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flow, energy and species equations in the framework of the front tracking method, with
suitable jump conditions at the interface. Both phases are assumed to be incompressible;
however, the divergence-free velocity field condition is modified to account for the
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Evaporation evaporation/phase-change processes are simulated. For the species gradient driven phase
Phase change change process, the Clausius-Clapeyron equilibrium relation is used to find the vapor
Front-tracking method mass fraction and subsequently the evaporation mass flux at the interface. A number of
Multi-phase flows benchmark cases are first studied to validate the implementation. The numerical results
The Clausius-Clapeyron relation are found to be in excellent agreement with the analytical solutions for all the studied

One-field formulation cases. The methods are then applied to study the evaporation of a static as well as a single

and two droplets systems falling in the gravitational field. The methods are demonstrated
to be grid convergent and the mass is globally conserved during the phase change process
for both the static and moving droplet cases.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Interfacial flows are frequent occurrences in nature, industrial processes and biological systems. Air/gas bubbles rising
in a water bed under buoyancy, a free-falling rain droplet in air, core annular flows for oil/gas transportation in petroleum
industries, breathing system in living organisms are some of the examples involving multiphase flows; where interfaces
move, deform and even topological changes occur during the course of time. In addition to experiments, the numerical
simulations have become an indispensable tool for the medical and the industrial sector to help improve their products and
system designs for maximum efficiency. Over decades, researchers have developed various numerical techniques to simulate
multiphase flows. It is quite a challenging task to simulate multiphase flows in the sense that sharp property gradients exist
across the interfaces, which evolve and undergo substantial deformations including topological changes.

Harlow and Welch [1] proposed one of the first methods to simulate free surface flows: the marker and cell method.
Hirt and Nichols [2] came up with a memory efficient region-following scheme, called the volume of fluid (VOF) method,
with single value of fluid volume fraction in each mesh cell. Interface can also be viewed as a level set function; the
technique has been successfully implemented by various authors to simulate multiphase flows [3,4]. In order to keep the
level set function continuous and well resolved, the level set function is maintained as a signed distance function for all the
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time, without reconstructing the interface [4]. The notion of diffuse interface has also been used to model the interfacial
flows [5]. Jacqmin [6] performed critical test cases to show the ability of the phase field method to simulate two phase
flows. All the above mentioned methods fall under the category of interface capturing method. The second category may
be called as interface tracking method, in which the interface is represented by a separate Lagrangian grid, whereas the
governing equations are solved on the background Eulerian mesh. In some earlier implementations, the moving interface is
tracked by modifying the background Eulerian grid near the interface such that the fixed grid lines follow the interface [7,8].
Tryggvason et al. [9,10] devised a front tracking method, which does not require any re-meshing of the background grid to
track the interface. Rather, the interface or front is explicitly tracked by interpolating the velocity field from the Eulerian
grid onto the interface marker points.

The phase change phenomenon adds another dimension to the interfacial flows and thus makes modeling even more
challenging. Condensation, solidification, dissolution, boiling and vaporization/evaporation are different phase change pro-
cesses that are frequently encountered in nature and industrial applications. Design of heat exchangers and boilers for
efficient heat transfer, achieving uniform material properties through casting process, efficient burning of fuel droplets in
internal combustion engines and the dissolution of drugs in human body are some of the application areas, where a better
understanding of the physical processes and the design parameters is expected to result in increased system efficiencies
and better health standards. Direct numerical simulation is a promising technique to simulate and analyze the designs for
the system performance under a wide range of operating parameters. Also, with the advent of micro and nano-scale ap-
plications, the direct numerical simulation has proven to be an efficient tool in design improvement of the systems, where
experimentation has serious limitations [11].

Researchers have applied different multiphase flow modeling techniques to simulate different phase change phenomena.
Welch and Wilson [12] studied horizontal film boiling problem using a VOF method. Detailed numerical simulation of 3D
evaporating and strongly deformed droplet was performed by Schlottke and Weigand [13] using the VOF method. Film
boiling case has been studied using a level set method by Son and Dhir [14] and Gibou et al. [15]. The level set method, in
combination with the ghost fluid method [16], has been used to simulate evaporation of a moving and deforming droplet
by Tanguy et al. [17]. Another promising tool to model and simulate multiphase flow is the lattice Boltzmann method. Safari
et al. incorporated the temperature [18] and species gradient [19] based phase change models into the lattice Boltzmann
method developed by Lee [20].

The original front-tracking method developed for isothermal multifluid flows by Tryggvason and coworkers [9,10] has
been extended by various researchers to include the mass transfer and the phase change phenomena. For example, Juric
and Tryggvason [21] simulated the film boiling. They used an iterative procedure to set the correct temperature boundary
condition at the interface. The same procedure has also been used to track the flame front of a premixed flame by Qian et
al. [22]. Esmaeeli and Tryggvason [23,24] eliminated the iterative algorithm by setting the interface temperature as the sat-
uration temperature at the system pressure. Koynov et al. [25] performed simulations of a single bubble and bubble swarms
rising due to buoyancy including mass transfer and chemical reactions at different operating conditions. Aboulhasanzadeh
et al. [26] have recently developed a multiscale approach to compute the mass transfer from buoyant bubbles using a
boundary-layer approximation next to the bubble. This approach greatly reduced the overall grid resolution requirement.
The front tracking method with phase change model has mostly been applied to film boiling [21,24] and dendritic solidifi-
cation [27-29]; the phase change being driven solely by the temperature gradient. But little has been done for moving and
deforming liquid droplet vaporization/evaporation. In particular, to the best of our knowledge, the species gradient driven
phase-change process has not been modeled in the front-tracking framework.

In this paper, a front tracking method is developed for the liquid droplet evaporation driven by the temperature or species
gradient. A one-field formulation is used to solve the governing equations in the framework of the finite-difference/front-
tracking method on a fixed, uniform Cartesian grid. Temperature gradient driven phase change model is discussed first.
The implementation is validated using two benchmark cases: The Stefan and the sucking interface problems. The numerical
results of the interface location, temperature profile and the velocity field show excellent agreement with the analytical
results. The cases of 2D static and moving droplet evaporation are then simulated and results are presented. The main nov-
elty of the present work is the species gradient based phase change model. This model can handle a more general situation
where the gradient in the species concentration drives phase change, even if the temperature is the same in both the phases,
e.g., water droplet evaporating in the air at the atmospheric conditions. The Clausius-Clapeyron relation is incorporated to
compute the species mass fraction as well as the evaporation mass flux at the interface. Two strategies are compared for
implementing the species mass fraction boundary condition at the interface. The one that adds the evaporation mass flux as
a source term to the species equation following the strategy used in treating soluble surfactant by Muradoglu and Tryggva-
son [30,31] is easy to implement, is numerically efficient and yields better results as compared to the one that imposes the
species mass fraction at the interface directly as the boundary condition. First, a simplified test case is simulated for which
analytical solution is available for the evaporation mass flux. Numerical results agree very well with the analytical solution
for various values of interface temperature boundary condition. For a 2D static evaporating droplet case, the model predicts
the correct values of equilibrium wet bulb temperature for a water droplet evaporating in the air under various conditions
of dry bulb temperature and relative humidity. These results ensure the correct coupling of the Clausius-Clapeyron relation
with the solution of the flow, energy and species conservation equations. The model is then applied to simulate the evapora-
tion of droplets that move and undergo significant deformation in a gravitational field. The method has been demonstrated
to be grid convergent and the global mass conservation is satisfied for all the above studied cases.
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In the next section, the mathematical formulation of the multiphase flow with phase change is presented. The numerical
method is described in Section 3 for both evaporation models. In Section 4, a detailed discussion is made about the results
of validation cases and other test runs for temperature and species gradient based evaporation. Finally, conclusions are
drawn in Section 5.

