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A numerical study was performed to determine evaporation rate from the surface of a binary mixture of
ethanol and iso-octane flowing in an inclined 2D channel. The liquid and gas phases are flowing in
counter-current direction. VOF multiphase model was used to model stratified two-phase flow. The
vapour/liquid equilibrium pressure was calculated using UNIFAC model. Mass transfer contributions
from each component evaporating into the carrier gas was calculated and source terms were accordingly
implemented in the continuity, momentum, energy and species equations. A parametric study with
different inlet and exit conditions was performed.
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1. Introduction

Coupled heat and mass transfer for multiphase flow is impor-
tant in several industrial applications. There is a large body of work
where interfacial heat and mass transfer has been investigated for
pure substances some of which have been referred here [1–6].
However, analysing momentum, heat and mass transfer for multi-
component fluids are also very important for processes involving
mixtures of several components. Due to environmental concerns,
there is increased interest in understanding heat and mass transfer
of gasoline/alcohol mixtures in the automotive industry.

Early multicomponent evaporation studies were performed for
Stefan–Maxwell problem. Taylor [7] formulated a generalized
problem for a coupled heat and mass transfer in n-component mix-
ture. Solutions were developed under the assumption of steady
one-dimensional transfer. Carty et al. [8] and Mhetar et al. [9] con-
sidered evaporation of a binary mixture from the Stefan tube with
a stationary and a moving interface, respectively. Several investiga-
tors have studied evaporation of multicomponent droplet [10–16]
due to its importance in industrial applications like combustion
premixing, boiling, condensation, etc.

Numerical and experimental studies have been performed to
understand evaporation of multicomponent wall bounded liquid
films. Taitel et al. [17] studied evaporation of liquid film in laminar
flow. Both Kenig et al. [18] and Palen et al. [19] studied coupled
heat and mass transfer from falling liquid film mixtures. Braun
et al. [20] studied heat and mass transfer for laminar as well as
ll rights reserved.
turbulent falling films in a pipe. They considered the film to be very
thin and the liquid phase well mixed. Due to these assumptions,
they neglected the convective term in the momentum equation.
In a similar treatment, Baumann et al. [21] studied evaporation
of a alcohol/hydrocarbon mixture and took into consideration the
phase equilibrium of binary liquids and multicomponent thermo-
dynamics. Gerendas et al. [22] performed experimental and
numerical study to investigate the evaporation of water and etha-
nol mixture on liquid wall films. They took into account the effect
of wavy liquid surface due to interfacial shear stress on momen-
tum, energy and species equation. In their study, they considered
only the gas phase flow and neglected the liquid phase flow. When
the film thickness is very small, such assumptions are valid [23].
However, for bulk flows, where the liquid film thickness is signifi-
cant, both liquid and gas phase flows should be solved
simultaneously.

When considering multiphase flow, different interface tracking
methods have been proposed like VOF [24], level set [25], front
tracking or immersed boundary [26] methods. The VOF method
was previously used to study heat and mass transfer in droplets
[27,28], bubbles [29] and film boiling [30,31]. However, all the
above investigations were done on pure fluids. In the present
study, a heat and mass transfer algorithm for liquid mixtures
was developed. This algorithm was then used in conjunction with
VOF multiphase model to study heat and mass transfer under
stratified flow condition. As mentioned before, there is a lot of
interest in understanding heat and mass transfer of gasoline/alco-
hol mixture in the automotive industry. However, gasoline is a very
complex mixture composed of hundreds of different components.
Therefore, in this study, iso-octane has been used as its surrogate
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Nomenclature

A surface area normal (m2)
Cp specific heat (J/kg K)
D, Dij binary diffusivity (m2/s)
E energy (J/kg)
g acceleration due to gravity (m/s2)
h enthalpy (J/kg)
hfg latent heat of vapourization (J/kg)
hw wall heat transfer coefficient (W/m2 K)
J species flux (kg/m2 s)
k thermal conductivity (W/m K)
M molecular weight (kg/kmol)
_m mass transfer rate (kg/s)

m000i mass transfer/volume (kg/m3 s)
p, P pressure (Pa)
R universal gas constant (J/kg K)
S source term (kg/m3)
Se source term, energy equation (W/m3)
Sm source term, momentum equation (N/m3)
Saq source term, VOF equation (kg/m3)
T temperature (K)
t time (s)
u, u velocity (m/s)
Vcell volume of computational cell (m3)
X liquid phase mole fraction
x gas phase mole fraction

Y liquid phase mass fraction
y gas phase mass fraction
Z compressibility factor

Greek symbols
a volume fraction
c activation coefficient
g evaporation efficiency
l viscosity (Pa s)
q density (kg/m3)

Subscripts
i inlet
e exit
q qth fluid
eff effective
g gas phase
l liquid phase
v vapour
C critical

Superscripts
i, j i or jth species
m mixture
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fluid. All computations have been done using commercially avail-
able CFD code FLUENT 6.3 [32].

