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THE FOUNDATIONS OF MOLECULAR thermo-
dynamics were laid about 100 years ago by 

J. D. van der Waals working in Amsterdam and 
J. Willard Gibbs at Yale University. The first 
realistic equation of state, and also the principle 
of corresponding states, were proposed by van der 
Waals, and led to a flourishing Dutch school of 
thermodynamics ( Roozeboom, Schreinemakers, 
Buchner, Kuenen, and others) and extensive 
studies of binary phase equilibr ia. Gibbs intro­
duced the phase rule and provided the basis for 
all modern work on both classical chemical thermo­
dynamics and statistical mechanics. 

From its beginnings chemical engineering has 
included classical thermodynamics as an important 
branch of the subject. Classical thermodynamics 
tells us how to carry out calculations given the 
necessary property data, but tells us nothing 
about how to predict the data needed for design 
or operation of chemical processes. For this we 
must turn to statistical mechanics, the science 
that connects the properties of interest to the 
underlying intermolecular forces. Over the past 
25 years chemical engineers have increasingly 
used statistical mechanics as a starting point for 
predictive techniques and correlations. Notable 
successes that have been thoroughly integrated 
into industrial use include the calculations of heats 
and free energies of formation of gases and 

The three approaches of 
experiment, theory, and computer simulation 
are complementary and are most powerful 
when combined in a comprehensive 
study of particular liquids 
and liquid mixtures. 

© Cop yright ChE D iv ision, ASEE, 1981 

172 

solids [1 ], the virial equation of state for com­
pressed gases [2], and a variety of corresponding 
states methods [2, 3]. Among the more difficult 
problems have been the prediction of thermo­
dynamic and interfacial properties of liquids. 
Some chemical engineering problems of current 
interest that call for further research on liquid 
properties include: 

• The need for experimental studies and prediction 
methods for new fuel technologies, including coal 
liquefaction and gasification, the conversion of methanol 
to gasoline, hydrogen-energy technology, processing 
liquefied natural and synthetic gas, and the production 
of ethanol. Existing prediction methods were developed 
for hydrocarbon mixtures, and often fail for synthetic 
fuels. 

• Prediction of solvent effects on reaction rates and 
equilibrium yields. 

• The design of high pressure separations, equipment 
and multiphase reactors. 

• The role of surface properties, (surface tension, 
molecular alignment, diffusion rates, etc.) in the use 
of surfactants in modifying emulsions and oil recovery, 
interfacial transfer rates in extraction equipment, 
nucleation, lubrication, liquid-phase reactions at a solid 
surface, adsorption and chromatography, crystalliza­
tion, and the design of artificial organs for the body. 

The most significant advances that have oc-
curred in molecular thermodynamics of liquids in 
the past decade have been: (a} the development 
of new prediction methods for polar ( and other) 
liquids of industrial interest, based on perturba­
tion theory, (b) the rapid development of com­
puter simulation techniques for such liquids, in 
which the properties of precisely defined model 
fluids are evaluated by using the computer to 
calculate molecular motions and configurations, 
( c) experimental studies of phase equilibria and 
critical phenomena in highly nonideal mixtures 
over wide ranges of pressure and temperature, and 
( d) the study of interfacial properties by both 
theory and simulation. The three approaches of 
experiment, theory, and computer simulation are 
complementary (Figure 1) and are most powerful 
when combined in a comprehensive study of par­
ticular liquids and liquid mixtures. A program 
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combining these three methods was initiated in 
the School of Chemical Engineering at Cornell 
University in 1977. 