2. Mathematical formulation

Consider a liquid-gas multiphase system; both of which are assumed to be incompressible. Fluid flow in each phase is
governed by the Navier-Stokes equations. We can write a single set of governing equations applicable to the whole domain
as long as the jumps in the property fields are properly handled across the interface and surface tension effects are taken
into account appropriately. Then the momentum conservation equations can be written for the entire computational domain
as

Jpu T

0 +V.(puu) =—-Vp+pg+ V- -u(Vu+Vvu') + /or/cn(S(x —Xr)dA, (1)

A

where u and g are the velocity and the gravitational acceleration vectors, respectively, p is the pressure, t is time and p and
 are the discontinuous density and viscosity fields, respectively. The last term on the right hand side represents the body
force due to the surface tension, where o is the surface tension coefficient, « is twice the mean curvature, and n is a unit
vector normal to the interface. The surface tension acts only on the interface as indicated by the three-dimensional delta
function § whose arguments x and xr are the point at which the equation is being evaluated and a point at the interface,
respectively.

For a multiphase flow without phase change, the continuity equation satisfies the incompressibility condition throughout
the domain, i.e.,, V -u= 0. However, for the phase change problem, the divergence-free velocity field condition is modified
at the interface to account for the phase-change/mass-transfer, so the continuity equation becomes

1 1 1
V.u= — (— - —) /8(x—xr)q'pdAr. (2)
hig \pg o .

The delta function makes the above equation non-zero at the interface and zero elsewhere. In Eq. (2), hjg is the latent heat
of vaporization and qr represents the heat flux per unit time at the interface. Subscripts ', | and g represent the interface,
the liquid and gas phases of a multiphase system, respectively. The mass and momentum jump conditions at the interface
are:

pi(w —ur) -n=pg(ug —ur) -n=nir, (3)

mr(ug —u) =(tg—7) -n—(pg — ppl-n+oxn, (4)

where mir is the mass flux per unit time across the interface, T is the stress tensor and I is the identity tensor. Note that the
Marangoni effects are not considered in this study but can easily be incorporated into the present numerical method [32].
The energy equation is solved in the whole domain and is given by

aT V-kVT 1 T )
O otavr=2 [1 —(cp.g — cp,,)—s‘"] [6(x—xr)qrdAr, (5)
at PCp PCp hig 4

where T is the temperature, ¢, is the specific heat at constant pressure and k is the thermal conductivity. Subscript sat
denotes the saturation value of the variable. The last term in the above equation incorporates the thermal effects of phase
change into the energy equation where the coefficient (1 — (cp,g —Cp 1) Tsar/hig) is a constant which modifies the latent heat
hjg due to unequal specific heats of the liquid and gas phases. The convection-diffusion equation for the species evolution
in space and time reads as:

Yy

W—I—leYaZV-DO,VYa a:],z,...,ns, (6)
where Y, and D, represent the mass fraction and mass diffusion coefficient of species component «, respectively. In
the present study, we consider only one species, the vapor, but the method can be extended to include many species
straightforwardly. We solve the species equation only for the vapor phase in the gas domain, outside the liquid droplet.

The energy and species jump conditions must be satisfied to ensure the energy and mass conservation across the inter-

face. These are:

. . aT oT
mrhg=qr=kg —| —k — (7)
on |, on |,
. . aY
mirY, —mrYy + pgDe ol =0 (8)
r
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Fig. 1. (a) The schematic illustration of a Lagrangian grid on an Eulerian background mesh. (b) The staggered grid used in the numerical solution of the
governing equations.

For a mono-component liquid droplet, Y,F =1 and gradients of the species mass fraction are zero. Thus Eq. (8) takes the
form:

Y vap |8
. ,OgDa E)np r
mr=————-. 9
1—Yigp 9
The vapor mass fraction at the interface, Y}:ap, is calculated using the Clausius-Clapeyron relation, i.e.,
h[ m 1 1
r _ gMvap
P = | o (1 L] (0
r
Dy
Y\l;ap = vap Vo (1)

I I ’
(Patm — pvap)mg =+ DvapMvap

where pEap is the saturated vapor pressure corresponding to the interface temperature T', T8 is the liquid boiling temper-
ature at the ambient pressure conditions, i.e., at p = pam, R is the perfect gas constant, and myqy and mg are the molar
masses of the vapor and gas, respectively.

We also assume that the material properties remain constant following a fluid particle, i.e.,

D D Dk Dc DD
oo . et . = =0, —P_—o: Y_—o, (12)
Dt Dt Dt Dt Dt
where D% = % +u -V is the material derivative. The relevant non-dimensional parameters for this study can be expressed
as
c
y=LL =B g Be pro B
Pg Mg pgD k
ugl c Too — T
Re:pg S5 g p.g (Teo sat), (13)
Mg hlg

where y and ¢ represent the density and the viscosity ratios, respectively. Sc, Pr, Re and St are the Schmidt number,
Prandtl number, Reynolds number and Stefan number, respectively. us and Is are appropriately selected velocity and length
scales, respectively, and t; =I;/ug be the time scale.

3. Numerical solution procedure

The governing equations for the flow (Eqgs. (1)-(2)), energy (Eq. (5)) and species mass fraction (Eq. (6)) fields are solved in
a coupled form on a fixed, uniform, staggered MAC grid using a finite-difference/front-tracking method [9,10,21,24,33]. The
spatial derivatives in the momentum equations are discretized using a second-order central difference scheme, whereas, the
time integration is performed using a first-order projection method [34]. The solution of the energy and the species equa-
tions is advanced in time using a first order explicit Euler method. All spatial derivatives in the energy and species equations
are approximated using second-order central differences except for the convective terms where a 5th order WENO-Z [35]
scheme is used. The pressure, temperature, species mass fractions and all material properties are stored at the cell centers
on an Eulerian grid (Fig. 1(b)).