2. Mathematical formulation

In this investigation numerical analysis has been performed to
study evaporation from the surface of a binary mixture of ethanol
and iso-octane. As shown in Fig. 1, liquid is flowing over an inclined
2D channel with the gas phase flowing in the opposite direction
due to higher backpressure. The vertical plane where the liquid
phase enters the channel is defined as the channel inlet and the
vertical plane where the liquid phase exits the channel is defined
as channel exit. The bottom wall is maintained at a constant tem-
perature of Tw. At the top wall convective heat transfer is taking
place with the coefficient of heat transfer being hw and free stream
temperature is T1. The liquid inlet velocity and temperature is ui

and Ti, respectively. The exit backpressure and temperature is Pe

and Te, respectively.
Due to their volatile nature, liquid ethanol and iso-octane evapo-

rate into the adjacent air stream. Therefore, the gas phase is a tertiary
mixture of ethanol, iso-octane and air. The mass fraction of all the spe-
cies in the gas and liquid phase is tracked. Heat transfer due to evap-
orative cooling is also included in addition to sensible heat transfer
taking place due to non-isothermal conditions in the flow domain.

2.1. Governing equations

2.1.1. Multiphase model
Counter-current stratified flow of liquid and gas phase in a

channel can be solved using VOF multiphase model. The VOF mod-
el is a fixed grid technique, which can be used to model two or
more immiscible fluids. This model solves a single set of momen-
tum equations shared by the fluids, and the volume fraction of each
fluid in the computational cell is tracked throughout the domain.
Interface tracking is accomplished by the solution of a transport
equation for the volume fraction of one of the phases. This equa-
tion has the following form:
1
qq

o

ot
ðaqqqÞ þ r � ðaqqquqÞ ¼ Saq

� �
ð1Þ

The volume fraction aq can have the following values:

aq = 1 if the cell is completely filled with qth fluid.
aq = 0 if the cell is empty of qth fluid.
0 < aq < 1 if the cell is partially filled with qth fluid.

The volume fraction for the primary phase is not solved as it can be
computed based on the following constraint

Xn

q¼1

aq ¼ 1 ð2Þ

The gas phase was taken as the primary phase in this study. As there
are only two phases in the flow domain, n = 2. Transport properties
that appear in the conservation equations are determined from the
volume fraction of each phase. For example, density can be ex-
pressed as,

q ¼
X

aqqq ð3Þ

A control-volume formulation requires that convection and diffu-
sion fluxes through the control-volume faces be computed and bal-
anced with the source terms within the control-volume itself. The
geometric reconstruction algorithm was used to determine the face
fluxes for the VOF model. The geometric reconstruction scheme rep-
resents the interface between fluids using a piecewise-linear ap-
proach. It assumes that the interface between the two-fluids has a
linear slope within each cell, and uses this property to calculate
the advection of fluid through the cell faces using a geometric
reconstruction scheme. The other conservation equations are of
the form:

Momentum equation
A single momentum equation is solved throughout the flow do-

main and the resulting velocity field is shared among the phases.



Fig. 1. Schematic of flow domain.
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The momentum equation is dependent on the volume fraction of
all phases through the transport properties of q and l:

o

ot
ðquÞ þ r � ðquuÞ ¼ �rpþr � ½leffðruÞ� þ qg þ Sm ð4Þ

Energy equation
The energy equation is also shared by between the two phases

o

ot
ðqEÞ þr � uðqEþ pÞ½ � ¼ r � keffrT �

X
j

hjJ j

 !
þ Se ð5Þ

Energy, E and temperature, T are mass-averaged variables as shown
below,

E ¼
Pn

q¼1aqqqEqPn
q¼1aqqq

ð6Þ

Species equation
Phase specific species equation is solved with VOF model and is

expressed as,

o

ot
ðqqaqyi

qÞ þ r � ðqqaquyi
qÞ ¼ �r � ðaqJ i

qÞ þ Si ð7Þ

The diffusion flux term that appear is Eqs. (5) and (7) is given as

J i ¼ �qDi
effryi ð8Þ

As the gas phase is a tertiary mixture of ethanol, iso-octane and air,
a set of two species equations to track ethanol and iso-octane va-
pour are solved in the gas phase. One species equation to track li-
quid ethanol is solved in the liquid phase.

Turbulence equation
Several turbulence models are available in FLUENT. A previous

study [33] has shown that RNG-k–e model is best suited for strat-
ified two-phase flow. Hence, RNG-k–e model was used for all calcu-
lations in this study.

2.2. Interface conditions

Due to volatile nature of liquid phase mixture, mass transfer
due to evaporation takes place from the liquid phase to the gas
phase. Different methods have been used to determine the interfa-
cial mass flux term. Wohak et al. [27] calculated it from the heat
flux based on the temperature gradient of the previous time step;
Harvie et al. [28] used a model based on a kinetic theory treatment
and Welch et al. [30,31] used the relative velocity of the gas or li-
quid phase adjacent to the interface. In this study, mass flux term
was obtained directly from the normal component of species gra-
dient at the interface. Evaporation rate per unit volume can thus
be expressed as,

m000i ¼
_mi

V cell
¼ �qgDi

effryi � A
Vcell

ð9Þ
where, the liquid/gas interface surface area normal is given by,

A ¼ Vcellrag ð10Þ

The surface area normal vector is pointing towards the gas phase.
Combining Eqs. (9) and (10), the evaporation rate can be expressed as,

m000i ¼ �qgDi
effryi � rag ð11Þ

A more robust mass transfer formulation is

m000i ¼ �2alqgDi
effryi � rag ð12Þ

where, the term 2al is being used to moderate mass transfer, similar
to using an under-relaxation factor. As liquid/gas interface is de-
fined when volume fraction is equal to 0.5, evaporation is occurring
when liquid volume fraction is less than 0.5. Hence, the value of the
term 2al is always less than 1. Therefore, a computational cell
where liquid volume fraction is zero, mass transfer rate is also zero
even though the dot product of mass fraction gradient and volume
fraction gradient may be a non-zero term. Mass transfer term as ex-
pressed in Eq. (12) was used in this study.

