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ABSTRACT

A front-tracking method is developed for the Direct Numerical Simulation (DNS)
of droplet evaporation and combustion in a liquid-gas multiphase system. One field
formulation is used to solve the flow, energy and species equations with suitable jump
conditions. Both phases are assumed to be incompressible; however, the divergence-
free velocity field condition is modified to account for the phase change at the inter-
face. Both temperature and species gradient driven phase change processes/models
are simulated in 2D planar configuration. For the species gradient driven phase change
process, the Clausius-Clapeyron equilibrium relation is used to find the vapor mass
fraction and subsequently the evaporation mass flux at the interface. Extensive vali-
dation studies are performed using the benchmark cases: The Stefan and the sucking
interface problems, d*-law and the wet bulb temperature comparison with the psy-
chrometric chart values. The models are then applied to simulate the evaporation of a
single and two droplets systems that move, evaporate, interact and undergo significant
deformation in a gravitational field. The implementations have been demonstrated
to be grid convergent and the global mass conservation is satisfied for all the studied
cases.

The temperature gradient based phase change model is then incorporated into the
axisymmetric multiphase solver and comprehensive validation studies are performed.
This is then further extended to model the burning process following the evaporation
as a first step towards the development of a computational framework for the direct
numerical simulations of spray combustion. We used single step as well as reduced
chemical kinetic mechanism, constant thermodynamic properties, unity Lewis number
for all the species and an ideal gas behaviour for a n-heptane droplet combustion; the

chemical kinetics being handled by the CHEMKIN. An operator-splitting approach is
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used to advance temperature and species mass fractions in time. The numerical results
of the droplet burning rate, flame temperature, flame standoff ratio and ignition delay

times show good agreement with the experimental and previous numerical studies.



OZETCE

Sivi-gaz cok fazh akigkan sisteminde sivi damlacigin buharlagmasi ve yanmasinin
dogrudan simiilasyonu i¢in yeni bir ara-yiiz izleme yontemi geligtirildi. Ak, enerji
ve bilegenlerin kiitle korunum denklemleri tek-alan formiilasyonu ve uygun ara-yiiz
sinir kogullar1 kullanilarak ¢oziildii. Bu caligmada hem sivi hem de gaz fazlarinin
sikigtirilamaz oldugu varsayildi. Bununla birlikte faz degigimi olmayan sikigtirilamaz
akiglar i¢in gecerli olan hiz alaninin divarjansinin sifir olmasi prensibi faz degigimini
hesaba katmak amaciyla ara-ylizeyde modifiye edildi. Sicaklik ve konsantrasyon
gradyant1 kaynakli damlacik buharlagmasi icin sayisal yontem gelistirildi ve simiilasyo-
nlar yapildi. Konsantrasyon gradyanti nedeniyle olugan faz degisiminde, ara-yiizeydeki
buhar kiitle akisinin hesaplanmasinda Clausius-Clapeyron denge kanunundan yarar-
lanildi. Sayisal yontemin dogrulanmasi igin ¢ok sayida test problemi kullanildi. Bu
amacla Stefan ve emme ara-yiiz problemleri, d>-kanunu ve 1slak termometre problem-
leri igin hesaplamalar yapildi ve sonuglar analitik ¢oziimlerle kargilagtirildi. Sayisal
yontem daha sonra yercekimi ile diigmekte olan ve bu esnada 6nemli Olg¢iide defor-
masyona ugrayan ve etkilesen tekil ve ikili damlaciklarin buharlagmasi problemlerine
uygulandi. Sayisal yontemin ¢oziim ag1 yakinsamasinin oldugu ve toplam kiitlenin
korunumu prensibinin sayisal ¢oziim seviyesinde saglandigi gosterildi.

Sicaklik gradyantina dayali faz degisimi modeli daha sonra aksi-simetrik problem-
lere uyarlandi ve ¢ok sayida dogrulama testi yapildi. Buna ilave olarak, sayisal yontem
damlacik buharlagmasini takip eden yanma prosesini de igerecek gekilde genellestirildi.
Bu sayede sprey yanmasinin dogrudan simiilasyonu i¢in gelistirilmekte olan sayisal
yonteme dogru ilk adim atilmig oldu. Kimyasal kinetik denklemlerin etkin ¢oziimii
icin CHEMKIN paketi sayisal yonteme entegre edildi. Kimyasal kinetik denklem-

lerinin akis denklemleriyle birlikte ¢oziilmesinde operator-ayrigtirma yontemi kul-
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lanildi.  Sayisal yontem tek-adimli ¢ok basit bir kimyasal kinetik modeli yaninda
indirgenmis detayh kimyasal kinetik modeli de kullanilarak n-heptan damlaciginin
buharlagmasi ve yanmasina bagariyla uygulandi. Elde edilen sonuclar deneysel veriler
ve literatiirdeki onceki sayisal caligmalarla karsilagtirildi. Mevcut sonuglarin damlacik
yanma orani, alev sicakligi, alev durma orani ve tutugsma gecikme zamani agisindan

deneysel veriler ve onceki sayisal ¢oziimlerle uyumlu oldugu gosterildi.
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Chapter 1

INTRODUCTION

1.1 DMotivation and Literature Survey

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 gra-
dients 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. In this method, marker particles are spread in the
fluid region. These particles move with the local fluid velocity and therefore defines
the interface shape and location at current time. Instead of many marker particles
per mesh cell, Hirt and Nichols [2] came up with a memory efficient region-following
scheme, called the volume of fluid (VOF) method, with a 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 multi-
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phase 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 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 repre-
sented 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, 9]. Tryggvason et al. [10, 11] 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, dis-
solution, boiling and vaporization/evaporation are different phase change processes
that are frequently encountered in nature and industrial applications. Design of heat
exchangers and boilers for efficient heat transfer, achieving uniform material proper-
ties 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. The
ever rising computational powers have proven Direct Numerical Simulation (DNS) 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 applications, the direct numerical simulation has proven to be an efficient tool

in design improvement of the systems, where experimentation has serious limitations

12].
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Researchers have applied different multiphase flow modeling techniques to sim-
ulate different phase change phenomena. Welch and Wilson [13] studied horizontal
film boiling problem using a VOF method. Detailed numerical simulation of 3D evap-
orating and strongly deformed droplet was performed by Schlottke and Weigand [14]
using the VOF method. Film boiling case has been studied using a level set method
by Son and Dhir [15] and Gibou et al. [16]. The level set method, in combination
with the ghost fluid method [17], has been used to simulate evaporation of a moving
and deforming droplet by Tanguy et al. [18]. Another promising numerical scheme
to model and simulate multiphase flow is the lattice Boltzmann method. Safari et
al. incorporated the temperature [19] and species gradient [20] based phase change
models into the lattice Boltzmann method developed by Lee [21].

The original front-tracking method developed for isothermal multifluid flows by
Tryggvason and coworkers [10, 11| has been extended by various researchers to in-
clude the mass transfer and the phase change phenomena. For example, Juric and
Tryggvason [22] 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. [23].
Esmaeeli and Tryggvason [24, 25] eliminated the iterative algorithm by setting the
interface temperature as the saturation temperature at the system pressure. Koynov
et al. [26] 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. [27] have recently developed a multiscale ap-
proach 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 has mostly been applied to film
boiling [22, 25, 28] and solidification [29, 30, 31, 32]; the phase change being driven
solely by the temperature gradient. To the best of our knowledge, the species gradient
driven phase-change process has not been studied in the front-tracking framework. A

part of this thesis describes in detail the implementation of both the temperature and
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species gradient driven phase change processes and discusses about the validation and
general results.

