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Analytical and computational studies are presented to examine the effect of binary mixture (pentane/decane) on
the microscale heat and mass transport of an evaporating meniscus formed inside a two-dimensional slotted pore.
Mass conservation in the liquid film is combined with the momentum equations, energy balance, and normal stress
balance and then scaled yielding two constitutive equations: 1) a fourth-order, nonlinear, ordinary differential
equation for thin-film profile [Eq. (27)] and 2) a first-order, linear, ordinary differential equation for concentration
profile [Eq. (30)]. The numerical results showed that the magnitude of distillation-driven capillary stress due to
the composition gradient of a binary mixture can be larger than the thermocapillary stress due to temperature
gradient while they are acting in opposite direction. Henceforth, the proof-of-concept has been established in that
the binary mixture could facilitate improvement of the evaporating thin-film stability. It was also shown that the
resulting stress elongated the length of the evaporating thin-film region without degradation of heat transport

effectiveness.
Nomenclature

A = dispersion constant, J
C accommodation constant
1 = concentration of pentane in mixture
h = thin-film thickness, m
hgg latent heat of vaporization, J/kg
K curvature of liquid—vapor interface, 1/m
k = thermal conductivity, W/(m - K)
M = molecular weight, kg/kmol
Meyp = evaporative mass flux, kg/(m - s)
P = pressure, Pa
P saturation pressure, Pa
q = heat flux, W/m?
R = universal gas constant, J/(kg - K)
T = temperature, K
u = velocity component in x direction, m/s
v = molar volume, m?/mol
X = axial coordinate parallel to substrate, m
y = spatial coordinate normal to substrate, m
r = mass flow rate, kg/s
y = slope of surface tension, N/(m - K)
n = nondimensional thickness
0 = nondimensional temperature
U = dynamic viscosity, N - s/m?
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= kinematic viscosity, m*/s

nondimensional coordinate normal to substrate
disjoining pressure

nondimensional disjoining pressure

density, kg/m?

surface tension, N/m

Hamaker constant, J
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Subscripts

liquid—vapor interface
ideal

liquid

index of component
vapor

wall

adsorbed film region
index of pentane

= index of decane
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I. Introduction

HE formation of “tears” in a glass of strong wine (Fig. 1) is
a commonly observed example of surface-tension-driven flow
resulting from distillation of the more volatile component of a bi-
nary liquid. The earliest correct description of this phenomenon was
by Thomson! in 1855. Preferential evaporation of the more volatile
alcohol component (¢ =0.0223 N/m at 20°C) of the wine near the
glass—wine—air interface, referred to as the contact line region, re-
sults in a higher concentration of water (¢ =0.0728 N/m at 20°C)
in the liquid film near the contact line as compared to the liquid film
near the bulk liquid. The water-rich contact line region has a higher
surface tension than the nondistilled liquid film. The surface tension
gradient, or capillary phoretic stress, pulls wine up the glass until
the weight of the accumulated wine results in a tear falling back
toward the bulk liquid.
The tears-of-wine phenomenon provides an insightful analogy for
how to ameliorate the unstable operation of phase-change devices.
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Fig. 1 Tears-of-wine pheno-
menaresulted from distillation-
driven capillary stress opc.

Fig. 2 Schematic of evaporating extended meniscus within two-
dimensional slotted pore and distillation-driven capillary stress opc
and thermocapillary stress orc.

During thermally induced evaporation from a meniscus, such as
that found in a loop heat pipe, temperature gradients arise from the
conjugate phenomena of conductive heat transfer through varying
liquid-film thicknesses and nonuniform evaporation due to disjoin-
ing pressure affects on the local stress field. The temperature gradient
along the thin-film region of a meniscus results in a thermocapillary
stress, which drives the surface flow toward the bulk fluid region,
thereby reducing the flow of liquid toward the high evaporative flux
regions. The thermocapillary stresses are thought to be the primary
contributor to the onset of thin-film instability in the contact line
region of an evaporating meniscus. It is this thin-film instability that
results in unstable operation of phase-change devices, particularly
during startup conditions.