Due to evaporation from the surface of the liquid phase, source
terms appear in the governing equations.

VOF equation
For the liquid phase the source term is

Sal ¼ �
XN

i¼1

m000i ð13Þ

and for gas phase the source term is

Sag ¼
XN

i¼1

m000i

As interfacial mass transfer is being calculated for ethanol and iso-
octane, N = 2 in this study.

Momentum equation
Due to evaporation, momentum is lost in the liquid phase and it

is gained in the gas phase. Therefore, a volume fraction averaged
momentum equation source term can be expressed as,

Sm ¼ ð1� 2alÞ
XN

i¼1

m000i u ð14Þ

A more detailed derivation of Eq. (14) is given in Ref. [37].
Energy equation
The source for the energy equation is

Se ¼ �q
XN

i¼1

m000i
ql

hi
fg ð15Þ

Species equation
As two species equations are solved in the gas phase, evapora-

tion rate of ethanol is applied as the source term in the species
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equation tracking ethanol. Similarly, evaporation rate of iso-octane
is applied to the iso-octane species equation. Therefore, source
term for the gas phase species equations is expressed as,

Si ¼ m000i ð16Þ

Only ethanol is tracked in the liquid phase. Hence, the relative
evaporation rate of ethanol with respect to iso-octane is applied
as the source term for the liquid phase species equation. It is ex-
pressed as,

Si ¼ m000C2H5OH �m000C8H18
ð17Þ

Interface mole/mass fraction
The binary mixture of ethanol and iso-octane is a non-ideal mix-

ture due to high polarity of ethanol molecule. Therefore, vapour
pressure of the mixture is very strongly dependent on the compo-
sition of the liquid. Liquid/gas interface vapour mole fraction is gi-
ven by,

xi ¼ g
ciXiPi

vap

P
ð18Þ
where ci is the activation coefficient of the ith species. The activa-
tion coefficient has been calculated using UNIFAC method as de-
scribed in Ref. [34]. Fig. 2 shows the profile of ethanol vapour
mass fraction and total vapour pressure for different liquid compo-
sition. Under equilibrium conditions, the vapour at the interface
will be saturated. However, under a dynamic system, such as this
study where the residence time is low, equilibrium conditions are
difficult to reach. Therefore, it is assumed that vapour at the inter-
face does not reach saturation and hence, an efficiency term, g has
been introduced. As good experimental results are lacking for the
present study, g has been assumed to be 0.25. Harvie et al. [35] have
previously used accommodation coefficient to account for interfa-
cial resistance to heat and mass transfer.

The interface mass fraction is calculated from,

yi ¼ xiMiPN
i¼1xiMi

ð19Þ
X eth
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Fig. 2. Change in vapour liquid equilib
3. Solution method

FLUENT uses a control-volume-based technique to convert the
governing equations into algebraic equations that can be solved
numerically. Second order discretization scheme was used to dis-
cretize all the transport equations. As body force due to gravity is
present in all the cases, body weighted pressure discretization
scheme was used. SIMPLEC algorithm was used for pressure–veloc-
ity coupling.

As shown in Eqs. (9)–(12), evaporation rate of ith species is gov-
erned by the gradient of mass fraction of the ith species at the li-
quid/gas interface. However, unlike momentum and energy
equations, species equation is not shared by all the phases and it
is solved for individual phases. Species equation for ethanol and
iso-octane vapour is solved only in the gas phase and is not solved
in the liquid phase. Similarly, species equation for liquid ethanol is
solved only in the liquid phase. This leads to discontinuity at the
liquid/gas interface in the species equation resulting in non-phys-
ical values for vapour mass fraction gradient at the interface.
Therefore, interfacial mass transfer values as calculated from Eq.
(12) will not be correct. To overcome this problem, one dummy
variable, corresponding to each of the species being solved in the
gas phase, was used. These variables are available in the whole
flow domain and hence shared by both phases. These variables
were assigned the interfacial mass fraction using Eq. (19) for any
computational cell which is either partially or completely filled
with liquid. In the rest of the flow domain, the magnitude of the
dummy variables was equal to the vapour mass fractions. There-
fore, evaporation rate was calculated using gradient of these dum-
my variables at the liquid/gas interface.