The interface or front, separating different phases, is made up of connected marker points and is tracked explicitly [9,10,
33]. Each marker point moves with the local flow velocity, in addition to the velocity due to phase change, Eqs. (16)-(17).
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The piece of the interface between two adjacent marker points is called a front element. The schematic representation of
the Lagrangian grid on the background fixed mesh is shown in Fig. 1(a). The Indicator function I(X,t) tracks the liquid and
the gas phases both in space and time and is defined as:

1 indroplet phase,

1, 0) = { 0 in bulk phase. (14)

The indicator function I(x,t) is computed at each time step using the standard procedure described by Tryggvason et
al. [10], which involves the solution of a separable Poisson equation. Then the material property fields are updated at each
time step as a function of I(x, t)

o =plXt)+ pg(1—1(X,1)); H=mlX )+ pg(l —Ix,1));
k=kIx, t)+kg(1—1(x,1)); pCp =PIy HX, t) + pgCp g (1 —I(X, 1));
Dy =Dg,g(1 —I(X,1)). (15)

Information needs to be communicated between the fixed grid and the moving interface during the solution process. For
example, the surface tension as well as the heat and mass fluxes are first calculated at the interface and then smoothed
onto the fixed Eulerian grid while solving momentum, energy and species equations, respectively. Similarly, the velocity
field is only available at the fixed Eulerian grid nodes and needs to be interpolated onto the marker points for moving the
interface. A complete description of the smoothing and interpolation procedure can be found in the review paper and the
recent book by Tryggvason et al. [10,33]. We have introduced some modifications in the standard procedure for handling
certain quantities which are discussed in the relevant sections.

Also, to keep the front resolution within the prescribed limits, front restructuring is necessary. The element addition
and deletion is performed using a third-order Legendre polynomial fit to preserve interface curvature during the restruc-
turing [10]. Interface location is updated at each time step by moving the individual marker points; the velocity of each
marker point comprises of the local flow velocity and the velocity of vaporization, i.e.,

dx
d—::unnr, (16)
where
1 ar (1 1
Up==(u+u )-n——(——i——). (17)
) £ 2hig \ o1 pg

Further details of the front-tracking method are available in a paper by Unverdi and Tryggvason [9] and a review by Tryg-
gvason et al. [10].

3.1. Flow solver

The flow equations are solved on an Eulerian grid using the projection method developed by Chorin [34]. It is a
predictor-corrector type method in which we first predict the temporary velocity field by ignoring the pressure effects,
and in the second step, the predicted velocity field is corrected to satisfy the continuity equation, Eq. (2). The momentum
equations can be written in the form:

pn+1 un+l _ pnun
At

where A represents the advection, the diffusion, the gravitational and the surface tension force terms and the superscript n
indicates the current time level. The projection method splits the above equation as

=A"-Vp, (18)

n+1u* — o"u"
% = pu A", (19)
pn+1un+l _ pn+1u*

At
where u* is the unprojected velocity field, calculated using Eq. (19), by ignoring the pressure effects. Next, we take diver-
gence of Eq. (20) to obtain a Poisson equation for the pressure, i.e.,

1 _Veour—v.u'!

v pn+1 Vp= At

(21)

For V-u™*!, we use Eq. (2) as
n+1

1 /1 1
V.utl = — (— - —) /é(x—Xr)q'rdAr ) (22)
hlg )Og pl 2



M. Irfan, M. Muradoglu / Journal of Computational Physics 337 (2017) 132-153 137

-~ (xo Yo

liquid
I=

(@) (b)

Fig. 2. (a) The method used to approximate the temperature gradients at the interface. (b) Computation of the interface length Asy corresponding to the
kth marker point.

where ¢r is computed at (n+ 1) time level, i.e., using the front position at (n + 1). We substitute Eq. (22) into Eq. (21) and
solve the resulting Poisson equation for pressure iteratively using a Red-Black Gauss-Seidel method with a Successive Over
Relaxation (SOR). Once u* and p are known, the velocity field at the next time level, n + 1, is found using Eq. (20) as:

At

The above algorithm is first order accurate in time. However, it can easily be extended for the second-order accuracy using
a predictor corrector scheme as described by Tryggvason et al. [10,24].

3.2. Temperature gradient based evaporation model

In this model, it is assumed that the interface temperature T is the same as the saturation temperature Ty, since
pressure fluctuations in the system are small as compared to the absolute pressure. Thus the energy jump condition, Eq. (7),
is used to calculate the heat flux per unit time at the interface, and is rewritten here for the kth marker point as

. aT | aT
r=kg - | —ki -

on|, ’ (24)

g I

where T’y represents the kth marker point of the interface. A first-order one-sided finite difference discretization of Eq. (24)
yields [24,36]

X 1
r, = oplke (T — Tsa) ~ki(Taae = T, (23)

where Tg and T, are the temperatures approximated at points (x*, y) and (x~, y~), in the gas and the liquid domains,
respectively, using a bi-linear interpolation, as shown in Fig. 2(a). These points are at a distance nh, normal from the kth
marker point (x1, y1). In Eq. (25), h is the uniform grid spacing and n scales the length of the probe and can be selected
between 1-2 without any significant effect on the results [23,24,28]. Once qr, is found, the last term of the energy equation,
Eq. (5), is computed first and then smoothed onto the neighbouring fixed grid nodes in a conservative manner. Following
Tryggvason et al. [10,33], for smoothing an interface quantity, say ¢r, onto fixed grid node (i, j) in two-dimensions, we
must have

/¢r(s) ds = /¢i,j(x) dA, (26)
As AA
which is approximated as
Asy
9 =D Wi %7 27
k

where Asy is the length of the piece of the interface between the centers of the front elements sharing the kth marker point
and is calculated as shown by the thick lines in Fig. 2(b); and wi,‘ i is the weight of the fixed grid node (i, j) corresponding to
the kth marker point and is calculated using the Peskin’s cosine function [37]. The weights must also satisfy the consistency
condition
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§ wij=1. (28)
ij

Next, for the species field, we need rir,, which can be computed as,

C an
i, = i (29)

3.3. Species gradient based evaporation model

In this model, species concentration gradient at the interface is the only driving force for the phase change. The species
mass fraction at the interface and consequently the evaporative mass flux is computed using the Clausius-Clapeyron relation.
For the kth marker point of the interface, the evaporative mass flux per unit time (riir, ) is computed using Eq. (9) as

Yy |8
B PgDa Gy I

i, = (30)
R TS ¢ *

where Y‘l:c’,‘p is obtained from the Clausius-Clapeyron relation, i.e., Eqs. (10)-(11). The species gradient in the gas phase,

normal to the interface, is calculated following the same procedure as discussed for the temperature gradient (see Fig. 2a).

Corresponding to each marker point, we find a point (x™, y¥) in the gas phase, at a distance nh normal from the marker

point. The species mass fraction, Y, is approximated at (x™, y*) using a bi-linear interpolation. The species gradient is

then calculated using a first-order one-sided finite difference approximation as

ay |8

1 r
— | = —(Y,k —YT). 31
on |, nh( vap ) (31)

To solve the governing equation for the species mass fraction, the vapor mass fraction at the interface Y,l;ap may be applied

directly as the boundary condition [38,39] or the mass flux per unit time mp, can be distributed in a conservative manner
onto a thin layer just outside the liquid droplet [30,31] and then added as a source term to the species equation. Both the
strategies are briefly described below.