If a small amount of a less volatile component is mixed in the
more volatile primary working fluid, then perhaps the concentration-
induced surface stress can counteract the thermally induced stress
and the onset of thin film instability at an evaporating meniscus
may be delayed. Figure 2 schematically demonstrates the coun-
teracting surface tensions resulting from the distillation process of
a binary mixture and the thermocapillary stress of a pure liquid
along the evaporating extended meniscus. The resulting surface ten-
sion associated with the binary mixture evaporation, which is called
distillation-driven capillary stress, counteracts the thermocapillary
stress of pure liquid, and thus, the extended meniscus is elongated
due to this counteracting tension. It has been reported experimen-
tally or analytically that an optimum concentration of the binary
mixture could lead to the stable thin-film evaporation.’

In a series of works by Wayner and his coworkers, the evapora-
tion processes in two-component liquids have been extensively stud-
ied experimentally or theoretically. Tung et al.> and Wayner et al.*
conducted experimental studies of an evaporating thin-liquid film
formed on an inclined flat substrate immersed in a liquid pool of a
mixture. They measured the evaporating extended meniscus profiles
of the binary mixture under varying heat flux using a laser inter-
ference technique and compared those with the profiles of a pure
system. They found that the composition gradient of the mixture in
the contact line region has a significant effect on the thin-film profile

relative to the pure fluid. They noted that the addition of even a small
percentage of a second component (with higher surface tension) sig-
nificantly influenced the transport processes in the evaporating thin
film. The experimental results were analytically examined using a
Marangoni flow model by Tung and Wayner.? The analysis demon-
strated that surface shear resulting from both thermocapillarity and
concentration gradient has a significant impact on a multicompo-
nent evaporating system even when the concentration of the second
component is small in the bulk fluid.

Recently, Pratt and Kihm? experimentally investigated the ther-
mocapillary effects on a heated evaporating meniscus formed with
binary mixtures of pentane and decane by measuring the wicking
height in capillary pores. They found that an optimum concentra-
tion of the binary mixture significantly prolonged instability onset
compared to pure liquid. They also demonstrated that there was no
significant degrading effect of the binary mixture on heat transport
by applying a simple energy balance. Also, the distillation process of
a binary mixture for nucleate boiling heat transfer have been studied
by Kern and Stephan.®’ They developed a theoretical model for the
effect of binary mixture evaporation on nucleate boiling heat trans-
fer using a single-bubble model. They described the heat and mass
transfer in thin-liquid film and combined the results with macro-
scopic solution for the liquid and solid domain. Comparison of the
heat transfer coefficient of the binary mixture with measurements
from experiments showed good agreement. They also demonstrated
that the heat transfer in the thin film had a strong influence on overall
heat flow.

Parks and Wayner® developed a numerical model for a binary mix-
ture evaporating near the contact line region. Combining a constant
vapor pressure boundary condition® at the liquid—vapor interface
with the meniscus profiles from experiments by Tung et al.,? they
numerically obtained distributions of other physical properties such
as concentrations and temperatures in the evaporating meniscus us-
ing a thermophysical relationship. They demonstrated that a major
contribution to the mass flow rate in the meniscus was surface ten-
sion gradients due to gradients in temperature and concentration.
They also noted that the surface tension gradient caused by the
concentration gradient was more dominant than that by the tem-
perature gradient. However, their analysis needs to be reexamined
and improved because they did not calculate the thin-film thickness
as a part of the analysis; instead they imposed an experimentally
extrapolated polynomial equation for the thin-film profile on their
computation.