The evaporation and combustion of droplets in fuel sprays have been the area of
immense interest for decades due to its industrial and defense importance. Researchers
have mostly tackled this problem by studying the evaporation and combustion of a
single droplet system as a base case and a first step towards the understanding of
the overall phenomena [33]. One of the very first studies about droplet evaporation
dates back in 1940s when Kobayashi [34] performed numerical calculations for a sin-
gle droplet evaporation in air at high temperatures. He assumed constant Nusselt
number at the droplet surface and showed that the results compare well with his ex-
periments. The pioneering study about the fuel droplet combustion was performed in
early 1950s by Godsave [35]. He examined a burning droplet suspended at the tip of
a fine quartz fiber and interpretted his results successfully based on the assumption
that the rate of burning is not controlled by the chemical reaction rates. This assump-
tion greatly simplified the analytical treatment of the combustion of the fuel droplets.
Spalding [36] performed detailed experiments to show that the transfer or diffusion
of mass and energy of the fuel vapor should be one of the controlling factors for the
combustion process. The validity of their assumptions were critically analyzed in the
later studies by numerous authors [37, 38, 39, 40, 41, 42, 43] and various advanced
evaporation models were proposed [44, 45, 46]. Following these landmark studies
about evaporation and combustion of droplets, the vaporization of single/multiple
water, alkane and alcohol droplets have been studied experimentally by various re-
searchers under normal or microgravity conditions [47, 48, 49, 50, 51]. They observed
the effects of ambient pressure and temperature, convective currents and droplet size
on the droplet equilibrium temperature, diameter history, evaporation rate, and drag
coefficient. Using these experimental results as validation base cases, various numer-
ical studies have been performed for the evaporation and burning of fuel droplets.
Miller et al. [52] numerically evaluated different droplet evaporation models through

comparisons with experiments. They observed that if properties of both the gas and
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vapor phases are calculated at either the wet-bulb or boiling temperature then the
constant properties assumption can be safely used throughout each simulation. The
numerical studies for the evaporation and burning of n-heptane [53, 54, 55, 56, 57,
decane [51, 58] and methanol [59, 60] droplets have been performed under various op-
erating conditions as a first step towards the simulation of spray combustion in engine
like environment. Some of the above mentioned studies are performed using detailed
transport model, detailed chemical kinetics and variable thermodynamic properties
[54, 55, 56, 59] while others assume an overall single-step irreversible reaction, con-
stant thermodynamic properties, constant Lewis numbers and ideal gas behaviour
[51, 57, 58, 60]. It is argued that these simplifying assumptions are well justified to

test the numerical aspects during algorithm design and code development.

1.2 Contribution and Composition of Thesis

A front-tracking method is developed for the direct numerical simulation of evap-
oration and burning processes in a liquid-gas multiphase system [61]. 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, 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
phase-change/mass transfer at the interface. Both temperature and species gradient
driven phase-change processes are simulated in 2D planar setting.

Temperature gradient driven phase change model is validated using the two bench-
mark cases: The Stefan and the sucking interface problems. The numerical results
of the interface location, temperature profile, velocity field and pressure jump across
the interface show excellent agreement with the analytical results. The variation of
the normalized squared-diameter (d?) follows the analytical profile for various Ste-
fan numbers. The method is also applied to simulate highly deformed moving and
evaporating droplets falling under the gravitational acceleration.

For the species gradient driven phase change model, the Clausius-Clapeyron equi-
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librium relation is used to find the vapor mass fraction and subsequently the evap-
oration 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 ad-
sorption layer concept developed by Muradoglu and Tryggvason [62, 63] for treating
soluble surfactant, is easy to implement, is numerically efficient and yields better re-
sults as compared to the one that imposes the species mass fraction at the interface
directly as the boundary condition [64, 65]. 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 tem-
perature boundary condition. It is shown that the model predicts the correct values
of equilibrium wet bulb temperatures for a water droplet evaporating in the air for
various combinations 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 evaporation of a single and two droplets systems that move, evaporate,
interact 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.

A temperature gradient based axisymmetric phase change solver is then developed
and validated against the classic d? law and the experimental results of n-heptane
droplet evaporation [50]. Present numerical results show a good agreement with
the analytical [66], experimental [50] and the previous numerical results [53]. The
phase change solver is then extended to incorporate the burning process following the
evaporation/vaporization as a first step towards the development of a computational
framework for direct numerical simulations of spray combustion. The chemical ki-
netics in the gas phase is handled using the CHEMKIN package [67, 68]. We used a
single step chemistry as well as reduced chemical kinetic mechanism, constant ther-

modynamics properties, unity Lewis number and an ideal gas behaviour in the gas



Chapter 1: Introduction 7

phase. An operator-splitting approach [69, 70, 71, 72| is used to advance temperature
and species mass fractions in time. We need a heat source to artificially raise the
temperature locally near the droplet to ignite the fuel vapors. Once the fuel is ignited
the combustion proceeds in a smooth fashion maintaining the sperical symmetry of
the flame. The validation tests are performed for a burning n-heptane droplet by
comparing the time histories of normalized d?, gasification rate, peak temperatures
and the ignition delay times with the previous numerical results [54, 55, 73]. The
initial flame diameter and the profile of flame standoff ratio also verify our numerical
results qualitatively.

The rest of this thesis is composed as follows: Chapter 2 describes the mathemat-
ical formulation of the phase change phenomenon in a liquid-gas multiphase system.
A one-field formulation of the governing equations and associated jump conditions
are explained. In Chapter 3, strategies are described for the solution of governing
equations and their numerical implementation for 2D planar setting in the framework
of front tracking method. In Chapter 4, results are presented for both the tempera-
ture and species gradient based phase change processes in 2D planar configuration.
Detailed discussions are made about the results of validation cases and gravity driven
single/multiple deformable evaporating droplet systems. In Chapter 5, mathemat-
ical and numerical details are presented and validation tests are performed for the
direct numerical simulation of evaporation and combustion of a n-heptane droplet in

axisymmerric configuration. Finally, conclusions are drawn in Chapter 6.



Chapter 2

MATHEMATICAL FORMULATION

This chapter describes, in a broader sense, the mathematical formulation of the
phase change process in a multiphase system. The modeling details specific to the
axisymmetric configuration and the combustion process are explained in the relevant
chapters. 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

88’;: + V- (puu) = =Vp+ pg+ V- p(Vu+ Vu') + / ornd(x —xr)dA,  (2.1)
A

where u and g are the velocity and the gravitational acceleration vectors, respectively,
p is the pressure, ¢ is time and p and p 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, x 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 xp 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
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becomes

1 1 1
Vu=— | ——— O0(x — xr)grdAr. 2.2
iy (o ) o0 22

The delta function makes the above equation non-zero at the interface and zero else-
where. In Eq. (2.2), hy, is the latent heat of vaporization and ¢r represents the heat
flux per unit time at the interface. Subscripts I', [ 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:

p(w —ur)-n = py(uy —ur)-n=nir, (2.3)

mr(ug —w) = (74—7) -n—(py—p)I-n+okn, (2.4)

where mir is the mass flux per unit time across the interface, 7 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 [74]. The

energy equation is solved in the whole domain and is given by

Opc,T
ot

+ V. pCpTll =V -kVT — A/ (S(X — XF)quAF, (25)
A

where 7' 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 A = (1 — (¢, 4 — ¢p1)T5at/huy) is a constant
which modifies the latent heat h;, 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:

opY,
ot

+V-pYou=V-.pD, VY, a=1,2,..n,, (2.6)

where Y, and D, represent the mass fraction and mass diffusion coefficient of species
component «, respectively. The energy and species jump conditions must be satisfied

to ensure the energy and mass conservation across the interface. These are:

or or

ittt I Ml
9 0n !

