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A thermodynamic approach for modeling the phase equilibrium of multicomponent fluid mixtures under the influence of
an applied shear rate (shear stress) is presented. This approach is based on assuming that, for the modeled mixtures,
the viscosity variation with shear rate can be well-described by using a power law. This framework is then used for pre-
dicting the influence of shear rate on the critical temperature, critical pressure, and spinodal curve of several Newto-
nian multicomponent hydrocarbon mixtures; giving as a result that for these kind of mixtures and depending on the
composition, the critical temperature exhibits both an upward and downward shift with shear rate, whereas the critical
pressure always exhibits a downward trend. Both a suppression of the liquid–liquid transition and shrinkage of the spi-
nodal curves (mixing effect) are also predicted. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 4383–

4389, 2013
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Introduction

Fundamental models have been developed for describing
the effects of external force fields on the phase properties of
physicochemical systems.1–3 Nonetheless, there seem to be
discrepancies among the different formulations proposed par-
ticularly due to the definition of the work done by the exter-
nal field and the mathematical approach used for expressing
the effect of the particular field in terms of a proper combi-
nation of extensive and intensive variables.4

It is well-known that flow can strongly influence the
degree of mixing in polymer solutions, and, a lesser degree,
polymer blends. Silberberg and Kuhn5 were the first in
experimentally observing phase transitions influenced by
flow. Shear-induced effects on the critical temperature and
spinodal curve of polymers and blends under flow conditions
have been widely studied experimentally; observations are
usually based on the appearance of turbidity in the solution
under flow, as compared with the solution at rest. Other
techniques for studying this phenomenon are based on the
analysis of light scattering signals or by changes in viscos-
ity.6,7 Both shear-induced mixing and demixing of polymer
blends have been reported.6,7 For example, Hindawi et al.8

reported that both a shear-induced demixing and mixing
effect may be observed within the same blend depending on
the magnitude of the applied shear and also that the magni-
tude of the increase or decrease in the lower critical solution
temperature varies depending upon the blend composition.
Chopra and Vlassopoulos9 found experimentally that,

depending on temperature, both shear-induced mixing, usu-
ally at very high shear rates, and shear-induced demixing,
typically at moderate shear rates, could be observed in poly
(styrene-co-maleic anhydride)/poly(methyl methacrylate)
blends. Moreover, nearly two decades ago, Rangel-Nafaile
et al.10 measured shifts up to 20�C or more in cloud points
of high-molecular-weight polystyrene solutions in dioctylph-
talate as a function of flow rate, that is, for increasing values
of applied shear stress, the turbidity curves are shifted to
higher temperatures. For low-molecular-weight solutions, the
effect seems to be strongly reduced and is supposed to sup-
press concentration fluctuations (shear-induced mixing).11

For instance, Hanley and Evans found that the transition of a
Lennard–Jones fluid from gas to liquid is suppressed by a
shear (i.e., mixing effect).12

The influence of shear flow has also been theoretically
studied: for instance, Ver Strate and Philippoff13 introduced
a quasi-chemical approximation based on the assumption
that the enhanced or reduced scattering observed corresponds
to a real and genuine-phase transition. This approach was
then advanced mainly by Rangel-Nafaile et al.10 and Wolf.14

In short, the approach is based on a Flory–Huggins-type
description that includes the influence of flow by introducing
a concentration-dependent stored free-energy term developed
originally by Marrucci.15 This approach has been criticized
by several researchers because it has no clear basis in statis-
tical mechanics.16,17 Rangel-Nafaile et al.10 followed the
classical thermodynamics in contrast to the recent theories
on polymer solutions. Casas-V�asquez et al.,18 nonetheless,
stressed that thermodynamic arguments, in view of the still
weak predicting power of the dynamical theory, could
be useful in understanding shear effects in polymers; for
example, whether the flow-induced miscibility experimental
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results in polymer mixtures really result from a true change of
the spinodal curve or whether they are a hydrodynamic effect.

Roming and Hanley19 developed a thermodynamic
approach based on nonequilibrium molecular dynamics stud-
ies for a model Lennard–Jones liquid, and then they applied
their approach for modeling Lennard–Jones binary mixtures
via a modified conformal solution one-fluid approach. The
main findings were that a sufficient shear could significantly
affect the fluid-phase behavior of this kind of model mixture,
suppressing the liquid–liquid-phase separation and enlarging
the mixture’s homogeneous region (i.e., mixing effect).