In the present work, we developed a comprehensive mathemati-
cal model to simultaneously and interactively calculate all thermo-
physical properties as well as the thin-film thickness profiles. The
primary goal is to investigate the effect of a binary mixture of a
pentane/decane system on heat and mass transport of an evaporat-
ing meniscus formed within a two-dimensional slotted pore. The
model has been developed in the Cartesian coordinate system and
incorporates the thermocapillary effect under nonisothermal condi-
tion and the distillation effect of the binary mixture. Based on the
distillation model of Parks and Wayner,” a differential equation rep-
resenting the film thickness profile of the evaporating binary mixture
has been uniquely developed in nondimensional form. The devel-
oped analysis allows comprehensively to predict thin-film profiles,
evaporative heat/mass flux distributions along the thin film, inter-
facial temperature distribution, binary concentration, and resulting
surface tension coefficient distributions.

II. Mathematical Formulation

A mathematical model of an evaporating liquid thin film in steady
state is considered for a two-dimensional slotted geometry as shown
in Fig. 2. The mixture of pentane and decane is assumed to be heated
by a uniform heat flux from a solid substrate causing evaporation
from the liquid—vapor interface. The wall temperature T,, is held
constant, and the vapor phase is assumed to remain in the saturated
state at the temperature of 7. Itis postulated that the evaporative flux
from the thin film is sustained by constant liquid inflow from the
bulk meniscus controlled by gradients in capillary and disjoining
pressure. The x—y coordinate origin is set at the junction of the



322 WEE ET AL.

nonevaporating adsorbed-film region and the evaporating transition
film region. The analysis is focused on the transition-film region
because previous research has demonstrated that a majority of the
heat and mass transport occurs in this region. Therefore, it is in the
transition-film region that the interfacial temperature gradient and
subsequently the thermocapillary stress peaks.

Because the thermophysical properties are a function of the
liquid—vapor interfacial profile, the profile is obtained using the nor-
mal stress balance, momentum equation, energy equation, and mass
conservation. In the model to describe an evaporation of binary mix-
ture, surface shear due to gradients in concentration and temperature
also should be considered.

The transition film region has a very small aspect ratio (4/L) and
is a low Reynolds number flow; therefore, the dynamics of liquid
flow in the thin-film region can be described by the lubrication theory
of fluid mechanics,

82M _ dP[
ay2 ~ dx
The following boundary conditions are imposed at the solid sub-
strate and the liquid—vapor interface. At y =0,

11 (1)

u=20 @)
Aty =h(x),
du do
- _ = 3
udy P (3)

where o is surface tension. The shear stress resulting from tem-
perature gradients is referred to as thermocapillary stress, and the
shear stress resulting from concentration gradients is referred to as
distillation-driven capillary stress.? The resulting velocity profile in
the transition-film region is

1[dP (y? do
u@)=—|—\=-—hy)+— 4
) M [ o ( > W)Y “
The mass flow rate over the cross section of height 4 and unit width
is
r— h? dp " h? do 5)
T 3y dx 2v; dx
where v; is the kinematic viscosity of the liquid.

The pressure gradient (dP;/dx) results from curvature gradients
in the transition-film region. The curvature gradients arise from a
balance between capillary forces and disjoining pressure forces de-
scribed by the well-known augmented Laplace—Young equation,

P,— P =0cK+1I (6)

where P, and P, are the pressure of the vapor and liquid phases, re-
spectively, IT is the disjoining pressure representing intermolecular
interaction force between the liquid and solid, o is a liquid—vapor
interfacial surface tension, and K is a mean curvature of the liquid—
vapor interface. The two-dimensional curvature for the slotted pore
geometry is
,-15
K = & 1+ dh @)
o dx? dx

where / is the thickness of the film. The curvature in the transition-
film region may be linearized. The resulting expression for the cur-
vature is K & d*h/dx?. This linearization of the interface curvature
restricts the slope of the liquid—gas interface to be less than 20 deg
relative to the solid substrate.'®