- (2.7)

thlg = QF =k

| ,
g l
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oy

er}F — ergF + pgDa I

= 0. (2.8)

r

For a mono-component liquid droplet, ¥;' = 1 and gradients of the species mass

fraction are zero. Thus Eq. (2.8) takes the form:

g

D, OYyap
mr = w_ (2.9)
1- YUIC‘LP

The vapor mass fraction at the interface, le;p, is calculated using the Clausius-

Clapeyron relation, i.e.,

hl Myq 1 1
pgap = Patm €XP {_% (ﬁ T4 ﬁ) } ) (210)
I
i pvapm”uap
- Y - - , (2.11)
(patm pvap)mg + pvapmvap

where pgap is the saturated vapor pressure corresponding to the interface temperature
T', TB is the liquid boiling temperature at the ambient pressure conditions, i.e., at
D = Patm, R is the perfect gas constant, and m,,, and m, 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,

Ff:(); F/::O; E:O; F::O; Dt =0, (2.12)
where D% = % + u - V is the material derivative. The relevant non-dimensional
parameters for this study can be expressed as

Pl H K He
v o= p_g; Qzu—g; Scngi); PTZTP;
Re = Patsb g _ o (T = Toar) (2.13)
Hg hug

where v and ( represent the density and the viscosity ratios, respectively. Sec, Pr,
Re and St are the Schmidt number, Prandtl number, Reynolds number and Stefan
numbers, respectively. ug and [ are appropriately selected velocity and length scales,

respectively, and ts = l;/us be the time scale.



Chapter 3

NUMERICAL METHOD

The governing equations for the flow (Eqgs. (2.1)-(2.2)), energy (Eq. (2.5)) and
species mass fraction (Eq. (2.6)) fields are solved in a coupled form on a fixed, uniform,
staggered MAC grid using a finite-difference/front-tracking method [10, 11, 22, 25, 75].
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 [76]. The solution of the energy and the species
equations 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 [77]
scheme is used. The pressure, temperature, species mass fractions and all material
properties are stored at the cell centers, whereas, the velocity components are stored at
the cell face centers on an Eulerian grid as shown in Fig. 3.1(b). The time integration
of energy and species equations is slightly modified when combustion process is also
considered. The relevant numerical details are presented in Chapter 5.

The interface or front, separating different phases, is made up of connected marker
points and is tracked explicitly [10, 11, 75]. Each marker point moves with the local
flow velocity, in addition to the velocity due to phase change, Eqgs. (3.3)-(3.4). 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. 3.1(a). The Indicator function /(x,t) tracks the liquid and the gas

phases both in space and time and is defined as:

Ix.1) 1 in droplet phase, (3.1)
x,t) = )
0  in bulk phase.
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Eulerian grid
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(a) (b)

Figure 3.1: (a) The schematic illustration of a Lagrangian grid on an Eulerian back-
ground mesh. (b) The staggered grid used in the numerical solution of the governing
equations.

The indicator function I(x,t) is computed at each time step using the standard pro-
cedure described by Tryggvason et al. [11], 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)

p o= plxt)+p(1=1I(x1);  p=pmlx1)+ p(l —1I(x,t));
k= kl(x,t)+ky(1—1(x,1)); pcp = prepil (x,t) + pycpo(1 — 1(x,1));

Do = Day(1—I(x,1)). (3.2)

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, respec-
tively. 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 com-
plete description of the smoothing and interpolation procedure can be found in the
review paper and the recent book by Tryggvason et al. [11, 75]. We have introduced

some modifications in the standard procedure for handling certain quantities which
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are discussed in the relevant sections. Also, to keep the front resolution within the
prescribed limits, front restructuring is necessary. The element addition and dele-
tion is performed using a third-order Legendre polynomial fit to preserve interface
curvature during the restructuring [11].

The 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—tF:UnIlF, (33)
where
1 qr (1 1)
U, ==(qy+u,) n——|—+—1. 3.4
0 wg) o g (3.4)

Further details of the front-tracking method are available in a paper by Unverdi and

Tryggvason [10] and a review by Tryggvason et al. [11].

3.1 Flow Solver

The flow equations are solved on an Eulerian grid using the projection method devel-
oped by Chorin [76]. 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. (2.2).

The momentum equations can be written in the form:

pn—l—l un+1 _ pn u”

where A represents the advection, the diffusion, the gravitational and the surface ten-
sion force terms and the superscript n indicates the current time level. The projection

method splits the above equation as

pn+1u* _ pnun

A7 = ; (3.6)

n+1un+1 -

p priu
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where u* is the unprojected velocity field, calculated using Eq. (3.6), by ignoring the
pressure effects. Next, we take divergence of Eq. (3.7) to obtain a Poisson equation

for the pressure, i.e.,

1 V-u*—V-u"t!
Vp = A7 )

o (3.8)

For V- u"™! we use Eq. (2.2) as
n+1

V.ourt = hilg (pig - %) UA(S(X - Xp)q'pdAp} , (3.9)
where ¢r is computed at (n + 1) time level, i.e., using the front position at (n + 1).
We substitute Eq. (3.9) into Eq. (3.8) and solve the resulting Poisson equation for
pressure iteratively using a Red-Black Gauss-Seidel method with a Successive Over
Relaxation (SOR). In the axisymmetric setting, we use multigrid method [78] to solve
the Poisson equation for pressure. Once u* and p are known, the velocity field at the

next time level, n + 1, is found using Eq. (3.7) as:

At
pn+l

n+1

u"" =u" — Vp. (3.10)

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. [11, 25].