The use of such user defined variables has been previously used
by the author [36,37] in studying evaporation of pure fluids. As
these variables are solvable in the whole flow domain, in the first
study [36], saturated vapour mass fraction was assigned in the li-
quid phase using the concept of ‘‘internal” boundary condition
[38]. To determine mass transfer in the gas phase, a transport
equation of this variable was solved in-lieu of the species equation.
This algorithm was systematically evaluated through a series of
test cases and mass fraction in the gas phase was compared against
anol
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Table 1
Important data

Properties Data

Ethanol iso-Octane Air

TC (K) 513.92 543.90
PC (bar) 61.48 25.7
x 0.649 0.304
Dipole (debye) 1.7 0.0
Molecular weight 46.069 114.231 28.8
k vapour (W/m K) 0.0154 0.0117 0.0242
k liquid (W/m K) 0.182 0.0995
l vapour (Pa s) 8.5753 � 10�5 0.593 � 10�5 1.7894 � 10�5

l liquid (Pa s) 0.001233 0.000455
Cp vapour (J/kg K) 1006 1006 1006
Cp liquid (J/kg K) 2470 2037
q liquid (kg/m3) 813 695.5

Table 2
Summary of grid independence study

Grid Bottom wall
heat flux (W/m)

Evaporation
rate (kg/m s)10�3

Latent heat of
evaporation (W/s)

3500 23,165 2.596 1310
8600 22,962 2.810 1419
13,000 22,902 2.838 1433
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analytical solutions. However, sensible and latent heat transfer was
neglected in this study. In the second study [37], these restrictions
were removed with the actual calculation of interfacial mass trans-
fer from the gradient of the user defined variable at the liquid/gas
interface. The present study is an extension of the last study by tak-
ing into account heat and mass transfer of non-ideal liquid
mixtures.
y
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Fig. 3. Gas phase: (a) x- and y-velocity profiles, (b) temperature, (c) eth
The gas phase is a tertiary mixture of ethanol, iso-octane and air
and the liquid phase is a binary mixture of ethanol and iso-octane.
The thermophysical properties of all the species in the liquid and
gas phases are given in Table 1. Various models have been used
to determine VLE and mixture properties and have been referred
from Poling et al. [34]. Wagner method for ethanol and Antoine
method for iso-octane were used to calculate the vapour pressure
and heat of vapourization. For the gas phase, molecular diffusivity
of each pair of species were calculated using Fuller method. This
was then used to calculate effective diffusivity using the mixture
formulation as explained in the Appendix. Gas phase viscosity
and thermal conductivity were calculated using mixture theory
proposed by Wilke and Mason & Saxena, respectively. The gas
phase specific heat was assumed to be independent of composition
and therefore taken as a constant in the whole flow domain. Liquid
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anol mass fraction and (d) iso-octane mass fraction at y = 20 mm.
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phase density was calculated from the mole fraction of individual
components. Grunberg and Nissan method was used to calculate
liquid mixture viscosity and thermal conductivity was calculated
from Power Law method. FLUENT’s mass based mixture model
was used to calculate liquid specific heat. The Appendix describes
in detail the calculation procedure of the transport properties in
both the phases.

4. Results and discussion

The schematic of the problem setup is shown in Fig. 1. The
geometry and grid was created in GAMBIT, the pre-processor of
FLUENT. The geometry consists of a 2D channel with 500 mm in
length and 25 mm high. The channel is inclined at an angle of 5�
for gravity-assisted flow. Liquid is introduced into the channel
from the bottom left corner and height of the liquid phase at the
entrance in 12.5 mm. The reverse flowing air/vapour mixture is
introduced from the right hand side of the channel due to higher
backpressure. The bottom left corner of the channel is the origin
of the x- and y-coordinate system.

Initially, a base case was modelled with liquid phase inlet con-
dition: ui = 2 m/s, Ti = 295 K, X1i = 0.2, exit condition: Pe = 50 Pa
(gauge), Te = 310 K, x1e/x2e = 0/0, top wall condition: hw = 1.5 W/
m2 K, T/ = 300 K and bottom wall condition: Tw = 320 K. By sys-
tematically changing some of the boundary conditions, variations
in some of the key results were recorded. The following are the
set of simulations that were performed:
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Fig. 4. Liquid phase: (a) x-velocity profile, (b) y-velocity profile,
� Set 1: Exit temperature, Te: 310, 320, 330 and 340 K.
� Set 2: Exit pressure, Pe: 30, 50, 70 and 90 Pa (gauge).
� Set 3: Exit gas phase composition, x1e/x2e: 0/0, 0/10, 10/0 and 10/

10.
� Set 4: Inlet liquid temperature, Ti: 295, 310, 325 and 340 K.
� Set 5: Inlet liquid composition, X1i: 0%, 20%, 50%, 80% and 100%.

In all the simulation sets, all the parameters are maintained at
the base condition except for the parameter that is varied.

A uniform grid was created to simulate flow in the fluid domain.
The base case was solved with various grid configurations to obtain
a grid independent solution. Initially, a grid with 222 elements in
the longitudinal direction and 16 elements in the transverse direc-
tion was used. This grid was further refined such that grids with
333 � 26 and 417 � 32 were created. Grid independence can be
checked using various parameters. In this study wall flux due to
non-adiabatic wall conditions and bulk quantities due interfacial
heat and mass transfer are important. Therefore, as shown in Table
2, total heat flux from the bottom wall, evaporation rate and total
latent heat of vapourization has been used to determine grid inde-
pendence. It can be seen that all the three parameters change by
less that 1% when the grid was refined from 333 � 26 to
417 � 32. Therefore, it was assumed that grid independence was
achieved and grid with 417 � 32 was used to simulate the rest of
the cases. An unsteady simulation was performed with a time step
size of 5 � 10�4 s. The simulations were performed till steady flow
was achieved. Steady flow was considered achieved when the total
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evaporation rate did not change with time. For the base case, stea-
dy flow was reached after about 15 s of flow time.