Polymers are not the only real systems where an applied
shear could produce changes upon its phase behavior. In
principle, all systems under flow are influenced to some
extent by an applied shear rate (stress). For instance, the
petroleum and food industries are two examples where
knowing the shear-induced effects could be very impor-
tant.20,21 In petroleum reservoir production, complex and
multicomponent mixtures (gases, oils, and water) must travel
away from the reservoir up to surface and are subjected to
changes in shear stresses. Therefore, it is important to be
able to model the actual effect of applied shear on the
thermodynamic-phase behavior of these fluids and to evalu-
ate whether the applied shear induces the mixing or demix-
ing of the mixture transported or promotes the precipitation
of very undesirable phases such as paraffinic solids or
asphaltenes, which jeopardize the production.20 In the food
industry, many products are crystallized under shear because
mixing enhances the heat-transfer rate and helps to produce
homogeneous crystals.21

Occasionally, models based on classical irreversible ther-
modynamics, extended irreversible thermodynamics (EIT),22

or machine calculations23 are not practical or easily usable
in complex and real multicomponent mixtures. For example,
it is presently unclear how to evaluate terms such as the
“steady-state compliance” in the EIT framework for complex
and multicomponent mixtures such as those found in the
petroleum industry (Jou D. Personal Communication, 2003).
Due to these drawbacks, the objective of this work is two-
fold: first, derive and present a novel, robust and consistent
thermodynamic framework for explicitly modeling the shear
effect on the thermodynamics of pure components and multi-
component mixtures. Second, apply the thermodynamic
framework derived for predicting whether a shear rate really
“shifts” the critical temperature, the critical pressure, and
spinodal curve of five real fluid mixtures and compares the
magnitudes and trends of these shifts against theoretical pre-
dictions and experimental measurements; these last ones
based on small angle light scattering (SALS) and turbidity
measurements published in the literature.

Thermodynamics of Shear-Induced Phase
Transitions

If a homogeneous and closed system of variable volume is
subjected to a reversible process of compression or expan-
sion against an external pressure,P, then the work done over
the system is given by2

dW52PdV (1)

Following Haase,24 if additionally a shear stress is applied
on the above system then the total work done over such a
system may be expressed as

dW52PdV1sd _cVð Þ (2)

Here s and _c are shear stress and shear rate, respectively.
In Eq. 2, both contributions are the product between an

intensive property (P,s) and a differential extensive property
(dV1d _cVð Þ). Therefore, Eq. 2 may be compacted as

dW5
X

i

Lidli (3)

Subscript i extends to every type of work depending on the
internal coordinates of the system or interest region. li and Li

are called work coordinates (extensive quantity) and conjugated
work coefficients (intensive quantity), respectively. When the
temperature and composition of the system are known, the
internal state of the system is given empirically by variables li

and Li. Forces depending on the variation of the external coordi-
nates of the system (e.g., gravitational, centrifugal, and acceler-
ation) or on the presence of irreversible processes (e.g., friction
forces) should not be interpreted as work coefficients, Li.

24

From the first law of thermodynamics for a reversible
change in a closed-system internal state

dU5TdS1
X

i

Lidli or TdS5dU2
X

i

Lidli (4)

Equation 4 expresses that the entropy Sð Þ depends on
internal energy Uð Þ and on the work coordinates at lið Þ,
keeping constant the quantities of each substance (nj). Dif-
ferentiating Eq. 4

T
@S

@U

� �
li; nj

51;T
@S

@li

� �
U;lj 6¼i;nj

52Li (5)

As entropy also depends on the quantity of substance,
analogously with work coefficients and coordinates, chemical
potential can be defined as

li � 2T
@S

@ni

� �
U; lj; nj 6¼k

(6)

Therefore, from Eqs. 3–6, a generalized form of the Gibbs
equation is obtained for the derivative of the entropy into a
region of variable quantity and composition (open system)

TdS5dU2
X

i

Lidli2
XNC

i51

lidni (7)

From Legendre transforms,25 it is possible to define other
extensive thermodynamic potentials such as

H � U2
X

i

Lili; A � U2TS; G � A2
X

i

Lili (8)

Here H;A;G are enthalpy, Helmholtz, and Gibbs free
energies, respectively.