3.2 Temperature Gradient Based Evaporation Model

In this model, it is assumed that the interface temperature 7T is the same as the
saturation temperature T,;, since pressure fluctuations in the system are small as
compared to the absolute pressure. Thus the energy jump condition, Eq. (2.7), is
used to calculate the heat flux per unit time at the interface, and is rewritten here

for the kth marker point as

T T
oT
—k — 3.11

. oT
ary, = kg %

g
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where I';, represents the kth marker point of the interface. A first-order one-sided
finite difference discretization of Eq. (3.11) yields [25, 79]

_ 1

qar, = n_h[kg(Tg — Tsat) — ki(Toar — 7)), (3.12)
where T}, and 7; are the temperatures approximated at points (z*,y") and (7, y7),
in the gas and the liquid domains, respectively, using a bi-linear interpolation, as

shown in Fig. 3.2(a). These points are at a distance nh, normal from the kth marker

gas
o 1=0 n
\‘\(Xziyz) /
Xty > XY Tg
7 (Xo Yo
liquid o
=1

(a) (b)

Figure 3.2: (a) The method used to approximate the temperature gradients at the
interface. (b) Computation of the interface length As; corresponding to the k"
marker point.

point (z1,y1). In Eq. (3.12), h is the uniform grid spacing and 7 scales the length
of the probe and can be selected between 1 - 2 without any significant effect on the
results [24, 25, 30]. Once ¢r, is found, the last term of the energy equation, Eq. (2.5),
is computed first and then smoothed onto the neighbouring fixed grid nodes in a
conservative manner. Following Tryggvason et al. [11, 75], for smoothing an interface

quantity, say ¢r, onto fixed grid node (i, j) in two-dimensions, we must have

¢F(S) dS = Qsi,j(X) dA, (313)
As AA
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which is approximated for a 2D planar case as

Qbi,j Z¢F W j h2 ) (314)

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. 3.2(b); and wgfj is the weight of the fixed grid node (7, j) corresponding to
the kth marker point and is calculated using the Peskin’s cosine function [80]. The

weights must also satisfy the consistency condition

> wh o= 1L (3.15)
]

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

M, = %. (3.16)
g

3.3 Species Gradient Based Evaporation Model

In this model, it is assumed that 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 (rip, ) is computed using Eq. (2.9) as

oY |9
. pgDOz Bn Fk
mr, = —————

T (3.17)

where Y,k is obtained from the Clausius-Clapeyron relation, i.e., Eqs. (2.10) - (2.11).
The species gradient in the gas phase, normal to the interface, is calculated follow-
ing the same procedure as discussed for the temperature gradient (see Fig. 3.2(a)).
Corresponding to each marker point, we find a point (z*,y™) in the gas phase, at
a distance nh normal from the marker point. The species mass fraction, Y, is ap-

proximated at (zT,y™) using a bi-linear interpolation. The species gradient is then

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

oy |’
— = Ve —y Ty, 3.18
o, nh( L =Y (3.18)
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To solve the governing equation for the species mass fraction, the vapor mass fraction
at the interface YUI;p may be applied directly as the boundary condition [64, 65] or
the mass flux per unit time rip, can be distributed in a conservative manner onto a
thin layer just outside the liquid droplet [62, 63] and then added as a source term to

the species equation, Eq. (2.6). 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, K}{;’;, 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.
(2.6), is modified in the interface cells to incorporate le;’;) as the boundary condition.

Figure 3.3 shows one of the several irregular stencil configurations that may arise

depending on the interface location. The convective term is approximated using a

h r -
< > \ liquid
A r
Y
h|| o o | o +ij+1

hy[ N

o) o) o +j-1

Figure 3.3: Schematic illustration of an interface cell (i, ) showing the nomenclature.
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first-order upwind scheme [65]. A second order central difference discretization of the

diffusion term for the interface cell (7, ) in Fig. 3.3 can be written as

o’y oY
( WV -V )z,j a(i,5) <6£E2 + y? )i,j7 (3 9)
D .. ? »J _ vJ vap '2
i) { (h(h Th)  hlh) T ha(ht ) (3.20)

n 2Y; 1 B 2Y; ; + 2le;p
h(h + hy) h(hy) hy(h + hy) 7

where h is the uniform grid size; h, and h, are the distances between cell center
(i,7) and the interface in = and y directions, respectively. In the rest of the domain,

discretization of the species equation is fairly straight forward.

3.3.2  Bvaporation Mass Fluz as a Source Term

Instead of applying le;’;) as the Dirichlet boundary condition, the evaporation mass

flux per unit time, 7r,, found using Eq. (3.17), 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. 3.4(a) and 3.4(b), respectively. This approach is
similar and closely related to the adsorption layer concept developed by Muradoglu
and Tryggvason [62, 63] 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. (2.6), is thus modified to account for the evaporative mass transfer as
a source term

0pYa

o +V-pYou=V -pD, VY, +S, a=12 ..n,. (3.21)

The source term Saiyj at grid node (i, 7) is approximated as [11, 75]

. . As
Sary =D mpkwﬁjh—j, (3.22)
k
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n
liquid gas
=1 =0
o

el el

(a) The conventional symmetric distribution (b) The modified one-sided distribution stencil.

stencil.

x 10

(c) Evaporative mass source distributed outside

the droplet.

Figure 3.4: Treatment of the evaporation mass flux per unit time myp, 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 myp, 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.
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where 7hp, 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.
3.2(b)), h is the uniform grid spacing and wf, ; is the weight of grid point (i, j) corre-
sponding to the kth marker point. The weight should satisfy the consistency condition
in order to conserve the total source strength in going from the interface to the grid,

ie.,

Zzwﬁj = 1. (3.23)

The weight for the grid node (i, j), for smoothing a quantity from the kth marker

point, can be written as

P Dy : (3.24)
R IDIIL

The non-normalized weight is obtained as a product of one-dimensional distribution

w

functions, i.e.,

wk = d(xl"k - Zh>d<yfk - ]h>7 (325)

’L,]

where (zr,, 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 [62, 63, 80] defined as

L (1+ 2 if |z] < XA and I < 0.5,
)= P (1+cos(ZE)) if |z] an (3.26)

0 otherwise,

where A is the width of the layer onto which i, 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. 3.4(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.



Chapter 4

EVAPORATIVE PHASE CHANGE IN 2D PLANAR
CONFIGURATION!

For 2D planar configuration, the momentum conservation equations for » and v
velocity components in the z and y coordinate directions, respectively, can be written

in conservative form as

opu  Opu®>  Opuv  Op 0 ou o [(Ou Ov
o T or Ty T o T At e \Mar ) tat e T
+/UHH5<X—XF)dA'i , (4.1)
A
opv  dpvu  Ipv? dp 9 (Ou Ov 9, v
= P npg L (D) L (g,
o oz oy oy "o 5t oy Yoz ) Tay oy
+/ann5(x—xr)dA-j ) (4.2)
A

Similarly, the conservative form of the energy (Eq. (2.5)) and species (Eq. (2.6))

equations in 2D planar configuration reads as

Opc, T Opc,Tu = Opc,Tv 0 aT 0 oT
ot * Ox N dy Oz k Ox i dy g dy
—A/ 5(X — XF)(deAF s (43)
A
0pYy  OpYou OpYov 0 Y, 0 oY,
ot Oz T oy  Ox (pDa Oz ) * oy <pDa oy )
+S, a=1,2..,n,, (4.4)

'PUBLISHED AS: M. IRFAN AND M. MURADOGLU, A FRONT TRACKING METHOD
FOR DIRECT NUMERICAL SIMULATION OF EVAPORATION PROCESS IN A MULTIPHASE
SYSTEM, JOURNAL OF COMPUTATIONAL PHYSICS, 337, 132 - 153 (2017).
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The numerical recipes used to discretize and solve the above governing equations are
explained in Chapter 3. In the present study, only one species is considered, the
vapor, but the method can be extended to include many species straightforwardly.
The species equation is solved only for the vapor phase in the gas domain, outside
the liquid droplet. We used the strategy discussed in section 3.3.2 to implement the
species mass fraction boundary condition at the interface unless otherwise stated; the
last term in Eq. (4.4) represents the species mass source used in the said strategy.
Validation cases are presented and comprehensive discussions are made about the
results for both the temperature and species gradient based phase change processes.
The methods are then applied to moving deformable evaporating droplets in the

gravitational field.