The surface tensions for pure components are related to the local
liquid—vapor interfacial temperature using a linear approximation,

or =og —y(T; = T,) (3)
oy =009 — (T, — Tp) )

where the reference surface tension oy, and oy, are for pentane and
decane at vapor temperature 7,, respectively, y; and y, are the rate

of change of surface tension with temperature, and 7; is the liquid—
vapor interfacial temperature. For a binary mixture of low molecular
weight alkanes, the effective surface tension can be related to the
component surface tensions and concentrations using'!

o=cio+ (1 —c)oy (10)

where ¢ is the mole fraction of pentane in the mixture. The maxi-
mum value of ¢; is one. Combining Egs. (8—10) yields the expression
of effective surface tension for the binary mixture,

o = cilooy — (T, = T+ (1 — c)lowy — yo(T; = T,)]  (11)

The surface tension gradient is, therefore, expressed in terms of
temperature and concentration gradients,
do

[—( ) ]dTi
L T—( — )y — ] —
dx Y1 —=V2)C — Y2 d

dCl
+[oo1 — 002 — (1 — v )(T; — Tv)]d— (12)
X

Equation (12) shows that the surface tension gradient is deter-
mined by the thermocapillary stress due to temperature gradient
and the distillation-driven capillary stress due to the composition
gradient.

The disjoining pressure for nonpolar liquids is expressed in the
polynomial function of the film thickness in the nonretarded form'?

=A/h (13)

where 677 A is the Hamaker constant, which is positive for a com-
pletely wetting liquid and A is called the dispersion constant or the
modified Hamaker constant that accounts for the London—van der
Waals forces.

When it is assumed that the vapor pressure does not vary signifi-
cantly along the transition-film region, the liquid pressure gradient
with respect to x is

dp, dK do dc do dT; dIT

IR A A
dx dx dcy dx oT; dx dx

As aresult, for thin-film evaporation of a binary mixture, the liquid
flow is induced by the combined effects of gradients in the curvature,
surface tension, concentration, temperature, and disjoining pressure.
When the concentration gradient offsets the temperature gradient,
the evaporating meniscus may be stabilized.

The concentration gradient can be related to the temperature gra-
dient at the liquid—vapor interface through the use of a constant
vapor pressure boundary condition,’

P,, = c, PX(T) (15)

where P;*(T) is saturation pressure of component n at temperature
T. The vapor pressure of pure components are calculated from the
Antoine equation,

YnP;:t = An + [Bn/(T + Cn)] (16)

where the constants for common liquids are given by Reyes and
Wayner.!®> The equivalent vapor pressure of the mixture follows
Raoult’s law, which states that vapor pressure of the mixture is a
function of the vapor pressures of the individual components and
their mole fraction,

Py =Py + Py = PX(T) + (1 —c)PENT) (1)

where le*“ and P,f;“ are the saturation vapor pressure of pentane and
decane, respectively.

Differentiating Eq. (17) with respect to x and setting the result
equal to zero (assuming a constant vapor pressure) yields the fol-
lowing equation:

P\ de abry PSP
) a0 PO e @ T
(18)
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The derivative of concentration may be rearranged as

dc; P B, Py B, dT;
d— = sat sat G 2 + (1 - Cl)ﬁ 2 [ qy
x P —Po| (T +C) P (T + C)? | dx
19)

The surface tension gradient expressed in Eq. (12) is combined
with Eq. (19) yielding the relationship with the temperature gradient
alone,

sat

[o10 =020 — (V1 —y)(T; = T,)] —

Psal — Psat
do » 7 an
E: % c1 By Pl}z (I—c)B, dx (20)
(T+C)? ' PR (T+Cy)?
- =y —nn

With use of a kinetic theory to relate the net mass flux cross-
ing a liquid—vapor interface to interfacial temperature differential'*
and an extended Clapeyron equation to equate the variation in the
equilibrium vapor pressure with temperature and disjoining pres-
sure, the evaporative mass flux escaping from the liquid—vapor in-
terface is given as a function of temperature and pressure jump at
the interface, !