3.3.1. Interface mass fraction as the Dirichlet boundary condition

In this case, the interface mass fraction, Y\l:[]‘p, is applied as the Dirichlet boundary condition. The first step is to identify
the grid cells which contain interface in their immediate vicinity. An algorithm is devised to find the interface cells based
on the indicator function I, which defines interface as I = 0.5. An array is defined to store interface cells coordinates and is
updated at each time step.

The discretization of convective and diffusive terms of the species equation, Eq. (6), is modified in the interface cells to
incorporate Yll:[;p as the boundary condition. Fig. 3 shows one of the several irregular stencil configurations that may arise
depending on the interface location. The convective term is approximated using a first-order upwind scheme [39]. A second
order central difference discretization of the diffusion term for the interface cell (i, j) in Fig. 3 can be written as

9%y 82Y>
L)

—+— 32
0 + 2y? (32)

(DaV -VY)i j=Dq,j (

— Duis 2Yi_1j _2Yi,j+ 2Y 4 N 2Yij-1 2Yi N 2Y 4 (33)
“D N\ R+ hy Rt hetth ) T\ Rty T Ray Ty ) [
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(a) The conventional symmetric distribution stencil. (b) The modified one-sided distribution stencil.
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Fig. 4. Treatment of the evaporation mass flux per unit time i, as a source term: schematic plot showing (a) the standard symmetric distribution stencil
and (b) its modified version. Subfigure (c) is the contour plot of vapor mass fraction showing the distribution of i, onto the fixed Eulerian grid using
modified strategy for a static evaporating droplet case; the convective and diffusive terms of species equation are switched off to better explain the scenario.
(For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

where h is the uniform grid size; hy and hy are the distances between cell center (i, j) and the interface in x and y
directions, respectively. In the rest of the domain, discretization of the species equation is fairly straight forward.

3.3.2. Evaporation mass flux as a source term

Instead of applying Y,l;gp as the Dirichlet boundary condition, the evaporation mass flux per unit time, riir,, found using
Eq. (30), is distributed as a species source, S, onto the adjacent fixed grid nodes, just outside the interface, in a conservative
manner. The conventional symmetric and the modified one-sided distribution stencils are schematically depicted in Figs. 4(a)
and 4(b), respectively. This approach is similar and closely related to the adsorption layer concept developed by Muradoglu
and Tryggvason [30,31] for the treatment of mass exchange between the interface and bulk fluid in the simulation of soluble
surfactant in multiphase flows. The species equation, Eq. (6), is thus modified to account for the evaporative mass transfer
as a source term

Yy

¢
W+u.w(,,:v.Do,wo,JFF"‘ a=1,2,...n. (34)

The source term Sau. at grid node (i, j) is approximated as [10,33]

. . ASg
Sajj = ZkaWﬁjh—za (35)
k

where rr, is evaporation mass flux per unit time computed at the kth marker point, Asy is the length of the interface
corresponding to the kth marker point (see Fig. 2b), h is the uniform grid spacing and wi.fj is the weight of grid point
(i, j). The weight should satisfy the consistency condition in order to conserve the total source strength in going from the
interface to the grid, i.e.,
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DY whi=1. (36)
ij

The weight for the grid node (i, j), for smoothing a quantity from the kth marker point, can be written as

K
wh .
Wi'{,]' = H~k : (37)
D Wi
The non-normalized weight is obtained as a product of one-dimensional distribution functions, i.e.,
wy ; =d(xr, —ih)d(yr, — jh), (38)

where (xr,, yr,) is the coordinate of the kth marker point and the distribution function d is a slightly modified version of
the Peskin’s cosine function [30,31,37] defined as

14 cos(%Y)) if(x| <x and I <0.5,
0

otherwise, (39)

2 (
d(x) — { 20
where 1 is the width of the layer onto which mr, is distributed as a mass source, and is selected as A = 2h in the present
study. We also checked for A = 3h but no considerable effect on the output parameters is observed. Fig. 4(c) shows the
sample contour plot of the species mass source smoothed onto the fixed grid following the above strategy, i.e., I < 0.5.

3.4. Overall solution procedure
The overall solution procedure is briefly outlined below:

i. Heat and mass fluxes per unit time, ¢ and m{., are computed using temperature and species fields at time level n,
using Eq. (7) and Eq. (9), respectively.

ii. g} is distributed onto the fixed grid using the Peskin’s distribution function [37].

iii. The procedure described in section 3.3.1 or 3.3.2 is used to handle the species mass fraction boundary condition at the
interface.

iv. Interface is advected for the next time level, n + 1, by simply integrating Eq. (16) as x’ffl
computed using Eq. (17).

v. Indicator function at new interface position, I"*!, is calculated based on the new interface location, x'}“. (,ocp)"“
field is also updated based on the new indicator function, i.e., I"*1.

vi. The energy (Eq. (5)) and species (Eq. (6) or (34)) equations are solved for the new temperature T"*! and species Y"*!
fields, respectively.

vii. q';“ is calculated and distributed onto the fixed grid following the steps i-ii.

viii. Next, we solve the flow equations for the new velocity field, u"*1, as discussed in Section 3.1. We need the surface ten-
sion term while solving Navier-Stokes equation. We compute the surface tension for each front element at the interface
location, X}, and distribute it onto the neighboring fixed grid nodes using the Peskin’s distribution function [37].

ix. The material property fields are updated for the time level n + 1 using Eq. (15).
X. Restructure the Lagrangian interface grid at each time step to keep the front element size within the prespecified limits.

=X} + Atupnr, where u, is

4. Results and discussion
4.1. Temperature gradient based evaporation model

This model simulates the evaporative multiphase systems where the temperature gradient at the interface drives the
phase change, e.g., the fuel droplet evaporation and burning in the internal combustion engines.