4.1. Base case

In a counter-current system, liquid phase close to the channel
exit is fully developed. However, the gas phase is still developing.
Similarly, close to the channel inlet, the liquid phase is still devel-
oping but the gas phase is fully developed. Due to this fact, shear-
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Fig. 5. Gas phase: (a) x-velocity profile, (b) y-velocity profile, (c) temperature, (d) ethan
ing interaction between the two phases is large close to the inlet
and exit of the channel. Fig. 3 shows the gas phase velocity, tem-
perature and mass fractions of ethanol and iso-octane vapour at
y = 20 mm. As in any typical wall bounded flow, the longitudinal
and transverse velocity component initially increases as the air/va-
pour mixture enters the channel from the right hand side. How-
ever, due to interfacial shearing interaction originating from the
counter flowing liquid phase and also momentum diffusion due
to the top wall, velocity magnitude starts decreasing after a certain
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distance from the exit. Finally, it reaches a steady value, which it
maintains for the rest of the channel. Gas phase temperature and
vapour mass fractions of ethanol and iso-octane initially maintain
their exit condition close to the channel exit. The temperature
starts decreasing and vapour mass fractions start increasing once
the thermal and species layers reaches y = 20 mm. It must be noted
that mass transfer from the liquid phase should accelerate the gas
phase. However, in this case, at y = 20 mm, the momentum transfer
due to interfacial shearing interaction and pressure of the top wall
predominates.

Fig. 4 shows the liquid phase velocity, temperature and ethanol
mass fraction profiles at y = 5 mm. As seen in the gas phase the lon-
gitudinal velocity initially increases. After a certain distance from
the inlet, the magnitude then decreases. This is because, beyond
this distance horizontal plane of y = 5 mm is within the boundary
layer due to the bottom wall. Unlike in the gas phase, the increase
in the longitudinal velocity component magnitude is more pro-
longed. This is because liquid density is almost three orders higher
than gas phase density, which in turn results in lower effective
kinematic viscosity in the liquid phase. Hence, momentum diffu-
sion in the liquid phase is slower. The vertical velocity component
steadily decreases along the length of the channel. As the bottom
wall temperature is 320 K, there is heat transfer from the wall to
the liquid volume. Temperature starts increasing after a certain
distance downstream from the liquid inlet. This distance is approx-
imately same when longitudinal velocity component starts
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Fig. 6. Liquid phase: (a) x-velocity profile, (b) y-velocity profile, (c) tempe
decreasing; thereby indicating that at this distance momentum
and thermal diffusion due to wall effects starts being significant.
However, as there is no change in liquid ethanol mass fraction as
y = 5 mm, it can be concluded that interfacial effects are not signif-
icant at this horizontal plane.

Figs. 5 and 6 show the two velocity components, temperature
and species mass fractions at five vertical planes in the gas and
liquid phases, respectively. In each phase, the velocity components,
temperature and height are normalized by their respective inlet
area-averaged velocity, temperature and height. At x = 0.5 m,
air/vapour mixture is entering the channel and therefore the x-
velocity component is almost uniform. Due to developing nature
of flow at this location, the y-velocity component changes from po-
sitive value close to the liquid/gas interface to negative value close
to the top wall. As the liquid is flowing in the opposite direction, y-
velocity magnitude has larger values close to the interface. Away
from the channel exit, as the flow becomes more developed, both
the velocity components attain a steady magnitude. As the gas
phase is entering the channel at a higher temperature than the
liquid phase and also due to latent heat transfer, gas phase temper-
ature decreases away from the wall and is lowest at the liquid/gas
interface in all the vertical planes other than at x = 0.5 m. As the air/
vapour mixture travels upstream in the channel, the temperature
magnitude decreases at successive vertical planes due to heat
transfer taking place at the liquid/gas interface and at the top wall.
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increases as the gas phase travels upstream in the channel due to
interfacial mass transfer. In the liquid phase, x-velocity component
is seen developing from the inlet to the exit of the channel and the
slope is negative near the liquid/gas interface because the gas phase
is flowing in the opposite direction. As the liquid and gas phases are
flowing in a counter-current system, the y-velocity component
changes from being positive close to the inlet to being negative at
the channel exit. Liquid temperature increases away from the li-
quid/gas interface and is highest close to wall due to sensible heat
transfer from the wall. This rise in temperature is more apparent
as the liquid flows downstream. However, as can be seen from
Fig. 6, the magnitude of temperature rise is not large. Also, as the
temperature close to the interface is almost same as the inlet tem-
perature, interfacial latent heat transfer is small compared to sensi-
ble heat transfer from the bottom wall. The mass fraction of liquid
ethanol is increasing near the interface as the liquid flows down-
stream indicating that the evaporation rate of iso-octane is higher
than ethanol. This is because, even though vapour pressure of eth-
anol for a given temperature is higher than iso-octane, molecular
weight of iso-octane is higher than ethanol, resulting in higher
evaporation rate is terms of mass per unit time.