4.1 Temperature Gradient Based Evaporation Model

This model simulates the evaporative multiphase systems where the temperature gra-
dient 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
[13, 15, 16, 19, 24, 25, 81]. Figure 4.1 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, T,,;. The temperature of the left wall, T,,, adjacent to the
vapor phase, is increased above the saturation value. 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 low boundary conditions
applied at the right boundary. As a result, a velocity field is developed in the liquid
phase. The liquid temperature, however, stays fixed at the saturation value. The

vapor is assumed to remain stationary, therefore, diffusion is responsible for heat
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Figure 4.1: Schematic of the Stefan problem.

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

aor o*T
where T is the temperature, oy is the thermal diffusivity of the vapor phase and xr(t)
is the interface location at time t. Equation (4.5) is solved subject to the boundary

conditions
T(x=0,t)=T,, T(x=uxr(t),t) = Tsat - (4.6)

Heat flux per unit time at the interface, ¢r, is computed using the energy jump
condition

or ¥

qF — k‘g % , (47)
g

where kg is the thermal conductivity of the vapor phase. The analytical solution for

the interface location at any time ¢ can be expressed as

o(t) = 28\/af (48)
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where (3 is the solution of the transcendental equation

Cp,g (Tw - Tsat)
Tug /7

The analytical value of temperature at any point x in the vapor domain and at any

Bexp() erf(8) = (4.9)

time instant t is given by the expression

T,(x,t) = T\ + (Telff—(_ﬁ)ﬂ”) erf (QL\/a_gt) . (4.10)

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

w = < - @> Un | (4.11)

Pl

where u,, = ﬁ\/m. For a flat interface with uniform velocity field, the momentum
jump condition in the normal direction, Eq. (2.4), simplifies to the following pressure
jump relation

Pe—P1 =1y (1 - @> - (4.12)

Pl

The fluid properties used in this numerical test case are: p, = 0.5, p; = 2.5, p, =
0.007, p; = 0.098, ky = 0.0035, k; = 0.0015, ¢, g = ¢p; = 1.0 and hyy = 100. Saturation
temperature, T, is set as 10 and wall temperature T,, = 12 to achieve the Stefan
number St = 0.02.

We performed numerical simulations on a 1 x 1 domain. Results are presented for
four different density ratios, i.e., v = p;/p, = 5, 10, 20 and 40. Vapor phase density,
pg, is varied to achieve these values; the thermal diffusivity a4 is also changed as
a result. For all the cases, the initial interface location is set as zr = 0.1, which
corresponds to different initial times ¢,(7y) depending on the density ratio (7). The
initial temperature field is specified in the vapor phase using the analytical solution,
Eq. (4.10), at the initial time t,(7y). First, a grid convergence study is performed for
density ratio v = 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. 4.2. Next, the numerical results of interface location, liquid phase
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Figure 4.2: Grid convergence results for the Stefan problem for density ratio v =
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.

velocity and pressure jump are compared with the analytical solutions for different
density ratios. A very good agreement is observed for all the cases, as shown in

Fig. 4.3.

4.1.2  Validation Test - 2: The Sucking Interface Problem

The sucking interface problem is also a benchmark case used to validate the temper-
ature gradient based phase change model and has previously been studied by Welch
and Wilson [13] and Guedon [81] 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. 4.4. Both phases are assumed to
be incompressible and are separated by a vertical interface. The vapor phase is at
saturation temperature Ty,, 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 convection-diffusion energy
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Figure 4.4: Schematic of the sucking interface problem.
equation needs to be solved in the liquid phase in the following form
oT 0*T
E-i—u-VT:oqw zp(t) <z <1, (4.13)
subject to the boundary condition
T(x <zp(t),t) = Tsa, (4.14)

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. (2.7). The sucking

interface problem is a more stringent test case as compared to the Stefan problem

since we also need to solve the convective term of the energy equation in addition to

the diffusion term coupled with the Navier-Stoke equations. Analytical solutions are

available in the literature for this test problem [13, 81]. At any time ¢, the interface

location is calculated using the same expression as for the Stefan problem

xp(t) =208/ a,t
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where [ is the solution of the following transcendental equation

(Too — Tsar) cpghu Vg €XP <_52 Z%Zj) Cpg(Tw = Tsat)

xp(5°) erf(B) | B — = (4.15
exp(°) erf(5) haghy /T erlc <ﬁ%> higy/T (4.15)

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

T,(x,t) = T + (Te;f—(_ﬁfiﬂ) erf (2\;:—@?) . (4.16)

The temperature profile can be found in the liquid phase analytically using the fol-

lowing relation

T.—T, —
Tz, t) =Ty — | ————~ | erfc ( A Blog = p1) o] ) ) (4.17)
erfc ( —’Z*ég) 2yt P aq

The horizontal velocity in the liquid phase and the pressure jump across the interface
at any time ¢ can be found analytically for this case too using the same expressions
as we used for the Stefan problem, i.e., Egs. (4.11) and (4.12), respectively.

The fluid properties considered for this numerical test case are: p, = 0.25, p; = 2.5,
g = 0.007, y = 0.098, k; = 0.0035, k; = 0.0015, ¢, 4 = ¢,y = 10.0 and hyy, = 100.
The saturation temperature T, is set as 10, which is also the wall temperature T,,.
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 ¢, = 24.7. The temperature is initialized in the gas and liquid domains
using the analytical solutions, Eqgs. (4.16) and (4.17), respectively. Numerical and
analytical results of the interface location, temperature profile, liquid phase velocity
and pressure jump are compared as shown in Fig. 4.5. The comparisons clearly show
that the numerical results approach the analytical solutions 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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Figure 4.5: Comparison of the numerical and analytical results for the sucking inter-

face problem, v = 10.
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4.1.3  Fvaporation of a 2D Static Droplet

This case simulates the evaporation of a static droplet in 2D planar configuration.
l; and [, denote the dimensions of the domain in the x and y coordinate directions,
respectively, with the origin marked at the bottom left corner as shown in Fig. 4.6.
The same nomenclature is 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, = ,). At walls, the Dirichlet boundary condition is

applied for temperature T,,; and vapors are allowed to leave the domain freely. The

gas
T=Tyw
P=0
For all boundaries
ly
Tr = Tea
A
I
>

Figure 4.6: The schematic illustration of a 2D planar static droplet evaporation case.

physical properties considered here yield the non-dimensional parameters as v = 5,
=10, Pr; = 1.75, Pry, = 0.7 and Sc = 1.0. The temperature inside the liquid droplet
is initialized as Ty, = 373 K and approximately stays constant during the simulation,
whereas the temperature in the gaseous domain is higher than 7,;. This temperature
gradient is varied to achieve various values of Stefan number, St. The length scale [,
and time scale ¢, are selected as d, and d2/q,, respectively. Due to the temperature

gradient at the interface, phase change occurs and a radially outward Stefan flow is
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generated in the gas domain as shown by the velocity vector plot in Fig. 4.7. The
temperature contour plot is also presented for St = 0.05 to show the spatial evolution

of temperature in the gas domain during evaporation. The area of the droplet, and