Differentiating the expressions in Eq. 8 and using Eq. 7,
the corresponding fundamental equations are obtained as

dU5TdS1
X

i

Lidli1
XNC

i51

lidni (9)

dH � TdS2
X

i

lidLi1
XNC

i51

lidni (10)

dA � 2SdT1
X

i

Lidli1
XNC

i51

lidni (11)
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dG � 2SdT2
X

i

lidLi1
XNC

i51

lidni (12)

whose characteristic functions are U S; li; nj

� �
, H S;Lj; nj

� �
,

A T; li; nj

� �
, and G T; Lj; nj

� �
, respectively.

Equation 11 will be used in this work for deducting an
expression of chemical potential modified by a shear rate
contribution. But similar expressions based on Eq. 12 and as
a function of shear stress are available in Appendix.

For a system subjected to a pressure–volume work and in
presence of a shear effect, Eq. 11 is reduced to

dA52SdT2PdV1sd V _cð Þ1
XNC

i51

lidni (13)

T;V; nj, and _c are then the independent variables of inter-
est. Then, differentiating Eq. 13 and collecting terms

dA52SdT2 P2s _c½ �dV1 sVð Þd _c1
XNC

i51

lidni (14)

From Eq. 14, the following Maxwell relation can be obtained

@ sVð Þ
@ni

� �
T;V; _c;nj6¼i

5
@li

@ _c

� �
T;V; nj

(15)

Here, we assume that the shear stress and the respective
shear rate are related by the following constitutive equation

s5g _cð Þ _c; where g _cð Þ5�j _cn21 (16)

substituting Eq. 16 in Eq. 15 produces

V _cn @�j
@ni

� �
T;V;_c ;nj 6¼i

5
@li

@ _c

� �
T;V;nj

(17)

By integrating Eq. 17ð~l i

li

dli5

ð _c

_c50

V
@�j
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� �
T;V;_c; nj 6¼i

" #
_cnd _c (18)

Then

~li _cð Þ5li _c50ð Þ1 v

n11ð Þ nT
@�j
@ni

� �
T;V; _c;nj 6¼i

" #
_c n11ð Þ; i51:::NC

(19)

where V5nTv has been used.
Defining ~li in terms of fugacity

~li T;V; ni; _cð Þ � RTln ~f i T;V; ni; _cð Þ1l0
i Tð Þ (20)

and using the traditional definition

li T;V; nið Þ � RTln fi T;V; nið Þ1l0
i Tð Þ (21)

where l0
i Tð Þ is the reference chemical potential for the pure

component assumed as an ideal gas at T and P 5 1 bar (or 1

atm).
Eq. 19 can be then expressed as

~f i _cð Þ5fi _c50ð Þexp
v

n11ð ÞRT
nT

@�j
@ni

� �
T;V; _c;nj6¼i

" #
_c n11ð Þ

 !
; i51:::NC

(22)

In Eq. 19 or 22, it is necessary to evaluateð@�j
@ni
ÞT;V;_c;nj 6¼i

to be
able to evaluate the _c effect on the phase behavior of a

multicomponent fluid mixture. For a Newtonian mixture,
n51; and then from Eq. 16, �j5g(i.e., viscosity is independ-
ent of shear rate). In this last case, Eqs. 19 and 22 are,
respectively, simplified to
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(24)

Note that, from Eq. 19 or 22 (or Eq. 23 or 24 for Newto-

nian fluids), the shear has no a direct effect on the chemical

potential (or fugacity) of a pure fluid if T;V; nj, and _c are

taken as the independent variables.

As the pressure here is a dependent variable, then the
shear rate should have an effect on it. From Eq. 14 and tak-
ing T;V; nj as constants,

dA5sVd _c (25)

By integration of Eq. 25ð
A

A0

dA5

ð
_c50_c

V�j _cnd _c (26)

A5A01
V�j
n11

� �
_cn11 (27)

and taking derivatives with respect to V

@A
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� �
T;n; _c

5
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�j
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giving