4.1.1. Validation test - 1: the Stefan problem

The Stefan problem is a well-known test case to validate the phase change models [12,14,15,18,23,24,40]. Fig. 5 shows
the schematic of the Stefan problem used in this study. A vertical interface separates the liquid and the vapor phases. Both
the phases are assumed to be incompressible and are initially at rest at the saturation temperature condition, Tsy. The
temperature of the left wall, T, adjacent to the vapor phase, is increased above the saturation temperature. The heat flows
from the wall towards the interface. At the interface, the liquid vaporizes due to the temperature gradient. The interface
moves towards right due to the free flow boundary conditions applied at the right boundary. As a result, a velocity field
is also developed in the liquid phase. However, the liquid temperature stays fixed at the saturation value. The vapor is
assumed to remain stationary, therefore, diffusion is responsible for heat transfer from the wall to the interface. Hence, the
energy equation needs to be solved just in the vapor phase and can be written as

aT 92T

Ezagﬁ 0=<x=<xr (), (40)
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Fig. 5. Schematic of the Stefan problem.

where T is the temperature, o is the thermal diffusivity of the vapor phase and xr(t) is the interface location at time t.
Equation (40) is solved subject to the boundary conditions

Tx=0,t)=Tw, T(x=2xr@),t) =Tsq . (41)
Heat flux per unit time at the interface, qr, is computed using the energy jump condition
. aT |
gr=kg —| . (42)
on |4

where kg is the thermal conductivity of the vapor phase. The analytical solution for the interface location at any time ¢ can
be expressed as

xr(t) =28 /agt, (43)
where g is the solution of the transcendental equation
Cp,g(Tw — Tsqr)

hlgﬁ

The analytical value of temperature at any point x in the vapor domain and at any time instant t is given by the expression

Te(x,t) =Ty + <M> erf X . (45)
g\ erf(B) 2, /ot

The velocity in the liquid phase can be found analytically using the following relation

"y = (1 _ @) Uy, (46)
Ll

where u, = ,/ag/t. For a flat interface with uniform velocity field, the momentum jump condition in the normal direction,
Eq. (4), simplifies to the following pressure jump relation

pg—pzz—pg( - &) ul. (47)
i

The fluid properties used in this numerical test case are: pg =0.5, o = 2.5, ug = 0.007, p; =0.098, kg = 0.0035, k; =
0.0015, ¢p,g =cp=1.0 and hjg = 100. Saturation temperature, Tsq, is set as 10 and wall temperature Ty, =12 to achieve
the Stefan number to be St =0.02.

We performed numerical simulations on a 1 x 1 domain. Results are presented for four different density ratios, i.e.,
y = pi/pg =5, 10, 20 and 40. Vapor phase density, pg, is varied to achieve these values; the thermal diffusivity oy is
also changed as a result. For all the cases, the initial interface location is set as xr = 0.1, which corresponds to different
initial times t,(y) depending on the density ratio (). The initial temperature field is specified in the vapor phase using the
analytical solution, Eq. (45), at the initial time t,(y). First, a grid convergence study is performed for density ratio y = 20.
The results for interface location and temperature profile show that a 64 x 64 grid resolution gives a very good match with
the analytical results as shown in Fig. 6.

Bexp(p?)erf(B) = (44)
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Fig. 6. Grid convergence results for the Stefan problem for density ratio y = 20. (Left) the evolution of the interface location, (right) the temperature profile
at t = 208.98. The insets show the enlarged views in each plot.
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Fig. 7. Comparison of the analytical and numerical results for the 1D Stefan problem. The evolution of (a) the interface location, (b) the liquid phase velocity,
and (c) the pressure difference with time. Grid: 64 x 64.

Next, the numerical results of interface location, liquid phase velocity and pressure jump are compared with the analyt-
ical solutions for different density ratios. A very good agreement is observed for all the cases, as shown in Fig. 7.

4.1.2. Validation test — 2: The sucking interface problem

The sucking interface problem is also a benchmark case used to validate the temperature gradient based phase change
model and has previously been studied by Welch and Wilson [12]| and Guedon [40] to validate their phase change models.
In this problem, a vapor layer is attached to the left wall of the domain while the rest is filled with a liquid as schematically
shown in Fig. 8. Both phases are assumed to be incompressible and are separated by a vertical interface. The vapor phase
is at saturation temperature T, and stays at rest throughout the simulation. The liquid temperature T, is higher than
the saturation value, therefore, the phase change will occur at the interface. This will cause the interface to move towards
right and a flow will be developed in the liquid phase. The heat of vaporization, absorbed at the interface due to phase
change, comes from the liquid, which results in the formation of thermal boundary layer at the interface. A complete
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convection-diffusion energy equation needs to be solved in the liquid phase in the following form

aT+u VT—aBZT xr() <x<1 (48)
ot ~ox2 P =t=0

subject to the boundary condition
Tx <xr(),t) =Tsa, (49)

where ¢ is the thermal diffusivity of the liquid phase. Heat flux per unit time at the interface is computed using the energy
jump condition given by Eq. (7). The sucking interface problem is a more stringent test case as compared to the Stefan
problem since we need to solve the convective term of the energy equation coupled with the Navier-Stokes equations in
addition to the diffusion term. Analytical solutions are available in the literature for this test problem [12,40]. At any time ¢,
the interface location is calculated using the same expression as for the Stefan problem

xr(t) = 2B /ot
where g is the solution of the following transcendental equation

2
pgg

o
oo ) _ Cp,g(Tw — Tsar)

(Too — Tsar) Cp,gkl«/ag exp <_52

exp(B?erf(p) | B —

higkg /7y erfc (;3 ’;ﬁﬁ) - hlgﬁ

The analytical solution for the temperature profile in the vapor phase is given as

Tet) =Ty + (2= Tw Yo ( X (51)
g0 = W+< erf(B) >er 2 /agt |-

The temperature profile can be found in the liquid phase analytically using the following relation

Too — Tw Blpg —pp [og
Tt =Tog — | — 2" | erfe ( n Y ). (52)
erfc (,3 —’;i\/ugf) 2/t Pl o

The horizontal velocity can be found in the liquid phase, at any time t, using the same expression as we used for the Stefan
problem, Eq. (46). Similarly, the pressure jump can be calculated analytically for this case too, using the same expression as
we used for the Stefan problem, i.e., Eq. (47).

The fluid properties considered for this numerical test case are: pg =0.25, o =2.5, ug =0.007, ;= 0.098, kg = 0.0035,
ki =0.0015, cp,g =, =10.0 and hjz = 100. The saturation temperature T is set as 10, which is also the wall temperature
Tw. The liquid is superheated with T, = 12. The simulations are performed on a 1 x 1 domain. The interface is initially
placed at x = 0.1 which corresponds to the initial time t, = 24.7. The temperature is initialized in the domain using the
analytical solution, Egs. (51) and (52). Numerical and analytical results of the interface location, temperature profile, liquid
phase velocity and pressure jump are compared as shown in Fig. 9. The comparisons clearly show that the numerical results
approach the analytical results as the grid is refined. Also, the numerical values of pressure jump satisfies the analytical
values. Hence our implementation is grid convergent, tracks the interface very well and successfully captures the pressure
jump and the sharp thermal boundary layer.
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Fig. 10. The schematic illustration of a planar static droplet evaporation case.