Temperature (K)

480

460

440

420

400

380

Figure 4.7: (Left) The velocity vectors showing the Stefan flow generated in the gas
domain as a result of evaporation. For clarity in the presentation, every 2nd grid
point data is plotted to generate the velocity field. Also, the velocity vectors are
scaled by factor 1.5. (Right) Temperature contour plot is presented to demonstrate
the gas phase temperature evolution. For both plots, t* = 8.0, St = 0.05, Sc = 1.0,
Pr; =175, Pry, = 0.7, v = 5 and ¢ = 10. Grid: 192 x 192.

therefore the squared-diameter (d?) of a 2D evaporating droplet reduces with time
according to the following analytical expression
dd*> 8k, In(1+5St)
dt plcP»Q ln(dzns/\/ﬁ> ‘

where d;, is the diameter of the inscribed circle in the computational domain. We

(4.18)

numerically integrated Eq. (4.18) 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. 4.8(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
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similar to the findings of Safari et al. [19]. 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; + AM,a,
Emass =
M,

where AM; and AM,,, denote the changes in the mass of the liquid droplet and vapor,

: (4.19)

o

respectively. These are computed as AM; = M;, — M;, and AMyap = Myap, — Myap,
where M; and M,,, are the liquid and vapor masses, respectively. The subscript
‘o’ denotes the initial values and ‘¢’ represents the corresponding variables at time
instant ¢. Figure 4.8(b) shows the global mass conservation error plotted against the
percentage reduction in the droplet mass for various grid resolutions for St = 0.025.
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  FEvaporation of a 2D Moving Droplet

This is the case of an evaporating droplet moving under the action of the gravity. A
droplet of initial diameter d, = 0.25 mm is centered at (x.,y.) = (0.5,3.6) mm in a 1
x 4 mm? domain. The initial droplet temperature is T,,; = 373 K whereas gas phase
temperature is initialized as 480 K. Domain boundaries are specified as walls where the
Dirichlet boundary conditions are specified for temperature and species mass fraction
as T, = 480.0 K and Y,, = 0, respectively. The magnitude of the gravitational
acceleration ¢ is varied to obtain various combinations of Eotvos (Fo) and Morton
(Mo) numbers, which characterize the shape of drop moving in a surrounding fluid.
Eotvos and Morton numbers are defined as Eo = (p; — pg)d*g/o and Mo = pu,(pr —
Pg)9/ pgag. 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 combustion environment. The physical properties are selected to
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Figure 4.8: (a) Comparison of the analytical and numerical results for the normalized
d? plotted versus non-dimensional 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 for St = 0.05. Grid:
192 x 192. (b) The global mass conservation error is plotted against the percentage
decrease in droplet mass for St = 0.025 for various grid resolutions showing the grid
convergence. The inset shows the order of accuracy of the method. For both figures

Sc=1.0, Pr; = 1.75, Pry = 0.7, v = 5 and ¢ = 10.
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have the non-dimensional parameters as Fo = 10, Mo = 10 x 107*, St = 0.1, Sc
=1, Prp =537, Pr, = 1.0, v = 5 and ¢ = 20. The initial droplet diameter d, is
selected as the length scale and \/m is the time scale for this case. Figure 4.9
shows the contour plots of temperature and vapor mass fraction and the global mass

conservation error for different grid resolutions. The results clearly indicate that the
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Figure 4.9: The contour plots of (a) temperature and (b) vapor 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 against
the percentage decrease in droplet mass for various grid resolutions showing the grid
convergence. The inset shows the order of accuracy of the method. Fo = 10, Mo =
10 x 107*, St = 0.1, S¢ = 1.0, Pr; = 5.37, Pr, = 1.0, v = 5 and ¢ = 20,

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). Figure 4.10 shows
the contour plots of vapor mass fraction for three separate cases, from left to right, in
order of increasing droplet deformation. The corresponding Fo and Mo numbers are
(Eo, Mo) = (5, 5x107*), (10, 10x10~%) and (20, 20x10™*). The other parameters
are fixed at St = 0.1, Sc = 1, Pr; = 5.37, Pr, = 1.0, v = 5 and ¢ = 20 for all the
three cases. It is observed that, as the droplet departs from the spherical shape, it

evaporates faster as shown in Fig. 4.11. This trend is justified because evaporation is
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Figure 4.10: Evaporation of droplets falling under gravity with varying degree of
deformation. Contour plots of the vapor mass fraction for three separate cases (from
left to right): Fo =5, Mo = 5x107*, t* = 13.914; Eo = 10, Mo = 10x107%, t* =
13.416; Eo = 20, Mo = 20x 1074, t* = 16.44. Grid: 128 x 512.
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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. It is important
to mention that all droplets are in the spherical shape as they start their journey
therefore their evaporation histories overlap as shown during the early stages of time.
But as the droplets continue to move under the gravitational force, they start to
deform depending on their Fo and Mo numbers; the more deformed droplets losing

their area faster through evaporation.
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Figure 4.11: The percentage of the droplet area lost as a result of evaporation plotted
against time for various combinations of EFo and Mo numbers.

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
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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: Fvaporation Mass Flux

An efficient numerical phase change model must be able to predict evaporation mass
flux accurately, since it is an important 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, Yfap, is computed using
the Clausius-Clapeyron relation. Sufficiently far from the interface, at y = L, the air
is dry, i.e., quﬁp = 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. 4.12. For this simplified test case, the interface temperature

L
Yvap

gas L
r
Yvap T , y= 0

SIS U

Figure 4.12: A schematic illustration of the validation case for the evaporation mass
flux.

is assumed to stay constant during the simulation, therefore szp is constant too.

Also, it is assumed that the liquid evaporated is replenished exactly and continuously,
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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 [82],

dY;)ap 4

—vep ) 4.20
| (420)

Myap = mvap}/vap - pgDoz

where 71,4, 1s the evaporation flux per unit time at the interface. Eq. (4.20) is solved

subject to the following boundary conditions
Y;)ap‘y:() = le;p ) }/Uap‘y:[, = Kflp ) (4.21)

which results in the analytical solution given by

D,
Moy = ng In(1 + B), (4.22)

where B is the mass number given as

yr —yr
B=te v (4.23)
1 - Y*Ul:zp

The evaporation mass flux per unit time is non-dimensionalized by the factor p,D, /L.
An increase in the interface temperature increases Y\ and therefore the mass number

vap
B is also increased since Y, = 0. Figure 4.13 compares the numerical results of the
non-dimensional evaporation mass flux rate with the analytical solution for various
values of mass number B. The computational results approach the analytical solution
as the grid is refined which shows that our numerical algorithm is grid convergent 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 quite expected and self explanatory.
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Figure 4.13: The numerical results of the non-dimensional evaporation mass flux rate
compared with the analytical solution for various values of mass number B.