. M :
Meyp =C
2m RT

where C is the accommodation coefficient taken to be 2 that is evalu-
ated from the evaporation coefficient,'®!” M is the liquid molecular
weight, V; is the liquid molar volume at temperature 7;, and £ s, is
the latent heat of vaporization per unit mass at 7;.

The evaporative heat flux depends on the interfacial temperature.
The liquid—vapor interface temperature can be obtained using the
steady-state energy equation. The thickness of the liquid film is so
small that the conduction heat transfer through the liquid thin film
is assumed to be present only in the direction perpendicular to the
solid surface. The conduction heat transfer rate would be equal to
the evaporation heat flux at the interface. This yields a simplified
energy equation resulting in one-dimension conduction equation,

PMhse 7 1y Y2 p—pp| 1)
RT,)TI i v RT, ] v

&7 =0 (22)
dy? —

Two boundary conditions are necessary at wall and liquid—vapor
interface for obtaining the temperature distribution: At y =0,

T=T, (23)
Aty=h,

dr
—k—

&y = Nieyph g (24)

y=h

where k; is the thermal conductivity of the liquid. These correspond
to a specified wall temperature and a balance between conduction
and evaporation heat transfer at the liquid—vapor interface, respec-
tively. Solution of energy equation (22) subject to these boundary
conditions gives the temperature variation along the interface,

’I;(x) = _(mevphfg/kl)h(x) + Ty (25)

With the substitution of the evaporation mass flux given by Eq. (21)
into Eq. (25), the interfacial temperature is related with the film
thickness, superheat, capillarity, and disjoining pressure.

An evaporative mass flux is related to a mass flow rate in the thin
film thorough mass conservation as follows:

dr

dx = _mevp (26)

The governing equations and boundary conditions are normalized
using the following nondimensional variables:

= s = —, I, = — =
7 ho 5 X0 71, n?
, MHito ooho \
Mmig = piUo, Ca=——, o=\|—
00 I
T, — T, _ hypgmig

T,—1T," " &/hy)

1
, M \[P.Mhy,
myg =C —(T; — T,)
27 RT RT,T,

where h is a thickness of adsorbed film, x, is a length of transition
film, Iy is a disjoining pressure at adsorbed film, 72,4 is an ideal mass
flux due to temperature differential alone, Ca is capillary number,
and « is the ratio of evaporative interfacial resistance to conductive
resistance in the thin film. The specification of scaling variables is
based on the work of Hallinan et al.'® Substituting the mass flow
rate [Eq. (5)] and the evaporative mass flux [Eq. (21)] into the rela-
tionship of the mass conservation [Eq. (26)] yields a fourth-order,
nonlinear, ordinary differential equation for the nondimensional film
profile:

— Fin*(meel c1)e — (B — Deingeen® — Fa(eg0)en®
- — (Fs = Dnggn’erg + Fangeen® — 30"

+ Fan’[(1 — F3)cie — Fi(c10)e — Fa0%] ¢

= C1]0 — [(1 = Fy)ey + Flnee + (Fier + F)0nge — 7}

27)
where the coefficients are as follows:
— AT
Fr = n-r yzAT, F,= naz , = 2o
001 001 001
1.5x2 3vix2 .
F, = 20, 1= 31 % g (28)
h{ hyI

Equation (27) for nondimensional film thickness is uniquely formu-
lated in this work. Nondimensional temperature can be expressed
in terms of nondimensional thickness and the coefficients from
Eq. (25),

y_ ATot i{l = Fy)er + Fslnmes +n7°) (29)
= ATy +kn+« (Fiep + Fy) nnge

and the concentration gradient is also related to the nondimensional
temperature in non-dimensional form from Eq. (19),

P [ B,

Clg

T Pe Py | OAT T, + 0
P B,
_enfe B | o 30
AT (eAT+n,+Cz)2] E ()