EXPERIMENTAL STUDIES OF FLUIDS 

EXPERIMENTAL THERMODYNAMICS AT Cornell 
currently includes measurements of phase 

equilibria, PVT properties, and heats of mixing. 
The phase equilibria and PVT studies are carried 
out over wide ranges of pressure and temperature 
(0-10,000 atm, 70-500K) to provide extensive 
data for testing and refining the predictions of 
theories based in molecular physics and statistical 
mechanics. Mixtures for study are chosen mainly 
on the basis of the types of molecules (spherical, 
diatomic, triatomic, etc.) and intermolecular forces 
(dipolar, quadrupolar, hydrogen-bonded, etc.) to 
provide examples of several classes of industrially 
important mixtures. Recent phase equilibrium ex­
periments for binary mixtures include: simple 
nonpolar systems, such as krypton/xenon, kryp­
ton /methane, and krypton/ethane; systems con­
taining polar liquids such as carbon dioxide/ 
dimethyl ether [4] and methanol /dimethyl ether; 
and a family of hydrogen binary mixtures includ­
ing hydrogen/nitrogen [5], hydrogen/methane [6], 
hydrogen/carbon monixide [7], and hydrogen/ 
carbon dioxide [8]. The hydrogen/X phase dia­
grams have been studied at pressures up to about 
1500 atm. Together with earlier studies of helium/ 
X and neon/X systems carried out at pressures 
as high as 10,000 atm [5], they provide a compre­
hensive picture of fluid phase behavior in binary 
systems in which one pure component is a highly 
supercritical gas and the other a liquid. 

The experimental apparatus used in this work 
includes a vapor-recirculating equilibrium system, 
in which the vapor phase is continuously recircu-
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FIGURE 1. Three methods of studying properties, and 
the interaction between them. 'Model' 
refers to the intermolecular force law. 
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lated through a closed loop of high pressure tubing 
by means of a magnetically operated pump, and 
bubbled through the liquid phase [4, 5]. After 
equilibrium is established at fixed P and T, samples 
of the two phases are withdrawn through stainless 
steel capillary lines and analyzed by means of a 
thermal conductivity detector or gas chromato­
graph. 

Recent experiments have shown that there are 
continuous transitions at high pressures between 
phase separations of the gas-liquid, liquid-liquid, 
and so-called "gas-gas" types [9, 10]. An example 
of such a high pressure phase diagram produced 
by our experiments is shown in Figure 2. These 
diagrams are often found in mixtures of highly 
dissimilar molecules, in which the critical tempera­
tures of the pure components are far apart. 
Examples include He/CH4 [11], He-Xe [12], and 
He-CO2 [13]; experimental data for the He/CH4 
system, for example, cover temperatures from 95 
to 290 K, and pressures to 10,000 atm. A gaseous 
mixture of 75 mole % helium in methane, com­
pressed isothermally at 20°C, separates into two 
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fluid phases at about 8000 atm; at 10,000 atm the 
light phase contains about 95 % helium and the 
dense! phase about 45% helium. (A temperature 
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FIGURE 2. Schematic three-dimensional phase dia­
gram for a binary system that exhibits gas­
gas equilibrium. Lines AC and AD, in the 
near P-T face of the diagram, are the vapor 
pressure and melting curves of the pure 
heavy component. The critical temperature 
of the light component lies well below the 
triple point A, out of the range of the 
diagram. The planes T 1 - Ta are isotherms 
and P1 - P2 are isobars, in which the 
shaded areas are regions of phase separa­
tion. The curved boundaries of these areas 
are lines cut by planes of constant T or P 
in the pairs of surfaces that describe the 
equilibrium between two phases. The mix­
ture critical line, CC', begins at the critical 
point, C, of the pure heavy component, 
and rises to higher temperature at higher 
pressures. Thus isotherms T2 and Ta repre• 
sent phase separations at temperatures 
above the critical temperatures of both pure 
components-the phenomenon commonly 
known as gas-gas equilibrium. The shaded 
surface AFGBEA describes a region of 
equilibrium between three phases: a solid 
phase represented by AE, a liquid phase 
AB, and gas phase AFG. At low pressures 
this region terminates in the triple point, 
A, of the pure heavy component. 
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of 20°C corresponds roughly to Ta in Figure 2). 
Accurate prediction of thermo-physical properties 
under these extreme conditions poses a severe test 
for any prediction method. 

THEORY OF LIQUID MIXTURES 

THE METHODS CURRENTLY USED BY chemical 
engineers to predict liquid properties are 

based largely on theories developed before 1970; 
these theories assume the molecules are roughly 
spherical and interact rather weakly. They are 
satisfactory for near-ideal solutions, but perform 
poorly for mixtures involving polar or super­
critical fluids, or when liquid-liquid immiscibility 
occurs [14]. 