4.1.3. Evaporation of a two-dimensional static droplet

This case simulates the evaporation of a static droplet in a planar configuration. Iy and I, denote the dimensions of the
domain in the x and y coordinate directions with the origin marked at the bottom left corner as shown in Fig. 10. The same
nomenclature is also used regarding the geometric dimensions of the domain in the rest of the study. A droplet of initial
diameter d, = 0.25 mm is placed at the center of 1 x 1 mm? domain (I = Iy). At walls, the Dirichlet boundary condition is
specified for temperature T,; and vapors are allowed to leave the domain freely. The physical properties considered here
yield the non-dimensional parameters as y =5, { =10, Pr; =1.75, Pr; = 0.7 and Sc = 1.0. The temperature inside the
liquid droplet is initialized as Tsqr = 373 K and approximately stays constant during the simulation, whereas the temperature
in the gaseous domain is higher than Tg;. This temperature gradient is varied to achieve various values of Stefan number,
St. The length scale I and time scale ts are selected as d, and d(z, /ag, respectively. Due to the temperature gradient at the
interface, phase change occurs and a radially outward Stefan flow is generated in the gas domain. The area of the droplet,
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Fig. 11. (a) Comparison of the analytical and numerical results for the normalized d? plotted versus time for St = 0.025, 0.05 and 0.1. The inset shows
interface at two instants during evaporation at t* =0 and 9.14. St = 0.05 and Grid: 192 x 192. (b) The mass conservation error is plotted for various grid
resolutions showing the grid convergence as the grid is refined. The inset shows the order of accuracy of the method, St = 0.025. For both figures Sc =1.0,
Pry=1.75, Prg =0.7, y =5 and ¢ =10.

and therefore the squared-diameter (d2) of a 2D evaporating droplet reduces with time according to the following analytical
expression

dd? _ 8kg In(145D)
dt — piCp.g In(dips/Vd2)

where dj,s is the diameter of the inscribed circle in the computational domain. We numerically integrated Eq. (53) using
MATLAB ode45 solver and compared the time history of the normalized d? with our simulation results for various values of
Stefan number as shown in Fig. 11(a). A good agreement is observed till 50% of the droplet mass is evaporated for all the
three cases. Also, it is observed that, doubling the Stefan number reduces the time to reach 50% mass reduction by half; the
trend similar to the findings of Safari et al. [18]. The inset shows droplet interface at two time instants during the course of
evaporation for St = 0.05. The spherical symmetry is perfectly maintained during the evaporation. A grid convergence study
is performed for St = 0.025, the global mass conservation error being the target parameter. The global mass conservation
error is defined as

AM; + A1V1vap
M;

(53)

: (54)

Emass = ‘

0
where AM; and AMyq, denote the changes in the mass of the liquid droplet and in the vapor mass, respectively. These
are computed as AM; = My, — M;, and AMygp = Myap, — Mygp,, Where M; and Myqp are the liquid and vapor masses,
respectively. The subscript ‘0’ denotes the initial values and ‘t’ represents the corresponding variables at time instant t.
Fig. 11(b) shows the global mass conservation error plotted against the droplet mass reduction for various grid resolutions.
The error approaches to zero as the grid is refined demonstrating the consistency and the grid convergence of our numerical
method. The inset shows the order of convergence for this test case which is above the first order.

4.1.4. Evaporation of a two-dimensional moving droplet

This is the case of an evaporating droplet moving under the action of the gravity. A droplet of initial diameter
do = 0.25 mm is centered at (x¢, yc) =(0.5,3.6) mminalx4 mm? domain. The initial droplet temperature is Tsq =373 K
whereas gas phase temperature is initialized as 480 K. Domain boundaries are specified as walls where the Dirichlet bound-
ary conditions are specified for temperature and species mass fraction as T,, = 480.0 K and Y,, = 0, respectively. The
magnitude of the gravitational acceleration g is varied to obtain various combinations of Eotvos (Eo) and Morton (Mo)
numbers, which characterize the shape of drop moving in a surrounding fluid. Eotvos and Morton numbers are defined as
Eo = (o — pg)d*g/o and Mo = (o1 — pg)g/pzo>, respectively. The method is first tested for the global mass conservation
and grid convergence for a moving droplet that deforms sufficiently while evaporating as may be the case in the combus-
tion environment. The physical properties are selected to have the non-dimensional parameters as Eo = 10, Mo = 10 x 1074,
St=0.1, Sc=1, Pry=537, Prg =1.0, y =5 and ¢ = 20. The initial droplet diameter d, is selected as the length scale
and ,/d,/g is the time scale for this case. Fig. 12 shows the contour plots of temperature and species mass fraction and
the global mass conservation error for different grid resolutions. The results clearly indicate that the mass conservation
error decreases as the grid is refined for this more stringent test case. Also the spatial order of accuracy is almost linear
(1st-order). Fig. 13 shows the contour plots of species mass fraction for three separate cases, from left to right, in order of
increasing droplet deformation. The corresponding Eo and Mo numbers are (Eo, Mo) = (5,5 x 10™%), (10,10 x 10~%) and
(20,20 x 10~4). The other parameters are fixed at St =0.1, Sc =1, Pr; =5.37, Prg =1.0, y =5 and ¢ = 20 for all the three
cases. It is observed that, as the droplet departs from a spherical shape, it evaporates faster. This trend is justified because
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Fig. 12. The contour plots of (a) temperature and (b) species mass fraction for an evaporating droplet falling under the action of the gravity at t* =13.416
and 128 x 512 grid resolution. (c) The global mass conservation error is plotted for various grid resolutions showing the grid convergence. The inset shows
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Fig. 13. Evaporation of droplets falling under gravity with varying degree of deformation. Contour plots of the species mass fraction for three separate cases
(from left to right): Eo =5, Mo =5 x 1074, t* =13.914; Eo =10, Mo =10 x 1074, t* = 13.416; Eo =20, Mo =20 x 1074, t* = 16.44. Grid: 128 x 512.
(For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

evaporation is a surface phenomenon and occurs due to temperature gradient at the interface; and since more surface area
is exposed to high temperature in case of deformed droplets as compared to the spherical one, therefore, evaporation is
enhanced.

4.2. Species gradient based evaporation model

This model depicts a more general situation where phase change occurs owing to the species concentration gradient
across the interface. A number of tests are performed to validate the numerical solution algorithm. The computation of
evaporation mass flux is an important parameter which depends on the correct coupling of the interface temperature with
the species mass fraction at the interface through the Clausius-Clapeyron relation. Also, the implementation of species
boundary condition at the interface is very crucial for the species solver to ensure the global mass conservation.

4.2.1. Validation test — 1: Evaporation mass flux

An efficient numerical phase change model must be able to predict evaporation mass flux accurately, since it is an im-
portant parameter in the phase change phenomenon that determines the rate of evaporation and consequently the interface
location. The problem setup consists of a container filled with water upto a certain level. Air fills the rest of the container.

The air-water interface is marked as y = 0. Based on the interface temperature, vapor mass fraction at the interface, Y“,"ap,
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Fig. 15. Comparison of the numerical and the analytical non-dimensional evaporation fluxes for various values of mass number B.

is computed using the Clausius-Clapeyron relation. Sufficiently far from the interface, at y = L, the air is dry, i.e,, Y,fap =0.
At the interface, water vapor diffuses into the air and a Stefan flow is setup in the gas phase that convects the vapor away
from the interface. Hence, a complete convective-diffusive species equation needs to be solved for the vapor field in the gas
domain. The water is assumed to be motionless. The schematic of this test case is shown in Fig. 14. For this simplified test
case, the interface temperature is assumed to stay constant during the simulation, therefore Y,l;ap is constant too. Also, it
is assumed that the liquid evaporated is replenished exactly and continuously, therefore the location of the interface stays
fixed. Furthermore, the surrounding gas is assumed to be insoluble in water so there is no net transport of surrounding gas
into the container. The physical properties of water and air are used for this test case. For one complete simulation where
interface temperature stays constant, these physical properties are also assumed to be constant, but for different interface
temperature boundary conditions, the properties are varied accordingly.