The system of differential equations (27), (29), and (30) can be
solved iteratively by Gear’s method,'® which is a higher-order im-
plicit method and designed to solve stiff nonlinear equations with
much larger stability limits. The fourth-order differential equation
needs four initial conditions at the adsorbed region, x =0. For a
completely wetting film, the slope approaches a very small value at
the adsorbed film region; thus, the first derivative of the film thick-
ness is zero. The second and third derivatives of the thickness would
be zero as well. However, these initial conditions yield the trivial
solution of a constant film thickness profile. To avoid these trivial
solutions, a small perturbation can be applied to the thickness and
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the slope.?>?! (Note that under small superheat, usually less than
0.01 K, the amount of perturbation is small, and thus, the evapo-
ration mass flux approaches zero at x = 0. However, for relatively
high superheat, 0.3 K as in our case, a large perturbation is needed to
obtain converged solutions. Note that the same perturbations should
be used in both calculations of the pure and the mixture cases.) The
solution of Eq. (27) is very sensitive to the specification of the initial
condition for the second derivative of the thickness especially as the
superheat increases. An iterative technique is employed to guess
the slope at x =0 such that the solution converges to the appro-
priate curvature in the bulk meniscus region. Once the liquid-film
thickness profile i (x) is obtained from Eq. (27), the other proper-
ties are readily determined because they are all functions of /(x),
such as temperature [Eq. (29)], pressure gradient [Eq. (14)], and the
evaporative mass flux [Eq. (21)].

It is postulated that there be no diffusion associated with the
concentration gradient in the y direction (normal to the wall) with
the assumption of the uniform concentration across the liquid film
at any x location. There would be diffusion in the x direction due to
the concentration gradient in the x direction, but this effect is also
neglected because the bulk convection may override the diffusion.®

III. Results and Discussion

Although the computational effort has been conducted to solve
the dimensionless equations (27-30), the results are presented in
all dimensional values to provide more intuitive physical meaning
for the tested binary mixture and the test conditions. The work-
ing fluid is chosen as a mixture of pentane and decane, and the
tested geometry is a two-dimensional slotted pore of 2-um width
that can simulate the microscale porous of a heat pipe or a looped
heat pipe evaporator. The physical properties of pentane and decane
are obtained at 300 K as presented in Table 1, and a saturated va-
por condition is assumed. All presented results are under a fixed
superheating condition of AT =0.3°C. (The range of superheating
in this study is constrained to ensure the convergence and stability
of the numerical calculations. The wall temperature has a critical
effect on the thin-film dynamics. As the wall temperature increases,
the superheat increases and it causes a higher temperature gradient
along the liquid—vapor interface that makes strong thermocapillary
stresses. The thermocapillary stresses lead to an unstable flow in
thin-film region under a critical thermal condition and then give rise
to a dryout of thin film. The specified 0.3 K is considered as a higher
end to provide the calculations to be stable, and for lower superheat
values, the calculations converge faster and are more straightfor-
ward.) Note that x =0 is set to the point of zero evaporation mass
flux as the beginning of the transition region in all of the presented
results.

The thin-film profiles of binary mixtures having different con-
centration ratios of pentane (2% and 10% in volume) are compared
to that of pure pentane liquid in Fig. 3, where the evaporating films
of binary mixtures are elongated because of the combined action of
the thermocapillary stress and the distillation-driven capillary stress
(Fig. 2). Such trends are in good agreement with experimental re-
sult of Wayner et al.* and numerical result of Kern and Stephan.’
The result demonstrates that the binary mixture could improve the
stability of thin-film evaporation by changing the wetting charac-
teristics of the evaporating thin film. [Thermocapillary stresses are
known to degrade the wettability of the liquid film by reducing the
thin-film length, as seen in many previous works. The degradation
of the wettability leads to the unstable evaporation in the thin-film