2P cð Þ52P c50ð Þ1 �j
n11

� �
_cn11; or

P cð Þ5P c50ð Þ2 �j
n11

� �
_cn11 (29)

again for a Newtonian mixture

P cð Þ5P c50ð Þ2 1

2
g _c2 (30)

and, obviously, for a pure fluid P cð Þ 6¼ P c50ð Þ.
To the best of our knowledge, no previous derivation of

these equations had been reported in the literature. The ther-
modynamic framework above (Eq. 19 or 22) can be applied
for modeling the effect of a shear rate on the phase behavior
of fluid mixtures, provided both T;V; nj, and _c are the varia-
bles of interest. This thermodynamic framework has a wide
range of application for modeling the thermodynamics and
phase behavior of mixtures and pure components in petro-
leum and chemical industry, including solid, liquid, and gas
phases, whose changes of viscosity can be described by a
power law. Newtonian fluids are only a particular case as it
was emphasized before. The application and results obtained
with the present model will only depend on the exactitude of
the thermodynamic model used to describe the thermody-
namics and phase behavior of pure components or mixtures
without the shear-rate effect (i.e., li _c50ð Þ or fi _c50ð Þ, Eqs.
19 and 22, respectively) and also on a good fitting of viscos-
ity data to the power law represented by Eq. 16. Then, if
both conditions above are strictly accomplished, the shear-
rate effect (i.e., flow effect) on the thermodynamics and
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phase behavior of a given system can be consistently mod-
eled. For instance, for modeling the shear-rate effect on the
wax precipitation, an inviolable prerequisite is to have a
thermodynamic model able to describe the cloud point
threshold and the amount of wax precipitated under these
conditions. Obviously, a right viscosity model to represent
the non Newtonian behavior exhibited by these waxy mix-
tures at temperatures lower than the respective cloud point is
also required. Progress in this kind of modeling is
forthcoming.

Results and Discussion

The thermodynamic framework above derived is here used
for predicting whether a shear rate really “shifts” the critical
temperature, the critical pressure, and spinodal curve of real
multicomponent fluid mixtures. Comparisons of the magni-
tudes and trends predicted by the present model against theo-
retical predictions and experimental data based on SALS and
turbidity measurements published in the literature are then
carried out. For this goal, five real petroleum reservoir mix-
tures (F1–F5) from South America are used and whose
respective compositions are depicted in Table 1, where,
based on chromatographic analysis up to C301, some com-
ponents were grouped to reduce the computational work. In
Table 1, the molar compositions of the “component” C1N2
(combination of methane and nitrogen) are highlighted in
bold to emphasize that the fluids F1–F5 cover a wide range
of real petroleum reservoir fluid, explicitly from light gases
to black oils. Viscosity measurements demonstrated that
these five mixtures exhibit Newtonian behavior and the

measured viscosity data were fitted using the Lorentz–Bray–
Clark (LBC) model, which is very well-known and widely
used.26 Liquid–vapor pressure–volume–temperature data
were fitted with the Peng–Robinson equation of state (EoS)27

to describe the thermodynamics and phase behavior of these
mixtures. Supporting Information of values used in the LBC
and Peng–Robinson models are provided in Tables 2 and 3.
The viscosity data can be reproduced by applying the afore-
mentioned LBC model and using the critical volume data
reported in Table 2. In short, with LBC and Peng–Robinson
EoS fitted to experimental data, Peng–Robinson EoS was
then used for calculating the thermodynamics and phase
behavior of these five mixtures without the shear-rate effect
(i.e., fi _c50ð Þ), and then Eqs. 24 and 30 were used to account
for the shear-rate effect on the critical properties and the spi-
nodal curve. These calculations were carried out by solving
the conditions of criticality, first and second derivatives of
fugacity with respect to mole number, for multicomponent
mixtures using the numerical algorithm described by Stock-
fleth and Dohrn.28

Table 4 depicts the results of solving the criticality condi-
tions for the fluids F1–F5, showing not only the effect of
shear rate on the liquid–vapor critical point but also the
compositional effect. This last one is evident because at the
same shear rate value, the differences in critical properties
are directly related to the compositional differences among
these five reservoir fluids. As it is shown, critical temper-
ature,Tc, always increases for the two gases but diminishes
very slightly for the three oils. Values of Tc for gaseous
mixtures are more sensitive to shear rate than for the oils.
These oils only show an appreciable reduction in Tc for very
high shear rates (e.g., 5000 s21). On the contrary, the values
of Pc always tend to decrease for both gases and oil mix-
tures; meaning that a mixing process is always favored if a
shear rate is applied. But this point is better analyzed by the
spinodal curve behavior; where a particular analysis for the
spinodal curves and their variation with shear rate is
required. For instance, Figures 1 and 2 depict the spinodal
curves against shear rate for F1 (gas) and F4 (oil), respec-
tively. Both figures show that the two-phase region is
reduced with increasing shear rate. In other words, in both
cases, the shear rate produced a mixing effect, even though
the Tc showed different trends, upward for F1 and downward
for F4. Other important fact is that for F1, the spinodal curve
exhibits initially (i.e., _c50) an ascendant branch at low tem-
peratures, related directly with a liquid–liquid transition in
the bubble point curve of the respective bimodal curve; but
this liquid–liquid transition is changed to an ordinary liquid–