The mass conservation principle applied over a small control volume for vapor source yields the following differential
equation [41],

dYyep |®
dy |~

where i1,y is the evaporation flux per unit time at the interface. Equation (55) is solved subject to the following boundary
conditions

Yyap |

which results in the analytical solution given by

mvap = mvap Yvap — PgDa (55)

r L
y=0—" Yvap ) YVﬂP‘y:]_ = Yvap ’ (56)

) D
Myap = ng % In(1 + B), (57)
where B is the mass number given as
r L
B— Yvap - Yvap (58)
1—=Yi

The evaporation mass flux per unit time is non-dimensionalized by the scaling factor pgDy /L. An increase in the interface
temperature increases Ygap and therefore the mass number B is also increased since Y‘eap = 0. Fig. 15 compares the numer-
ical results of the non-dimensional evaporation mass flux with the analytical solution for various values of mass number B.
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Fig. 16. (a) Comparison of the two strategies for implementing vapor mass fraction boundary condition at the interface. The global mass conservation error
is plotted at various grid resolutions demonstrating the grid convergence. The strategy 3.3.2 shows lesser errors as compared to the strategy 3.3.1. (b) The
global mass error is plotted against the normalized grid sizes for 20% and 40% droplet mass evaporation for strategy 3.3.2 displaying the spatial order of
accuracy greater than 1. DBT =313 K and RH = 10%.

The computational results approach the analytical solution as the grid is refined, which shows that our model is grid con-
vergent and precisely computes the convective and diffusive mass transfer components. For high values of mass number B,
i.e., high evaporation rates, much finer grid resolutions are required to reach the analytical values which is expected and
self explanatory.

4.2.2. Validation test - 2: Temperature comparison with psychrometric chart values

For this test case, the computational setup consists of a liquid droplet of initial diameter d, = 0.25 mm held stationary
at the center of a 1 x 1 mm? domain. Initially, the temperature (dry bulb temperature) is the same throughout the domain
and the phase change occurs due to the species gradient at the interface resulting in a low temperature at the interface.
This goes lower and lower as evaporation proceeds until a steady state temperature condition is attained at the interface,
called the wet bulb temperature. The liquid droplet also comes into equilibrium with the wet bulb temperature. This wet
bulb temperature is a function of the dry bulb temperature (DBT) and the relative humidity (RH) in the air. The Dirichlet
boundary conditions are specified at the domain boundaries for both the temperature and the vapor mass fraction, ie., Tg
and Yygp, respectively. Yyq, can be computed as Yyqp = wp/(1 4 wyp), where wy, is the humidity ratio which is a function of
dry-bulb temperature and relative humidity; and can be read from a psychrometric chart. At the interface, the vapor mass
fraction boundary condition Y“:ap may be specified using any of the strategies discussed in Sections 3.3.1 or 3.3.2. Both of
these are first compared for the global mass conservation for the case with DBT =313 K and RH =10%. The physical prop-
erties of air and water are used for all the following cases unless otherwise stated except for the liquid density p; which is
taken as 10 kg/m>. k; is modified accordingly to obtain the thermal diffusivity value o; for water. d, and d(z, /Dy, are selected
as the length and the time scales, respectively, for all the cases related to the static droplet evaporation. The comparison
shown in Fig. 16(a) suggests that, for the same grid size, the adsorption layer concept of distributing mass flux in the im-
mediate outer vacinity of the interface and then adding as source term (Section 3.3.2) results in better mass conservation as
compared to directly imposing Yvrap as the interface boundary condition for species mass fraction (Section 3.3.1). However,
for both the methods, the trends of global mass conservation error clearly show the grid convergence on grid refinement.
Fig. 16(b) shows the global mass conservation error plotted against the non-dimensional grid size for the strategy 3.3.2. Two
sets of data points are used corresponding to 20% and 40% mass losses during the droplet evaporation. The spatial order of
accuracy is more than one in this case. For all the cases to follow, we stick with the strategy of Muradoglu and Tryggva-
son [30,31] (Section 3.3.2) for implementing vapor mass fraction boundary condition at the interface. Various cases are then
simulated with dry bulb temperatures in the range 283 K-313 K and relative humidities 10-90%, and the resulting wet bulb
temperatures are compared with the psychrometric chart values. A grid convergence study is performed first to select a
suitable grid resolution applicable to the rest of the simulations. Fig. 17 shows the grid convergence results for the wet bulb
temperature and the variation of squared-diameter (d?) with time corresponding to DBT = 283 K—313 K and RH = 10%. It
is found that a 128 x 128 grid resolution yields grid convergent results for both the indicators. Moreover, the temperature
results converge faster as compared to the interface location. The results of the normalized d® are also compared with the
analytical solution. The analytical expression derived for the variation of d® with time for a 2D evaporating droplet case is
given by

dd? 80gDe In(1+ B)
— = , (59)
dt P In(dips/Vd?)
where B is defined by Eq. (58) and dj, is the diameter of the inscribed circle in the computational domain. Equation (59) is
solved using MATLAB ode45 solver. The analytical and numerical profiles for the variation of normalized d? with time show
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and RH = 10%. (Right) The simulation results for the variation of normalized d? with the non-dimensional time t* compared with the analytical solution.

DBT =313 K, RH = 10%.

0.031
0.03

0.029
0.028
0.027
0.026
0.025
0.024
0.023

0.027

0.026

0.025

0.024

0.023

0.0265

0.026

0.0255

0.025

0.0245

0.024

0.0235

0.023

Fig. 18. Contour plots of temperature (top row) and species mass fraction (bottom row) for an evaporating droplet at non-dimensional times (from left to
right) t* = 0.424, 4.24 and 42.4; the wet bulb temperature is reached in the right most plot of the top row. DBT =313 K, RH = 50% and Grid: 128 x 128.

