions x1 = 0.25, 0.50, and 0.75, 
respectively, and the lines - --, 
-, and --- are the predictions 
of Eqn. (20) at the same composi­
tions. Other local composition 
models would not appear on the 
scale o f this figure. The exact low 
density result for both these local 
composition ratios is unity. 
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To test the assumption of the independence of the 
total coordination number on composition, Nci ob­
tained from simulation is plotted as a function of com­
position for various different densities, temperatures, 
and molecular size ratios in Figure 3. There we see 
that it is only in the case of molecules of nearly equal 
diameters that the total coordination number is ap­
proximately independent of composition, as assumed 
in Eq. (16). In general, this lattice-based assumption 
is incorrect; a more nearly correct assumption is that 
the total coordination number is a linear function of 
composition. This observation calls into question one 
of the assumptions underlying the van Laar, Wilson, 
UNIQUAC, and some other activity coefficient mod­
els. 

Consequently, the effectiveness of these models 
may be more a result of the limited density range in 
which they are used, their flexible mathematical form, 
and the adjustable parameters they contain, than 
their theoretical correctness. Indeed, we find that we 
can choose a set of parameters in any local composition 
model which leads to reasonable agreement with our 
simulation data over a limited range of density, 
though these parameters are not related to the 
parameters in the interaction potential model. 

A NEW LOCAL COMPOSITION MODEL 

One local composition model that we have found 
[15] to be in approximate agreement with simulation 
data over a large range of density, temperature, and 
molecular size and energy differences, is 

18 

16 

u 1'1 
z 
... -
"' 12 .0 
a 
::, 
z 10 
C: 

-~ 
~ 8 .:: 
:a ... 
0 6 0 u 

'" " 0 
r" 

2 

0 

86 

£iji2kT 
X; Nm vo,ij e 

N -- = ---,-'--'-----,-
u V+V--(e'ii/2kT_1) 

0 1 1J 

<T22 ~ 1.2 cr22 n I . 5 

- 0"11 CT II 

• • • • • 
0 

0 
0 

• • ~ • • • 0 
0 0 

0 
0 

A A 
A A A 

t;. t;. 
t;. 

t;. t;. 

l'I l'I Ill • • 
• • 

0.00 0 .25 0 .50 0 .75 1.00 0 .25 0 .50 

X; 

(20) 

• 

• 
0 

~ 

t;. 

• 
• 

0 .75 1.00 

where 
Vo,ii =Nat J-.fi, and Nm 

is the coordination number at close-packing (18 if 
Rij = 1.5). 

This model is an empirical extension of Eq. (1-18) 
for a pure fluid. Example results from Eq. (20) are 
given in Figures 1 and 2; though not perfect, it is 
clearly more accurate than other local composition 
models. 

Using Eq. (20) in Eqs. (2 to 4 and 1-3) results in 
the mixture form of Eq. (1-19) which we write as 

PY =(PY)HS _ Nm a 
RT RT V+a 

(21) 

with the following density-dependent mixing rule 
LL x;xiaii 

V+a;i 
a 

(22) 

where 

a --= V --(e•;jlkT -1) and (PY)HS u o,u RT 

is the mixture hard-sphere compressibility factor from 
the van der Waals or other free volume models. 

There are two features of Eq. (22) to be noted. 
First, that at low density (V • oo), Eq. (22) reduces to 
Eq. (10a), as it should. Second, that the number of 
terms in the summations, and therefore the order of 
Eq. (21) with respect to volume, increases with in­
creasing number of components; thus, Eq. (22) is not 
a one-fluid mixing rule. From our comparisons with 
experimental data [14], we find that if one does not 
use correlative binary parameters (i .e., k;j = dij = 0 
in Eqs. 19 a,b) the mixing rule of Eq. (22) leads to a 
slightly better prediction of high pressure phase be-

Cl'. 

_E • 2 .0 
o- II 

• 
• 

• 
• 

0 2 
A 

0 
0 

Q Q 

• • 

0 .25 0 . 50 

X; 

• 

• 

6 

0 

Q 

• 

0.75 1.00 

FIGURE 3. The total coordi­
nation numbers Nc1 and Nc2 
for the same square-well 
mixture considered in Fig. 2 
obtained from Monte Carlo 
simulation [1 1 ]. The unfilled 
and filled points are Ne, and 
Nc2 , respectively, corres­
ponding to following densi­
ties: (D,•) pa3 = 0. 1, (Ll ,~) 
pa-3 = 0.3; (O,e) pa-3 = o.s; 
and ( • , • ) pa-3 = 0.7. The im­
portant observation is that the 
total coordination number for 
each species is a function of 
mole fraction. 
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TABLE 3 
Correlation of Low Pressure Binary 

Aqueous-Organic Mixtures 
Using Two-Parameter Activity Coefficient Models 

V•rlatlon of 
Average error Av•r•g11 •rror parameters over 
In pressure In vapor temperature 

mm Hg mole fraction r•ng• (") 