Table 2. Critical Constants and Other Properties Required by the Peng–Robinson EoS for Modeling the Phase Behavior of the

Five Real Petroleum Reservoir Fluids (F1–F5) Used in this Work, with and without Shear Rate Effect

Component MW [2] TC [K] PC [bar] VC [m3/kg-mol] x [2] S [2] Xa [2] Xb [2]

CO2 44.01 304.2222 73.8639 0.0935 0.2250 20.0865 0.45724 0.0778
C1N2 16.13 189.9833 45.9195 0.1144 0.0129 20.0701 0.45724 0.0778
C2 30.07 305.4389 48.7876 0.1651 0.0986 20.0702 0.45724 0.0778
C3–C4 51.87 390.0278 40.4094 0.2467 0.2099 20.0450 0.45724 0.0778
C5–C6 79.72 482.3944 32.9451 0.3292 0.2395 0.0203 0.45724 0.0778
C7–C10 126.68 605.6333 27.2509 0.4957 0.3290 0.0526 0.45724 0.0778
C11–C14 195.39 610.8722 20.9219 0.6557 0.4370 0.0778 0.45724 0.0778
C15–C20 214.01 700.6167 15.2518 1.0109 0.5516 0.0849 0.45724 0.0778
C21–C29 347.05 836.8278 12.2638 1.4461 0.7880 0.1004 0.45724 0.0778
C301 510.21 935.2333 10.7019 1.6923 1.1496 0.1341 0.45724 0.0778

The Critical Volumes (VC) areRequired by the Lorenz–Bray–Clark Viscosity Model.

Table 1. Composition (% mol) of the Five Real Petroleum

Reservoir Fluids (F1–F5) Modeled in this Work

Reservoir Fluids

F1 (gas) F2 (gas) F3 (oil) F4 (oil) F5 (oil)

Component Composition (mol%)

CO2 2.08 4.29 3.95 3.83 3.71
C1N2 69.65 64.18 50.77 45.03 38.05

C2 8.04 8.93 8.08 7.43 6.49
C3–C4 6.77 7.03 7.05 6.69 6.01
C5–C6 3.06 2.86 3.33 3.32 3.13
C7–C10 5.21 5.48 8.87 9.80 10.31
C11–C14 2.29 2.99 5.16 6.06 7.20
C15–C20 1.81 2.57 4.90 5.32 5.11
C21–C29 0.92 1.25 4.18 5.46 6.39
C301 0.18 0.43 3.70 7.07 13.59
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vapor transition when an sufficiently high shear rate was
applied. On the contrary, F4 always shows an ordinary liq-
uid–vapor transition. Finally, for both fluids, the spinodal
region at temperatures lesser than the respective critical tem-
perature (i.e., bubble point curve on the bimodal curve) is
very much sensitive to shear rate than the part at higher tem-
peratures (i.e., dew point curve on the bimodal curve); mean-
ing that a shear rate affects mainly the lower temperature
region because these mixtures have higher viscosities. The
aforementioned results for these real multicomponent mix-
tures are in concordance with those reported by Roming and
Hanley19 for Lennard–Jones binary mixtures,12 where a