4.2.2  Validation Test - 2: Wet Bulb Temperature Comparison with Psychrometric
Chart

For this test case, the computational setup consists of a liquid droplet of initial di-
ameter 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 un-
til 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, i.e., T, and Y, respectively. Y,,, can be computed as Y,q, = wi/(1 + wp),

where wy, is the humidity ratio which is a function of dry-bulb temperature and rela-
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tive humidity; and can be read from a psychrometric chart. At the interface, the vapor
mass fraction boundary condition }/’Ul;p 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
properties 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 a; for water. d, and d?/D, 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. 4.14(a) suggests that, for the same grid
size, the adsorption layer concept of distributing evaporation mass flux in the imme-
diate 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 le;p as the in-
terface 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. Figure 4.14(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 Tryggvason [62, 63] (Section 3.3.2) for
implementing the 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.
Figure 4.15 shows the grid convergence results for the wet bulb temperature and the
variation of normalized @ with the non-dimensional 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
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Figure 4.14: (a) Comparison of the two strategies for implementing the vapor mass
fraction boundary condition at the interface. The global mass conservation error is
plotted for various grid resolutions demonstrating the grid convergence. The strat-
egy 3.3.2 shows lesser global mass conservation errors as compared to the strategy 3.3.1
for the same grid resolution. (b) The global mass conservation error is plotted against
the non-dimensional grid size using the strategy 3.3.2 when 20% and 40% of the
droplet mass is evaporated displaying the spatial order of accuracy greater than 1 at
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d* are also compared with the analytical solution. The analytical expression derived

for the variation of ¢ with time for a 2D evaporating droplet case is given by

dd®>  8p,D. In(l+ B) (4.24)
dt P In(dips/Vd2) '

where B is defined by Eq. (4.23) and d;,s is the diameter of the inscribed circle in the

computational domain. Equation (4.24) is solved using MATLAB ode45 solver. The
analytical and numerical profiles for the variation of normalized d? with time show

good agreement as the grid is refined, as shown in Fig. 4.15.
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Figure 4.15: Grid convergence study: (Left) Numerical results of wet bulb tempera-
tures converge to the psychrometric chart values for DBT = 283 K - 313 K and RH
= 10 %, (Right) The simulation results for the variation of normalized d* with the
non-dimensional time ¢* compared with the analytical solution. DBT = 313 K, RH
=10 %.

Some sample contour and line plots are then presented for the case with DBT
= 313 K and RH = 50%. Figure 4.16 shows the contour plots for the evolution of
temperature and vapor mass fraction fields. A better illustration of the temperature
evolution may be seen in Fig. 4.17, which shows temperature profiles along the hori-
zontal 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.
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Figure 4.16: Contour plots of temperature (top row) and vapor mass fraction (bottom
row) for an evaporating droplet at non-dimensional times (from left to right) ¢* =
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.
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Figure 4.17: Temperature profiles plotted along the horizontal centerline of the do-
main width at various non-dimensional times ¢t*. The steady state temperature con-
dition is achieved inside the evaporating droplet. DBT = 313 K, RH = 50 %.
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Figure 4.18: Numerical results of wet bulb temperatures compared with the psychro-
metric chart values for various combinations of dry bulb temperatures and relative
humidities. Grid: 128 x 128.
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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. 4.18. 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 [83].

4.2.3  FEvaporating Droplet Falling Under Gravity

This section simulates the 2D 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 Ti,; =
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
Yiap = 0, respectively. The vapor mass fraction boundary condition at the interface is
implemented following the strategy 3.3.2 of Muradoglu and Tryggvason [62, 63]. The
other physical properties are selected to have the relevant non-dimensional parameters
as Fo = 10, Mo = 10 x107°, Sc¢ = 1.0, Pr; = 54.08, Pr, = 0.15, v = 5 and { =
20. d, and \/m are the appropriate length [, and time t, scales, respectively; and
the velocity scale is calculated as us; = l/ts. Figure 4.19 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. 4.20. 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
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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.
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Figure 4.19: Contour plots of the vapor mass fraction for a moving, deforming and
evaporating droplet at four time instants ¢* = 0.89, 5.37, 9.84 and 14.31. Grid: 128
x 512. The non-dimensional parameters are Fo = 10, Mo = 10 x107°, Sc = 1.0,
Pr; = 54.08, Pry, = 0.15, v = 5 and ¢ = 20.

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. Figure 4.21 shows the snapshots
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Figure 4.20: (Left) The global mass conservation error plotted against the percentage
decrease in the droplet mass for a moving deforming and evaporating droplet at
various grid resolutions. (Right) The global mass conservation error versus the non-
dimensional grid size after 15% and 25% of the droplet is evaporated. The relevant
nondimensional parameters are Fo = 10, Mo = 10 x107°, Sc = 1.0, Pr; = 54.08,
Pry = 0.15, v = 5 and ¢ = 20.

of their path history as they start from the rest. The global mass conservation error

plots are shown in Fig. 4.22.
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Figure 4.21: Contour plots of the vapor mass fraction for two moving, deforming,
interacting and evaporating droplets at various time instants (from left to right): ¢*
= 2.68, 5.37 and 14.31. The non-dimensional parameters are Fo = 10, Mo = 10
x107°, Se = 1.0, Pr; = 54.08, Pr, = 0.15, v = 5 and ¢ = 20. Grid: 192 x 512.



Chapter 4: Evaporative Phase Change in 2D Planar Configuration 49

0.03

96 x 256
— 192 x 512
0.025H — 288 x 768

0.02f

mass

0.015¢

0.01f

0.005¢

0 5 10 15 20
Decrease in droplet mass (%)

Figure 4.22: The global mass conservation error plotted against the percentage de-
crease in the droplet mass for two moving, deforming, interacting and evaporating
droplets at various grid resolutions. Error reduces as the grid is refined.



Chapter 5

EVAPORATION AND BURNING OF A FUEL DROPLET

Fuel sprays are of fundamental importance in many combustion systems, e.g.,
internal combustion engines, turbines, rocket engines, etc. The efficiency of such a
combustion system is greatly dependent on the design of fuel injectors that produce
fuel sprays. The study of the behavior of a single droplet in the fuel spray can give
us a good insight into the basic physical and chemical processes taking place in the
spray combustion. A liquid fuel droplet evaporates in hot environment producing fuel
vapors which further react with oxidizer to produce energy and products of combus-
tion. One of the factors that highly influence the ignition process of a fuel droplet
is the ambient gas temperature. Researchers have performed both experimental and
numerical studies to explore the combustion of different single and multicomponent
fuel droplets under varying ambient conditions. In this chapter we developed and
validated multiphase phase change solver in axisymmetric configuration before incor-
porating the combustion modeling. We preferred to switch from 2D planar configura-
tion to the axisymmetric configuration in order to directly compare our results with
the experiments (3D) and the previous axisymmetric numerical studies for validation
purposes.

In an axisymmetric configuration, as shown in Fig. 5.1, the momentum conserva-
tion equations for v, and v, velocity components in the r and z coordinate directions,
respectively, can be written in conservative form as

opv,  10rpv?  Opv,v, . Op 0 ov, 0 ov, 0Ov,
o Tror o T o At ey ) e\ e T

—|—2 <2,u%> + / oknd(x —xr)dA - i, , (5.1)
A
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Figure 5.1: The schematic illustration of a drop in an axisymmetric configuration.
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opv. ~10rpvv,  Opv?  Op 10 ov,  Ov, 0 ov,
ot +7“ or + dz 82+Ap92+7’87"l” 82+0T +8z 2”82
+/UHD5<X—XF)dA'jZ : (5.2)
A

The conservative form of energy and species equations can be written for axisymmetric

configuration as

6pcpT+18rpcpTvr +8pcpTvz 10 ( 8T> 0 ( 8T>

TR — 0.~ ror\Mar) T e s

—A /A 8(x — xr)grdAr — Y " QuHo(T) (5.3)

0pYy  10rpYev, OpYov. 10 oY, 0 oY,
ot 0 r Or Wy 0z ror (rpDa or ) + 0z (pDa 0z )

+S, + Q, a=12..n,, (5.4)

where Q,, represents the rate of production of the species component pY, as a result

of chemical reaction and H,(T') represents the enthalpy of the species component «.