Two-Constant 13.56 0.0162 ±11.4 
Margules 

van Laar 8.52 0.0107 ±9.4 

Wilson 8.95 0.0088 ±40.3 

UNIQUAC 9.20 0.0101 ±206.7 

Equation 23 6.73 0.0060 ±9.0 

second components were ace/aldehyde, acetone, 1-butanol, 2-butanone, 
butyl acetate, cyc/ohexanone, diethylamine, diethyl ether, 1,4-dioxane, 
ethanol, methanol, methyl acetate, methyl diethylamine, 3-methyl 
pyridine, 1-propanol, 2-propanol, pyridine, tetrahydrofuran, and thiazole 

havior (especially in the critical region) than do the 
van der Waals one-fluid mixing rules. However, when 
binary parameters are used (~j ~ 0), Eq. (22) and its 
analog for other equations of state is not significantly 
better than the simpler Eq. (10). 

The excess free energy or activity coefficient 
model that results from the combination of Eqs. (5) 
and (20) is 

EX EX I CONF bij 
GT,P = GT,P - Nm RTI,I,xixj ln b~-

u 

(23) 

where 

As shown in Table 3, this new activity coefficient 
model correlates data for aqueous-organic mixtures 
better than other two-parameter activity coefficient 
models [16]. However, we have found that for other 
mixtures the ability of this new equation to correlate 
experimental data is approximately equal to that of 
other activity coefficients now in use. 

CONCLUSIONS 

In this paper we have presented the generalized 
van der Waals partition function for mixtures and 
have shown both how it can be used to understand the 
models we use in thermodynamics in terms of species­
species and total coordination numbers, and how to 
develop new models. Using computer simulation, we 
have shown that the local composition effect is real. 
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That is, that the local mole fractions in the vicinity of 
a molecule in a fluid mixture are different than the 
bulk mole fractions. Based on these simulations, we 
conclude that some of the thermodynamic models we 
commonly use contain assumptions which are not sup­
ported by the results of computer simulations for mix­
tures of square-well (and other) molecules. Thus, the 
success of current mixture equations of state and ac­
tivity coefficient models may be more a result of the 
limited ranges to which they are applied and the ad­
justable parameters used than their underlying 
theoretical basis. 

The overall conclusion of this (and the previous) 
paper that I would like the reader to come away with 
is, that while thermodynamic modeling is a mature 
subject, there is still a need for much additional, 
theoretically based research. Unlike the past, when 
models were developed by insight, intuition, and/or 
empiricism, we now have tools such as statistical 
mechanical theory, computer simulation, and (though 
not discussed here) a variety of experimental tech­
niques for determining local composition effects and 
developing models, as well as the generalized van der 
Waals partition function presented here, to go from 
such microscopic models to macroscopic equations. Re­
search based on these tools should lead to better mod­
els of broader applicability. In particular, since we see 
from the equations presented here that both activity 
coefficient models and equations of state have their 
roots in the partition function, a reasonable goal would 
be to develop equations of state and mixing rules to 
describe all mixtures, no matter how complex, and to 
dispense with activity coefficient models completely. 
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block under water, calculate h for the top and sides, and 
subtract to find h for the bottom. (Hopeless!) 

• Did they measure the thickness at more than one point, 
and did they plot all their points? Or did they just average 
all their readings? 

• Did they state that they tried to make their measure­
ments with as little disturbance as possible (agitation will 
greatly increase h)? Did they discuss this and verify this 
with calculations? 

• Did they choose a large enough reservoir of water so 
that the water temperature did not change significantly 
during the experiment? 

• Did they choose to weigh the ice? (Not such a good 
method because the edges of the slab melt faster than 
the center.) 

• In the weighing approach, if that was used, did they re­
move the slab for weighing? (Poor, because the extra 
agitation increases h drastically.) Or did they figure out 
how to weigh the slab in place? (Better.) 

Variations and Extensions 

Many variations and extensions of this simple ex­
periment can be used by the teacher throughout the 
years. For example: 

• Find h for vertical surfaces in water at different 
water temperatures. 

• Find h for horizontal upfacing surfaces in 
waler. (This is more difficult experimentally and 
is not recommended.) 

• Repeat all the above for ice in air. 

• Find the effect of fluid motion relative to the ice 
surface. For air, all one needs is a regular 
household fan and a pitot tube to study this. 

For the teacher, there is the inescapable tempta­
tion to ask the student to study a number of these 
factors, all in one experiment: upfacing, downfacing, 
vertical, effect of velocity and of d T, etc . Try to resist 
this as the lesson of this experiment can be learned 
just as well by studying one factor alone. 

FINAL COMMENTS 

What do students learn from this type of experi-
ment? 

• They have to use their ingenuity and come 
up with their own way to answer the 
question. 

• The best way of approaching the problem 
will not come to them right away, but only 
after they have thought up a number of 
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schemes. This sort of exercise may give them 
an appreciation of the value of group 
discussion. 

• They had to develop their own analysis and 
equations-no copying from books. This 
should give them a taste for doing original 
work. 

• The laboratory course can be challenging, 
surprising, and interesting. 

We feel that there is a place for this type of labora­
tory experiment in the undergraduate program. D 
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