(For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

314

312

304

—t=1272
—+t =190.8

1 2
Domain width (x/do)

Fig. 19. Temperature profiles plotted along the horizontal center line of the domain width at various non-dimensional times t*. The steady state temperature
condition is achieved inside the evaporating droplet. DBT = 313 K, RH = 50%.
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good agreement as the grid is refined, as shown in Fig. 17. Some sample contour and line plots are then presented for the
case with DBT =313 K and RH = 50%. Fig. 18 shows the contour plots for the evolution of temperature and species mass
fraction fields. A better illustration of the temperature evolution may be seen in Fig. 19, which shows temperature profiles
along the horizontal center line of the domain at various time instants during the evaporation. Once an equilibrium wet bulb
temperature is attained, all the heat absorbed just results in the phase change. Next, we made three sets of runs by keeping
the relative humidity fixed at 10%, 50% and 90% respectively, and varying the dry bulb temperature in the range 283 K-313 K
for each case. In the final batch of runs, the temperature is held constant at 283 K and 313 K and the relative humidity is
varied from 10% to 90% for the each case. The comparison of the numerical results with the psychrometric chart results are
shown in Fig. 20. Numerical results are in excellent agreement with the psychrometric chart values, however, some deviation
is observed at high dry bulb temperatures and high relative humidities. This may be attributed to our constant properties
assumption, since the thermophysical properties vary significantly at high temperatures and high relative humidities [42].

4.2.3. Evaporating droplet falling under gravity

This section simulates the planar case of an evaporating droplet that moves due to the gravitational acceleration g, and
deforms during the journey. The initial diameter, d,, of the droplet is 0.25 mm. The domain size is selected as 1 x 4 mm?.
The droplet is initially placed with its center at (0.5,3.6) mm and starts from the rest. Temperature is initialized as 371 K
in the whole domain whereas the saturation temperature is Ts = 373 K. The domain boundaries are set as walls, and
the Dirichlet boundary conditions are specified for the temperature and vapor mass fraction at walls as T; =371 K and
Yvap = 0, respectively. The vapor mass fraction boundary condition at the interface is implemented following the strategy
of Muradoglu and Tryggvason [30,31]. The other physical properties are selected to have the relevant non-dimensional



M. Irfan, M. Muradoglu / Journal of Computational Physics 337 (2017) 132-153 151

0.07 : :
64 x 512 I I = Mass reduction = 15%
006l — 128 x 1024 | | ® Mass reduction = 25%
O — 192 x 1536 ! !
I I 1
0.05 | | 10 .
1 1 slope = 1.0
‘ ! i \
5 0.04 ! ! g .
8 I I
WF \ I WE 0
0.03 ] | P =\
: : 10 slope = 0.90
0.02 : ;
0.01 ; !
I I
1 1 -3
o : . 1075 .
0 5 10 15 20 25 30 10 10
Decrease in droplet mass (%) Ax/d

Fig. 22. (Left) The global mass conservation error for a moving deforming evaporating droplet at various grid resolutions. (Right) The global mass error
versus the non-dimensional grid size after 15% and 25% loss in the droplet mass. The relevant nondimensional parameters are Eo =10, Mo =10 x 107>,

Sc=1.0, Pr;=54.08, Prg =0.15, ¥ =5 and ¢ = 20.
0.07
0.06
10.05
10.04
10.03
0.02
0.01
0

Fig. 23. Contour plots of the vapor mass fraction for two interacting droplets at various time instants (t* = 2.68, 5.37 and 14.31). The non-dimensional
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figure, the reader is referred to the web version of this article.)
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parameters as Eo = 10, Mo = 10 x 107>, Sc = 1.0, Pr; = 54.08, Prg =0.15, y =5 and ¢ = 20. d, and /d,/g are the
appropriate length I; and time ts scales, respectively; and the velocity scale is calculated as us = I /ts. Fig. 21 shows the
contour plots of the vapor mass fraction at different time instants during the life of droplet, as it falls due to the gravity.
The global mass conservation results are shown in Fig. 22. It is observed that the global mass conservation error reduces as
the grid is refined. The order of accuracy is close to one for this deformed droplet evaporation case which shows the ability
of our method to handle highly deformed interfaces. The method is overall second order accurate in space but the spatial
accuracy reduces to first order for the global mass conservation mainly due to the smoothing of discontinuous fields such
as evaporation mass source at the interface.

Finally, some sample results are presented for the multiple droplets that move, evaporate, deform and interact with each
other. Two droplets are initially placed with their centers 2d, apart in a 1.5 x 4 mm? domain and move under the action of
the gravity. Temperature is initialized as 363 K in the whole domain whereas all other properties are same as for the single
droplet case. Fig. 23 shows the snapshots of their path history as they start from the rest. The global mass conservation
error plots are shown in Fig. 24.

5. Conclusions

A finite-difference/front-tracking method is developed to simulate the liquid-vapor phase change phenomenon. A one-
field formulation is used to solve the governing equations on a fixed uniform Eulerian grid whereas the interface is
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Fig. 24. The global mass conservation error plotted for two interacting and evaporating droplets at various grid resolutions. Error reduces as the grid is
refined.

represented by a separate Lagrangian grid. Different interpolation and distribution schemes are used to communicate be-
tween these two grids. The Navier-Stokes equations are solved using a projection method, whereas the energy and species
equations are solved in time using an explicit Euler method.

Both the temperature and the species gradient based phase change models are studied. The temperature gradient based
model is validated against the benchmark cases, i.e., the Stefan and the sucking interface problems. Interface location,
temperature profile and the liquid phase velocity are the parameters under investigation. Results are demonstrated to be
grid convergent and are in excellent agreement with the analytical solutions. Two-dimensional static and moving droplet
cases are then simulated in a planar configuration. For the static case, the global mass conservation and grid convergence
studies are performed and very good results are obtained. The spherical symmetry of the droplet is maintained during
the course of evaporation. Moving droplets take different shapes depending on the Eo and Mo numbers. Simulations are
performed for the substantially deforming droplet cases and the numerical method is demonstrated to be grid convergent.

Species gradient based evaporation model employs the Clausius-Clapeyron equilibrium relation to compute species mass
fraction at the interface and subsequently the evaporation mass flux. Species mass fraction boundary condition at the inter-
face is implemented using two different strategies. The one that considers evaporative mass flux as a source term is found
to be numerically efficient, easy to implement, gives better global mass conservation results and can easily be extended to
3D configuration. The numerical results of the non-dimensional evaporation mass flux is compared with the analytical so-
lution for a simplified case and excellent agreement is observed on grid refinement. The global mass conservation and grid
convergence checks are performed for a two-dimensional static droplet case. Results for both the indicators are excellent.
In the steady state condition, the droplet temperature attains equilibrium with the air temperature at the interface, i.e., the
wet bulb temperature, and can be read from a psychrometric chart. For various combinations of the dry bulb temperatures
and relative humidities, the numerical results of wet bulb temperatures compare very well with the psychrometric chart
values. Finally, simulations are performed for the highly deformed droplets falling in a gravitational field. Both single and
two interacting droplets cases are studied. Global mass conservation is ensured for both the cases and mass conservation
error converges to zero on grid refinement. We have observed that, for the novel species gradient based evaporation model,
approximately 40% of the total computational time is utilized by the phase change solver for a static droplet evaporation
case.

The current implementation is general and can easily be extended to incorporate more than one product species as
is typically the case in droplet evaporation followed by a chemical reaction. This has application to a lot of real world
engineering problems including fuel droplet evaporation and combustion in the internal combustion engines. It is also
straightforward to extend the present numerical method to 3D geometries.
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