Fig. 7 shows flow parameters at liquid/gas interface. The inter-
face is defined where the volume fraction of liquid is 0.5. There is
an increase in the x-velocity magnitude along the length of the
channel. This can be attributed to the fact the channel is inclined
at 5� and the increase is due to acceleration due to gravity. Due
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Fig. 7. (a) x- and y-velocity profiles; (b) temperature; (c) ethanol and iso-octane evapo
to interfacial mass transfer, there is a positive flow from the liquid
phase to the gas phase, which is shown in the positive value of y-
velocity component at the interface. The interfacial temperature
remains close to the liquid inlet temperature of 295 K along most
of the length of the channel. It must be noted here that even
though evaporation rate of iso-octane is higher that ethanol, latent
heat transfer due to evaporating ethanol is marginally higher than
iso-octane. This is because, latent heat of vapourization of ethanol
is much higher than iso-octane. Fig. 8 shows the thermal profiles of
top and bottom walls. As energy is being lost from the fluid domain
across the top wall, heat flux has a negative sign. As expected, heat
flux magnitude is highest near the channel exit and it decreases as
the air/vapour mixture flows upstream. Similarly, the top wall
temperature reduces from the exit to the inlet of the channel. At
the bottom wall, heat transfer is taking place from the wall to
the liquid phase and therefore it has a positive sign. Its magnitude
is decreasing along the length of the channel.

4.2. Parametric study

As explained before, a parametric study was done by varying
the inlet and exit boundary conditions. The effect of these param-
eters on interfacial flow characteristics were recorded at two loca-
tions: x = 0.15 and 0.35 m. Liquid/gas interface was defined where
the liquid volume fraction was equal to 0.5. Fig. 9 shows the results
from Set 1, where the exit temperature was varied. For all the cases
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in this simulation set and also for other simulation sets, latent heat
transfer and evaporation rate is higher at x = 0.35 m than at
x = 0.15 m because interface vapour mass fraction gradient reduces
as the gas flows upstream in the channel. When the temperature is
raised from 310 to 340 K, there is a marginal increase of 1.5% in the
total latent heat transfer at x = 0.35 m. However, at x = 0.15 m,
there is a decrease of 2.2% in the total latent heat transfer. A similar
change is also seen in the total interfacial mass transfer. This may
be because at higher exit temperature, evaporation rate increases
close to the channel exit, which in turn results in higher latent heat
transfer. This causes a sharper drop in the interfacial temperature
upstream results lower evaporation rates upstream. Indeed, it can
be seen from the figure that interfacial temperature drop between
the two location is largest when exit temperature is at 340 K and is
almost negligible at 310 K. Interfacial liquid mass fraction of etha-
nol is slightly decreasing at both locations, however, the decrease
is more prominent at x = 0.15 m. Interfacial vapour mass fraction
increases with temperature for both ethanol and iso-octane.

When exit pressure is increased, it increases the velocity of the
reverse flowing gas phase. As seen in Fig. 10, with increased exit
pressure, there is a significant increase in the latent heat transfer
and evaporation rate. When pressure is raised from 30 Pa (gauge)
to 90 Pa (gauge), the increase in the latent heat transfer and evap-
oration rate is about 93% at x = 0.15 m and about 81% at x = 035 m.
Mass fraction of liquid ethanol at the interface also rises with in-
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crease in exit pressure indicating higher mass transfer rate of iso-
octane. However, rate of increase reduces with increase in pres-
sure. Interfacial temperature at x = 0.35 m continuously decreases
with increase in exit pressure. However, at x = 0.15 m, the temper-
ature rises when pressure is increased from 30 Pa (gauge) to 50 Pa
(gauge). After that the temperature decreases. It must be noted
that interfacial heat transfer occurs due sensible and latent heat
transfer. As the gas phase is entering the channel at a higher tem-
perature than the liquid phase, sensible heat transfer takes place
from the gas phase to the liquid phase. Sensible heat transfer is also
strongly dependent on the composition of the fluids. At x = 0.35 m,
due to higher evaporation rate, latent heat transfer predominates
over sensible heating and therefore interfacial temperature is
reducing with increasing exit pressure. However, at x = 0.15 m,
evaporation rate is lower and therefore sensible heat transfer be-
comes important. When exit pressure is increased from 30 Pa
(gauge) to 50 Pa (gauge), sensible heat transfer coupled with high-
er ethanol mass fraction in the liquid phase seem to results in in-
creased interfacial temperature. However, at higher exit pressure,
latent heat transfer starts predominating and therefore the tem-
perature reduces. With increased evaporation rate, there is a stea-
dy rise of both ethanol and iso-octane vapour mass fraction at both
locations.

In simulation Set 3, the composition of the air/vapour mixture
entering the channel is changed. The results from this case is
shown in Fig. 11. When the composition of the gas phase entering
the channel is changed, gradient of the vapour at the interface
changes, which in turn changes the evaporation rate of the liquid.
Other than the base case, all the other cases in this set have 10%
relative humidity of the either ethanol or iso-octane vapour or
both. Relative humidity is defined as the ratio of vapour mole frac-
tion to the saturation mole fraction of the pure fluid at a given tem-
perature. As expected, latent heat transfer and evaporation rate is
highest when relative humidity of both ethanol and iso-octane va-
pour is zero. When the air entering the channel has 10% iso-octane
vapour, both latent heat transfer and evaporation rate decreases.
This is because the evaporation rate of iso-octane is depressed,
which also reduces its latent heat transfer contribution. The evap-
oration rate of ethanol remains almost unchanged. However, when
there is 10% ethanol vapour, the total latent heat transfer decreases
but evaporation rate increases. In this case, evaporation rate of eth-
anol is depressed and therefore its contribution to the total heat la-
tent transfer is also reduced. The evaporation rate and latent heat
transfer contribution of iso-octane is close to the base case. As the
molecular weight of ethanol is lower than iso-octane, the decrease
in total evaporation rate from the base case is less severe than the
previous case. On the contrary, latent heat of vapourization of eth-
anol is higher than iso-octane and therefore the decrease in total
latent heat transfer is more than the previous case. Total evapora-
tion rate and latent heat transfer is minimum when the relative
humidity of both ethanol and iso-octane is increased to 10%. The
rise and fall of interfacial liquid ethanol mass fraction closely cor-
responds to the evaporation rates of the four cases. Similarly, inter-
facial temperature corresponds to the profile of latent heat
transfer. It must be noted that the difference in the interfacial tem-
perature at x = 0.15 and 0.35 m is highest when the relative humid-
ity of ethanol and iso-octane vapour is 10%. It subsequently
decreases when the relative humidity of both the components is
reduced to zero. The change in vapour mass fraction corresponds
to the liquid evaporation rate.