suppression of the gas–liquid and liquid–liquid transitions,
and therefore an enlargement of the homogeneous region
(mixing effect), was reported. Our results also agree with the
findings of Antonov et al.29 based on SALS and turbidity
measurements, who showed that for a ternary gelatin–dex-
tran–water biopolymeric system the shear rate can induce a
transition from a two-phase state to a homogeneous state
(mixing effect), and close to the critical point the effect of
shear on the phase equilibrium is not significant. Both find-
ings by Antonov et al.29 are also represented in this work by
checking in Figures 1 and 2, where the sensitivity of the spi-
nodal curve to a shear rate applied is stronger far away from
the respective critical points than close to them, particularly
in the region where the liquid to gas transition (bubble points
curve) occurs. Obviously, a strong effect on spinodal curve is
directly linked to a similar effect on the phase equilibrium
(vapor–liquid region), and the vapor–liquid region suffers
shrinkage (mixing effect) as a result of the shrinkage of the
spinodal curve; where the spinodal curve represents the diffu-
sional stability limit and encloses the unstable region of the
multicomponent mixture.30 It is very importance to clarify
that the composition of the fluid itself has a strong effect on
the spinodal curves and it is easily observed by comparing
the respective shapes and magnitudes of the spinodal curves
in Figure 1 [fluid 2 (gas), 64.18 mol% of C1N2] and Figure 2
[fluid 4 (oil), 45.03 mol% of C1N2]. For instance, the
outmost envelope given by the spinodal curves in Figure 1
covers a PT range very different when compared with that of
Figure 2 and is given by the spinodal curve without a shear
rate applied on the fluid; meaning that this is obviously a
pure compositional effect. Naturally, a shear rate applied can
change the shape and magnitude of the spinodal curve as is
evidenced in Figure 1, where, for example, a shear rate equal
to 2000 s21 caused the disappearance of the ascending

Table 3. Binary Interaction Coefficients Matrix Required by the Peng–Robinson EoS for Modeling the Phase Behavior of the

Five Real Petroleum Reservoir Fluids (F1–F5) Used in this Work

Component CO2 C1N2 C2 C3–C4 C5–C6 C7–C10 C11–C14 C15–C20 C21–29 C301

CO2 0
C1N2 0.09938 0
C2 0.13 0.00081 0
C3–C4 0.1309 0.00336 0.00089 0
C5–C6 0.12076 0.00748 0.00342 0 0
C7–C10 0.11887 0.09142 0.0124 0.00504 0.0008 0
C11–C14 0.11859 0.09304 0.01822 0.00905 0.00216 0.00036 0
C15–C20 0.11859 0.10283 0.03291 0.01827 0.00625 0.00267 0.00003 0
C21–C29 0.11847 0.10549 0.04897 0.02799 0.01083 0.00607 0.00011 0 0
C301 0.11849 0.10954 0.05488 0.03601 0.01343 0.00809 0.0002 0.00001 0 0

Table 4. Critical Properties (Tc and Pc) vs. Shear Rate Predicted for the Five Real Petroleum Reservoir Fluids (F1–F5) Used

in this Work

Reservoir Fluids

F1 (gas) F2 (gas) F3 (oil) F4 (oil) F5 (oil)

TC (K) PC (bar) TC (K) PC (bar) TC (K) PC (bar) TC (K) PC (bar) TC (K) PC (bar)

Shear Rate (s21)
0 354.46 388.70 396.36 402.13 662.02 234.37 732.32 172.53 796.48 117.60
250 356.32 388.03 397.26 401.34 662.03 234.28 732.30 172.49 796.44 117.58
500 388.08 383.40 399.67 399.19 662.08 234.01 732.25 172.38 796.33 117.55
1000 389.58 377.84 407.43 391.91 662.27 232.95 732.02 171.94 795.91 117.39
1500 391.56 371.46 416.29 382.62 662.52 231.26 731.62 171.24 795.20 117.14
2000 394.48 363.34 424.76 372.68 662.79 229.05 731.06 170.25 794.21 116.79
5000 661.49 209.59 723.29 160.14 782.43 112.53

Figure 1. Spinodal curves vs. shear rate for the mix-
ture F2 (gas).
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branch, which is typical of liquid–liquid transitions, produc-
ing a change from a liquid–liquid equilibrium to a liquid–
vapor equilibrium.

Conclusions

A thermodynamic framework for modeling the phase equi-
librium of pure fluids and fluid mixtures under the influence
of an applied shear rate (shear stress) was derived. This
approach is based on the assumption that the viscosity for
mixtures can be represented by a power law. Two real gase-
ous mixtures and three real oil mixtures from South Ameri-
ca’s petroleum reservoirs were modeled, and it was found
that the effect of shear rate on the critical temperature, criti-
cal pressure, and spinodal curve of these mixtures depends
on the composition of the mixtures. The critical temperature
exhibited an upward or downward shift with the shear rate
depending on the composition of the mixture, whereas the
critical pressure always showed a downward tendency. For
the five fluids modeled here, their respective spinodal curves
always resulted in a reduction in the unstable region with
shear rate, meaning that the shear rate caused a mixing
effect. These last results agree with those based on molecular
simulations of Lennard–Jones binary model mixtures and
experimental measurements based on SALS and turbidity
measurements.