Table 1 Physical properties of pentane and decane at 300 K

Physical properties Pentane (C5Ny2) Decane (CgN2)

M, kg/kmol 72.15 142.28

o1, kg/m? 619 726.4

w1, N - s/m? 2.144 x 1074 9.08 x 104

k;, W/m - K 0.111 0.134

h g, kllkg 361 348.9

o, N/m 0.04835-1.102 x 10T  0.05079-0.9197 x 10~*T

0.35 7T
—— AT=0.3K, Pentane(100%) i
030 —-—-AT=0.3K, Pentane(98%)/Decane(2%) ‘,'/
’ —-— AT=0.3K, Pentane(90%)/Decane(10%) v
~ 025
£
2
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1}
c
4
o
£ 015
E
“0.10
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0 0.2 0.4 0.6 0.8 1 1.2
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Fig. 3 Comparison of meniscus profiles between pure pentane (100 %),
mixture of pentane (98%) and decane (2%), and mixture of pentane
(90%) and decane (10%) under superheat of 0.3 K.

2.0
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Fig. 4 Comparison of evaporative mass flux between pure pentane
(100%), mixture of pentane (98%) and decane (2%), and mixture of
pentane (90%) and decane (10%) under superheat of 0.3 K.

region, and then the liquid film can reach a dryout under critical ther-
mal conditions. Therefore, the elongated film lengths of the binary
mixture, in comparison with that of pure liquid under the same ther-
mal conditions (Fig. 3), can be representative of an improvement in
the stability of the thin-film evaporation.] Such improvement in the
stability was also demonstrated in the experiment using the binary
mixture of pentane and decane.?

Figure 4 shows the comparison of the evaporative mass flux be-
tween the pure pentane and the mixtures of pentane and decane at the
same superheat of 0.3 K. The evaporative mass flux was calculated
from Eq. (21) along the film using the obtained pressure and temper-
ature distribution and thermophysical properties. The distributions
of evaporative mass fluxes show a slight increase with an increase in
the decane concentration. Thus, adding the small amount of second
component does not degrade the heat transport effectiveness of the
system.

Figure 5 shows the comparison of interfacial temperature pro-
files between the mixture and the pure liquid at the superheat of
0.3 K. Note that the gradients in temperature clearly decrease in
the transition region of the binary mixture. As explained earlier, the
thermocapillary stress is induced due to the temperature gradient,
and thus, the lower gradient in the temperature of the binary mixture
lead to the smaller thermocapillary stresses, which are counteracted
by the distillation-driven concentration gradients. Though the mag-
nitudes of the temperature differentials are minute, note that the
tested geometry scale is mere 2-pum wide and such small changes
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Fig. 5 Comparison of interfacial temperature distribution between
pure pentane (100 %), mixture of pentane (98%) and decane (2%), and
mixture of pentane (90% ) and decane (10% ) under superheat of 0.3 K.
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Fig. 6 Comparison of composition rate of pentane between pure pen-
tane (100 % ), mixture of pentane (98%) and decane (2%), and mixture
of pentane (90%) and decane (10%) under superheat of 0.3 K.

in temperature gradients can result in substantial improvement in
thermal stability of the transition film.

Figure 6 shows the composition rate of pentane for the three
cases of 0, 2, and 10% decane concentrations. For the case of pure
pentane, as expected, the rate is constant to be one. In the mixture,
the composition rate of pentane varies along the x axis. The pentane
concentration at the beginning of transition region (x = 0) is reduced
by as much as 1% from the bulk mixture concentration for both
cases of 2 and 10% pentane. The profiles of the composition rate
in the mixture recover to the bulk concentration of 0.98 and 0.9,
respectively, as the meniscus region is approached.