In simulation Set 4, liquid inlet temperature is changed. As can
be seen from Fig. 12, interfacial heat and mass transfer is very
strongly dependent on the inlet temperature. The increase in total
evaporation rate and latent heat transfer when inlet temperature is
increased from 295 to 340 K is more 550%. As can be seen from Eqs.
(12)–(18), liquid–vapour equilibrium condition is determined from
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vapour pressure at the interface, which in turn is directly depen-
dent on liquid temperature. Similarly, as can be seen from the cor-
relations given in Appendix, latent heat of evaporation is also
dependent on vapour pressure. As in the previous simulations sets,
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evaporation rate and latent heat transfer is higher at x = 0.35 m
than at x = 0.15 m. Interfacial ethanol mass fraction in the liquid
phase increases with temperature, indicating that evaporation of
iso-octane is increasing at a faster rate than ethanol. As expected,
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interfacial liquid temperature rises linearly with inlet temperature.
Due increased interfacial mass transfer, mass fraction of ethanol
and iso-octane in the gas phase also rises with temperature.

As shown in Fig. 2, vapour pressure of ethanol/iso-octane mix-
ture is higher than the vapour pressure of its constituent compo-
nents in pure form. This is because it is a non-ideal mixture.
Hence, simulation Set 5 was performed to determine the effect of
mixture composition on interfacial heat and mass transfer.
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Fig. 13 shows the results from this simulation set. Pure iso-octane
has the lowest vapour pressure. When small amount of ethanol is
introduced in iso-octane, there is significant rise in vapour pres-
sure. It reaches the peak value of vapour pressure when the mole
fraction of ethanol is 0.2. It remains close to this peak value till
mole fraction of ethanol is approximately 0.8. Further increase in
ethanol composition in the mixture results is a decrease in vapour
pressure. This trend is closely followed by the latent heat and
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interfacial mass transfer rate plots. Latent heat transfer is least for
pure iso-octane. It is marginally higher for pure ethanol. The total
latent heat transfer is significantly higher for intermediate values
of ethanol composition, though there is slight decrease in value
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as the mole fraction of liquid ethanol is increased from 0.2 to 0.8.
Evaporation rate is lowest for pure ethanol and it is marginally
higher for pure iso-octane. Evaporation rate increases when liquid
mole fraction of ethanol is 0.2. At x = 0.15 m, the evaporation rate
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reduces slightly when liquid ethanol mole fraction is increased
from 0.2 to 0.8. However, at x = 0.35 m, there is slight increase in
the evaporation rate when ethanol mole fraction is increased from
0.2 to 0.5, but it then reduces when it is further raised to 0.8. Inter-
facial temperature at x = 0.35 m is higher than at x = 0.15 m for
pure iso-octane. This indicates that even though evaporation rate
is higher at x = 0.35 m, sensible heat predominates over latent heat
transfer. This is because; latent of heat of vapourization of pure iso-
octane is less. When mole fraction of ethanol is increased to 0.2,
interfacial temperature at the two locations is almost same. When
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Fig. 12. Parameters at liquid/gas interface from simulation Set 4: (a) latent heat, evaporat
and iso-octane vapour mass fraction.
it is further increased to 0.5 and 0.8, the interface temperature is
lower at x = 0.35 m and the temperature differential between the
locations increases with increasing ethanol content. Reason for this
can be explained using the values given in Table 3. Thermal diffu-
sion at the liquid surface is directly proportional to interfacial tur-
bulence intensity and inversely proportional to the product of
density and specific heat. As can be seen from the table, both tur-
bulence intensity and the product of density and specific heat in-
creases with ethanol content. However, the rate of increase in
the product of density and specific heat is higher than turbulence
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intensity. Therefore, even though latent heat transfer is almost
same, interfacial temperature decreases when ethanol mole frac-
tion is increased from 0.2 to 0.8. It again increases for pure ethanol
as latent heat transfer decreases.