Notation

A = Helmholtz free energy
f = fugacity
~f = shear-induced chemical fugacity
F = fluid mixtures
G = Gibbs free energy
H = enthalpy
l = work coordinate

L = work coefficient
m = mixture property
N = Mol

NC = number of components
P = pressure
R = universal gas constant
S = entropy
T = temperature
U = internal energy
V = total volume
v = molar volume

W = work.

Greek letters
n = exponent in Eq. 16 (viscosity power law)
s = shear stress
_c = shear rate (s21)
�j = intercept in Eq. 16 (viscosity power law)
g = Newtonian viscosity
l = chemical potential
~l = shear-induced chemical potential.

Subscripts
i; j = component indexes.

Superscripts
0 = pure component.
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Appendix A

The thermodynamic framework discussed in this article (Eq.
19 or 22) can be used for modeling the effect of a shear rate
( _c) on the phase behavior of fluid mixtures (or pure compo-
nents), if T;V; nj, and _c are the variables of interest. But
similar expressions can also be deduced starting from Eq. 12
and using T;P; nj, and s as the independent variables.24

Then, from Eq. 12(2,24)

dG � 2SdT2
X

i

lidLi1
XNC

i51

lidni (A1)

By introducing the coordinates and coefficients of the
works related with volumetric expansion (and compression)
and shear stress, respectively

li5Vand V _c (A2)

Li52p and s (A3)

Then, Eq. A1 can be simplified to

dG � 2SdT1VdP2 _cVð Þds1
XNC

i51

lidni (A4)

By integration of Eq. A4 at T;P; n constantsðG

G0

dG52

ðs

s50

V _cds (A5)

Here, we will assume that _c5 s1=n

�j1=nbut

_c5
s1=n

�j1=n
(A6)

Here, we will assume that Vis independent of s, and only
depends onT;P; n. Obviously, that is not strictly right but it
could be a very good approximation

Then

ðG

G0

dG52V

ðs

s50

s1=n

�j1=n
ds (A7)

or

G5G02
V

�j1=n

s 1=n11ð Þ

1=n11ð Þ (A8)

The derivation of A8 with respect to ni, keeping
T;P; s; nj 6¼i as constants, produces

@G

@ni

� �
T;P;s;nj 6¼i

5
@G0

@ni

� �
T;P;nj6¼i

1
1

1=n11ð Þ�j1=n

ntv

n�j
@�j
@ni

� �
T;P;s;nj 6¼i

2�vi

" #
s 1=n11ð Þ

(A9)

Finally

�li sð Þ5li s50ð Þ1 1

1=n11ð Þ�j1=n

ntv

n�j
@�j
@ni

� �
T;P;s; nj 6¼i

2�vi

" #
s 1=n11ð Þ

(A10)

where V5ntv; �vi5
@V
@ni

� �
T;P;s;nj 6¼i

have been used.

In terms of fugacities

~f i sð Þ5fi s50ð Þexp

1

1=n11ð Þ�j1=nRT

ntv

n�j
@�j
@ni

� �
T;P;s;nj 6¼i

2�vi

" #
s 1=n11ð Þ

( )
(A11)

For a pure component

�l0
i sð Þ5l0

i s50ð Þ2 v0
i

1=n11ð Þ�j1=n
s 1=n11ð Þ (A12)

~f
0

i sð Þ5f 0
i s50ð Þexp 2

v0
i

1=n11ð Þ�j1=nRT
s 1=n11ð Þ

� 	
(A13)

For a Newtonian mixture, n51 and �j5g; then

�li sð Þ5li s50ð Þ1 1

2g
ntv

g
@g
@ni

� �
T;P; s; nj 6¼i

2�vi

" #
s2 (A14)

~f i sð Þ5fi s50ð Þexp
1

2gRT

ntv

g
@g
@ni

� �
T;P; s; nj 6¼i

2�vi

" #
s2

( )

(A15)

For a pure Newtonian component

�li sð Þ5li s50ð Þ2 v0
i

2g
s2 (A16)

~f i sð Þ5fi s50ð Þexp 2
v0

i

2gRT
s2

� 	
(A17)
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