Since 1972 interest has turned to theories for 
liquids composed of nonspherical molecules, in 
which the intermolecular forces are strongly 
orientation-dependent, and include long-range 
(e.g. dispersion, electrostatic) and short-range 
(repulsion, hydrogen-bond, etc.) contributions. At 
the present stage of development the theory is 
capable of predicting the thermodynamics of fluids 
of fairly small polar and quadrupolar molecules, 
such as HCl, CO2, H2O, lower molecular weight 
alcohols, hydrocarbons, etc. The most successful 
approach for thermodynamic properties is pertur­
bation theory, in which the properties of the fluid 
of interest are related to those of a reference fluid 
with simpler intermolecular forces. The properties 
of the two fluids are connected via an expansion 
in powers of the perturbing force or potential. 
For the Helmholtz free energy A, for example, 
we have 

A = Ao + A1 + A2 + As + • , • 
where Ao is the reference fluid free energy, A1 is 
the first order perturbation term, and so on. Ex­
pressions for the perturbation terms involve 
reference fluid properties, and are obtained from 
the expressions of statistical mechanics. Recent 
advances in such theoretical equations of state 
have come from the improved understanding of 
suitable reference fluids, and from the use of 
standard mathematical methods ( e.g. Pade ap­
proximants) to accelerate series convergence. Such 
perturbation expansions are more powerful than 
the traditional corresponding states methods, since 
they can be applied to mixtures of constituents 
that obey different intermolecular force laws ( e.g. 
hydrocarbons with alcohols, as occurs often in 
coal-derived synthetic fuels). In the most widely 
studied form of the theory, the reference fluid is 
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Classical thermodynamics tells us how to carry out calculations given 
the necessary property data but tells us nothing about how to predict the data needed for 

design or operation of chemical processes. For this we must turn to statistical mechanics, the 
science that connects the properties of interest to the underlying intermolecular forces. 

taken to be one of spherical or near spherical 
molecules, and the perturbation terms then ac­
count for the nonspherical force contributions due 
to dipoles, nonspherical shape, etc. [15]. This 
method is superior to the existing chemical engi­
neering prediction methods for mixtures that 
involve polar liquids or are otherwise highly non­
ideal [6, 15-21]. A comparison of theory and ex­
periment is shown in Figure 3 for H2/CH4 [6], a 
highly nonideal system with a three-dimensional 
PTx phase diagram of the form shown in Figure 
2. In this case H2 is supercritical, and quantum 
effects are important. 

Much remains to be done to develop these 
methods for hydrogen-bonded liquids, dilute solu­
tions, liquid-liquid immiscible systems, synthetic 
fuel mixtures, supercritical extraction, etc. The 
further development of theoretical equations of 
state will be aided by combining theoretical work 
with computer simulation studies and experimen­
tation. 

COMPUTER SIM ULATION 

IN COMPUTER SIMULATION THE fluid is repre-
sented by a small sample containing a hundred 

to a few thousand molecules [22]. The equation de­
scribing the intermolecular forces is precisely 
specified, and surface effects are minimized by the 
use of periodic boundary conditions, in which the 
basic cell containing the sample is surrounded by 
replicas of itself. Such small samples have been 
found to faithfully represent macroscopic systems 
except for fluids with quantum effects or near criti­
cal points. Two simulation procedures have been 
used.:._the Monte Carlo (MC) and molecular 
dynamics (MD) techniques, both introduced in the 
1950's. In the MC method the many-dimensional 
integrals that arise in statistical mechanics are 
evaluated by sampling using random numbers. In 
the MD method the Newtonian equations of 
motion are solved numerically for each molecule in 
the sample, keeping the system energy, volume and 
number of molecules fixed. The molecular motions 
are followed for a period of the order of 10-9 sec., 
and averages over these motions are then taken 
to obtain the thermodynamics, diffusion co-
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efficients, molecular distributions, etc. MD has the 
advantage that transport properties can be studied, 
whereas in MC calculations only the equilibrium 
properties are obtained. However in MC the 
energy and volume need not be kept constant; this 
is an advantage in many applications of interest 
to chemical engineers, e.g. the study of phase 
equilibria. 

At Cornell these studies are carried out on a 
dedicated PDP 11/ 70 computer, and on a Floating 
Point Systems array processor. Research problems 
in this area include: 

• Studies of activity coefficients in liquid mixtures 
containing polar and supercritical components, and the 
development of better equations to describe them. 