Table 3
Turbulence intensity and product of liquid density and specific heat from simulation
Set 5

Liquid ethanol mole fraction x = 0.15 m x = 0.35 m

%I qCp (kJ/m3 K) %I qCp (kJ/m3 K)

0.0 43.62 1416.99 44.35 1417.25
0.2 43.29 1493.25 44.10 1493.38
0.5 43.34 1630.41 44.54 1630.54
0.8 43.52 1819.38 45.19 1819.51
1.0 44.54 2008.11 46.82 2008.11
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5. Conclusion

In this study an evaporation model for a binary mixture of etha-
nol and iso-octane was developed in conjunction with VOF multi-
phase model. This model was used to study the effect of liquid
inlet temperature and composition, exit pressure, temperature and
gas composition in counter-current stratified two-phase flow sys-
tem. Based on the parametric study, some of the general conclusions
are:

� In counter-current flow system, interfacial heat and mass trans-
fer is higher near the channel exit and it gradually decreases
from the exit to the inlet of the channel.

� Even though ethanol has a higher vapour pressure than iso-
octane, the molecular weight of iso-octane is higher than etha-
nol and therefore, its evaporation rate in term of mass per unit
time is higher. Hence, mass fraction of liquid ethanol near the
liquid/gas interface increases along the length of the channel.

� Among the various parameters varied, liquid inlet temperature
has the most profound effect on interfacial heat and mass trans-
fer. Total evaporation rate and latent heat transfer increases by
more that 550% when liquid inlet temperature is raised from
295 to 340 K.

� Due to the non-ideal nature of the mixture, interfacial heat and
mass transfer of ethanol/iso-octane mixture is significantly
higher than its constituents in pure form.

It was found that when bottom wall temperature and top wall
heat transfer coefficient were changed, there was no significant
change in the interfacial heat and mass transfer. Therefore, those
results were not reported this study. Though this study was per-
formed for a 2D-channel flow, this algorithm is very flexible and
can therefore be used to study practical systems of complex geom-
etries and highly turbulent flows.
Appendix

VLE and thermophysical properties in the liquid and gas phase
were calculated using the following relations [34]:

� Vapour pressure
� Ethanol
Wagner method was used to calculate vapour pressure for
ethanol

ln
Pvap

PC

� �
¼ asþ bs1:5 þ cs2:5 þ ds5

1� s

where,

a ¼ �8:68587; b ¼ 1:17831; c ¼ �4:8762; d ¼ 1:5880;

s ¼ 1� T=TC
� iso-Octane
Antoine method was used to calculate vapour pressure for iso-oc-
tane
log10ðPvapÞ ¼ A� B

T þ C � 273:15

where,

A ¼ 3:93646; B ¼ 1257:85; C ¼ 220:767

� Latent heat of vapourization

�dðln Pvap=PCÞ
dð1=TrÞ

¼ hfg

RTCDZV
¼ w

where

DZV ¼ Zg � Zl

w is calculated from the vapour pressure equation. Therefore,
� Ethanol
As Wagner method was used to determine vapour pressure,
therefore,

w ¼ �aþ bs0:5ð0:5s� 1:5Þ þ cs1:5ð1:5s� 2:5Þ þ ds4ð4s� 5Þ

� iso-Octane
As Antoine method was used to determine vapour pressure, there-
fore,

w ¼ 2:303
TC

B
Tr

Tr þ C�273:15
TC

� �
2
4

3
5

2

and Tr ¼
T
TC

Compressibility factor Z is calculated from Peng and Robinson equa-
tion of state.
� Binary diffusivity

Fuller method was used to determine diffusivity in the gas phase

Dij ¼
0:0143T1:75

PM1=2
ij

Pi
V

� �1=3
þ

Pj
V

� �1=3
� �2

where,

2
Mij
¼ 1

Mi
þ 1

Mj

and
P

V is found for each component by summing atomic diffusion
volumes given in Ref. [34]. For ethanol, iso-octane and air, the
respective values are 51.77, 168.78 and 19.7.
� Gas phase mixture properties
� Density
Gas phase density is calculated from partial pressure of individ-
ual components in the mixtures by using Dalton’s law

q ¼
XN

i¼1

qi

where,

qi ¼ xiPMi

ZiRT

Compressibility factor Zi for vapour is determined from Peng and
Robinson equation for state. In the above calculation, ambient pres-
sure and local temperature have been used. Zi was assumed to be
unity for air.
� Viscosity
Wilke method has been used to determine the vapour viscosity. It is
expressed as

lm ¼
XN

i¼1

xiliPN
j¼1xjuij
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where

uij ¼
½1þ ðli=ljÞ1=2ðMj=MiÞ1=4�2

½8ð1þMi=MjÞ�1=2

� Thermal conductivity
Thermal conductivity of air–vapour mixture is determined as above.
However, an additional factor proposed by Mason and Saxena was
used

km ¼
XN

i¼1

xikiPN
j¼1xjAij

where

Aij ¼
e½1þ ðki

=kjÞ1=2ðMj=MiÞ1=4�2

½8ð1þMi=MjÞ�1=2 ; e ¼ 1:065

� Effective diffusivity
It is defined as

Di
eff ¼ qDi;m þ lt

Sct

where

Di;m ¼ 1� xiP
j;j–ixj=Dij

and Dij is calculated from Fuller method as explained above.
� Liquid phase mixture properties
� Density
Liquid density is calculated from volumetric composition

q ¼
XN

i¼1

Xiqi

� Viscosity
It calculated using Grunberg and Nissan method

lnðlmÞ ¼
XN

i

Xi lnðliÞ

� Thermal conductivity
It is calculated using Power Law method

km ¼
XN

i¼1

YiðkiÞ�2

" #�1=2

� Specific heat

Cm
p ¼

XN

i¼1

YiCi
p
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