Figure 7 shows the comparison of surface tensions between pure
pentane and the mixture at the same superheat of 0.3 K. The result-
ing surface tensions are calculated in Eq. (11) using the interfacial
temperature distributions and the composition rates of pentane. For
pure liquid, the surface tension increases with increasing x axis,
and thus, the resulting surface shear acts toward the bulk menis-
cus region that causes the transition film region to be shorter. It
results from the thermocapillary stress due to temperature gradient
along the liquid—vapor interface. On the other hand, for the mixture,
the surface tension is reversed, that is, it decreases with increasing
x axis, and thus, the resulting surface shear acts toward the thin-
film region that causes the transition film region to be longer. It
results from the combined effect of the thermocapillary stress and
the distillation-driven capillary stress. Thus, the distillation-driven
capillary stress can override the thermocapillary stress resulting in
areversed surface tension gradient. Because of such different direc-
tions of the resulting surface tensions of the mixture from that of
the pure system, the changes in the film length for the pure liquid
and the binary mixture occurred as shown in Fig. 3.

1.62

1.60

——AT=0.3K, Pentane(100%)
1.58 - --=-AT=0.3K, Pentane(98%)/Decane(2%)
- - - AT=0.3K, Pentane(90%)/Decane(10%)

Surface Tension (x0.01 N/m)

1.52 . . . . .
0 0.2 0.4 0.6 0.8 1 1.2

X(um)

Fig. 7 Comparison of surface tensions between pure pentane (100%),
mixture of pentane (98%) and decane (2%), and mixture of pentane
(90%) and decane (10%) under superheat of 0.3 K.

For better understanding of the binary mixture evaporation, a scal-
ing analysis?? can be used to identify the parameters controlling the
transition length. First, a characteristic axial velocity u* is defined
using the thin-film mass flux present at the beginning of the thin-film
region,

u* = rtr/plhlr (31)

where the subscript tr refers to conditions at the transition region
between the bulk meniscus and the thin film. The transition mass flux
can be related to the total heat transfer from the thin film according
to

Lohge = k[(Ty — T /he) - Le = k[(Ty — T,)/he] - L (32)

Here L, is the length of the thin film. The transition film length can
be scaled using the lubrication form of the x-momentum equation.
The liquid pressure of Eq. (1) is replaced by the capillary force
and disjoining pressure relation of Eq. (6); then consideration of
the linear approximation of the derivative of capillary force and
disjoining pressure in the transition region, that is, the length L,
and scaling derivatives in u yields

' [hy = K[(00 — o) /Le] + [(To — Myw)/Ly] — (33)

where subscript 0 refers to the conditions at the adsorbed region.
Equation (33) is rearranged with respect to L,

Ly = {[K (09 — 0w) + (TIy — [)1/u*} - b, €

Equation (34) shows that the transition-film length increases for the
condition of oy > oy, which is realized due to the distillation process
of the binary mixture, and the trend of the transition-film length was
confirmed in Fig. 3. The distribution of the surface tension for the
binary mixture was shown in Fig. 7. On the other hand, in the case
of the pure liquid evaporation, the temperature gradient along the
liquid—vapor interface gives rise to the surface tension gradient of
00 < 0y, and thus, the gradient induces the thermocapillary stresses
that reduce the transition-film length.

IV. Summary

A mathematical formulation has been developed to examine the
effect of binary mixture evaporation on the fluid flow and heat and
mass transfer processes occurring in a two-dimensional slotted pore
with depth of 2 um. The present model is comprehensive in that
the thin-film profiles of binary mixtures are directly calculated by
overcoming the computational difficulties occurring from the com-
plexity and stiffness of the governing differential equations.

Fundamental findings include the following.

1) The distillation-driven capillary stress of a binary mixture is
opposite to the thermocapillary-driven stress, and the former can be
compensating the latter resulting a reversed surface tension gradient.
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2) The thin-film length of the binary mixture became longer rela-
tive to the pure liquid evaporation under the same thermal condition.

3) No noticeable degradation was observed for the heat and mass
transport effectiveness of a binary mixture.
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