• Studies of gases dissolved in liquids and systems used 
in supercritical extraction (solids or liquids dissolved in 
compressed gases). A recent result for such a study of 
the Henry's constant in simple liquid mixtures [23] is 
shown in Figure 4. 

• Development of computer graphics techniques for the 
display of molecular motions and orientation in liquid 
mixtures and at surfaces, and for displaying three 
dimensional phase diagrams and projections of these. 
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FIGURE 3. VLE for H2 /CH4 at 100K from experiment 
(points), perturbation theory (solid line) and 
Redlich-Kwong equation (dashed line) 
[from ref. 6]. 
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• Nucleation studies, where nucleation rates are 
controlled by poorly understood surface effects. 

• Molecular diffusion and orientation at gas-liquid, liquid­
liquid, solid-liquid, and solid-gas interfaces. 

• Behavior of surfactants at interfaces. 
• Droplet properties-surface tension, diffusion, etc. 

SURFACE PROPERTIES 

THE INTERFACE BETWEEN TWO phases is an in-
homogeneous layer that is usually only two 

or three molecules thick. The interfacial proper­
ties ( diffusion rates, molecular orientation, 
surface tension, pressure tensor, adsorption, etc.) 
play a crucial and often poorly understood role 
in many chemical engineering processes-in 
separations, oil recovery, heterogeneous reactions, 
etc. Because of the thinness of the interface, ex­
perimental studies are fraught with difficulty. 
Relatively sophisticated particle beam scattering 
experiments can be carried out on solid surfaces, 
but cannot be used for liquid surfaces because 
they require a vacuum above the liquid. Computer 
simulation and theoretical studies therefore play 
a particularly important role [24, 25]. The first 
simulations of gas-liquid interfaces were carried 
out in the mid-1970's, and are now being extended 
to solid-liquid interfaces and polar liquids. In addi­
tion to the perturbation theory approach described 

0 

FIGURE 4. 
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The Henry constant Ka for solute a in solvent 
b as a function of (Tca/Tcbl for a mixture of 
simple spherical molecules from MC simula­
tion (points, solid line) and two current 
theories (dashed line = expansion about 
pure solvent, dotted line = Mansoori­
Leland approximation). Here Tc , Ve are criti­
cal temperature and volume, v is molar 
volume of solvent (from ref. 23). 

A great variety of surface effects 
of practical interest remain to be studied ... 

above for bulk liquids, an alternative approach 
known as integral equation theory seems promis­
ing for surface properties. A great variety of 
surface effects of practical interest remain to be 
studied, some of which have been listed under 
computer simulation above. Others include the de­
velopment of predictive methods for calculating 
surface tensions, adsorption at interfaces, dif­
fusion rates across and through the surface 
layer, and nucleation rates. 

CONCLUSION 

AFTER A PERIOD OF CONSOLIDATION in the 1960's, 
molecular thermodynamics has in the last six 

or seven years entered a period in which there 
have been dramatic developments in both experi­
mental studies of phase behavior, and in the 
techniques of theory and simulation. In parallel 
with these developments, chemical engineers have 
been faced with challenging thermodynamics 
problems in new processes for synthetic fuels, oil 
recovery, and new separations techniques. The 
most profitable line of approach will involve care­
fully planned studies that combine the techniques 
of experiment, theory and simulation. D 
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column for the staged, operation problem, and 
substituted the triple effect evaporator. This 
should be good for another year or so, and then I 
will have to find something else. Another example 
is the ice problem. Last year, I substituted the 
"mirror fog" problem (9] as a moving boundary 
example. Although the solution is obvious almost 
by inspection, the requirement that the students 
actually solve the PDE does result in a meaning­
ful problem. 

To conclude on a positive note, when we were 
revising the graduate curriculum a few years ago, 
the graduate students recommended that this 
course be kept unchanged. Also, several of my 
former students have told me that this is one of 
the most directly useful of the courses that they 
have taken. It seems to fulfill its purpose of pro­
viding the tools needed to use a computer to solve 
problems, and it gives the student a feeling for 
how to approach even a very large modeling 
problem. And perhaps the most important of all, 
it is fun to teach. • 
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