5.1 Validation of the Axisymmetric Multiphase Solver

This section aims to validate the front tracking multiphase solver in an axisymmetric
configuration as a foundation step towards the development of a solver for the direct
numerical simulation of phase change and combustion of a liquid droplet in a gaseous
ambient environment. The set of governing equations explained above (Egs. (5.1) -
(5.4)) are used with ¢r = S, = €, = 0 in combination with the incompressibility
condition V - u = 0 satisfied throughout the domain.

The validation case simulates the gravity driven falling droplet in a straight chan-
nel for which numerical results are available in the literature [84, 85]. An initially
spherical liquid droplet of diameter d is centered at (r.,z.) = (0, 13.75d) in a rigid
cylinder filled with an ambient fluid. Due to higher density of the droplet as compared
to the ambient fluid, the droplet accelerates downwards. The computational domain
is 5d and 15d in the radial and axial directions, respectively. At the cylinder walls

no-slip boundary condition is applied whereas axisymmetry condition is applied at
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the centerline. The problem is governed by four non-dimensional parameters, namely,
the Eotvos number Eo = g.(pg — po)d?/o, the Ohnesorge number Ohg = pg/+/pado,
the density ratio v = pa/p, and the viscosity ratio ¢ = pq/po. The Ohnesorge number
for the ambient fluid is defined as Oh, = j1,/+v/podo. The subscripts ‘d” and ‘o’ denote
the properties of drop and ambient fluids, respectively. The computational domain
is resolved by 512 x 1536 uniform cartesian grid. For all the results presented here,
the physical properties are selected to have the non-dimensional parameters as: Ohy
= 0.0466, Oh, = 0.05, v = 1.15 and ¢ = 1. The axial component of the gravitational
acceleration, g, is varied to have the desired Eo numbers as 12, 24, 48 and 96. The
time and centroid velocity are non-dimensionalized by the time scale \/% and the
velocity scale v/dg., respectively. First, the results are presented for the shape evolu-
tion of the droplet as it moves down the channel for Fo = 48 and 96. The qualitative
comparison with the results of Han and Tryggvason [84] shows excellent agreement
as shown in Fig. 5.2. Next, the comparison is made for the non-dimensional centroid
velocity V* of the falling droplet as shown in Fig. 5.3. An excellent quantitative
agreement is also observed with the results of Han and Tryggvason [84] for Eo = 12
and 24. However, some deviation is seen for higher Fo numbers. This is mainly due
to the fact that the drop shape is deformed substantially as Eo increases and in cer-
tain regions numerical resolution is not good enough to capture the full physics of the
problem. Also, the numerical approximations and the restructuring of the interface
for highly deformed geometry may have contributed towards the error. The volume
conservation error is also plotted in Fig. 5.3. As can be seen, the error is less than
0.2 % for all the cases studied.

The above mentioned computational setting is then used to test the method for a
high density ratio case, 7 = 10. Eight different cases are simulated with Eo number
varying from 12 to 96 with an increment of 12. The other non-dimensional param-
eters relevant to this test case are: ( = 3.164 and Ohy = Oh, = 0.05. For all the
cases, the droplet starts from rest and accelerates due to the gravity. During the

journey the droplet takes various complicated shapes depending on the Fo number:
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Figure 5.2: Comparison of the present results (left in each subfigure) with the nu-
merical results of Han and Tryggvason [84] (right in each subfigure) for the evolution
of drop shapes as it moves down the channel under the gravitational force for Ectvos
numbers (a)Eo = 48 and (b)Eo = 96. Other non-dimensional parameters are Oh, =
0.0466, Oh, = 0.05, v = 1.15 and { = 1. The gap between two successive drops in
each column represents the distance the drop travels at a fixed time interval and the
last interface is plotted at (a)t* = 44.72 and (b)t* = 37.94. Grid: 512 x 1536.
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Figure 5.3: (a) Comparison of the non-dimensional centroid velocity V* of a falling
droplet with the numerical results of Han and Tryggvason [84] for Fo = 12, 24, 48 and
96. (b) The volume conservation error is plotted against the non-dimensional time
t*. The error is less than 0.2 % for all the cases. The non-dimensional parameters for
this study are Ohy = 0.0466, Oh, = 0.05, v = 1.15 and ¢ = 1. Grid: 512 x 1536.

the higher the Fo number, the more is the droplet deformed. Figure 5.4 shows the
shape evolution of the falling drop for Fo = 12, 24, 48 and 96. It is clear that for Fo
= 96, the droplet is substantially deformed in the form of a thin filament and may
result in a breakup. Note that breakup is not allowed in the present simulations. The
centroid velocity of the droplet increases as it moves down the channel and reaches a
maximum value. To quantitatively validate our numerical results, the maximum value
of the non-dimensional centroid velocity V* is compared with the results of Han and
Tryggvason [84] as shown in Fig. 5.5(a). An excellent agreement is observed for all
the Fo number cases, which shows the capability of the current solver to handle high
density ratio cases. To further analyze the performance, the volume conservation er-
ror is plotted for Fo = 12, 24, 48 and 96, as shown in Fig. 5.5(b). The error increases
as the Fo number increase which is quite expected. However, the maximum error
incurred for the extremely deformed droplet case (Fo = 96) is approximately 0.3%.

Also, it is important to note that for all the results presented here, the tendency is
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Figure 5.4: The shape evolution of a falling droplet moving under the action of gravity
for four different cases: Fo =12, 24, 48 and 96. The gap between two successive drops
in each column represents the distance the drop travels at a fixed time interval and
the last interface is plotted at t* = (a) 6.39, (b) 7.1, (c) 8.21 and (d) 6.45. The
non-dimensional parameters are: Ohy = Oh, = 0.05, v = 10 and ¢ = 3.164. Grid:
512 x 1536.
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towards the volume loss, i.e., the negative error.
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Figure 5.5: (a) The maximum values of the non-dimensional centroid velocity V*
of a falling droplet compared with the numerical results of Han and Tryggvason for
various Fo numbers. (b) The volume conservation error (in percent) plotted versus
non-dimensional time t* for four different cases: Fo = 12, 24, 48 and 96. The non-
dimensional parameters valid for the whole study are: Ohy; = Oh, = 0.05, v = 10
and ¢ = 3.164. Grid: 512 x 1536.

5.2 Temperature Gradient Based Phase Change

The temperature gradient based phase change process is incorporated into the ax-
isymmetric multiphase solver (Section 5.1). The governing equations, Egs. (5.1) -
(5.4), are solved in combination with the modified continuity equation, Eq. (2.2) in
the front tracking framework. In this section, chemical reaction is not yet included,
therefore, ), is set to 0 in Eqs. (5.3) & (5.4). Numerical implementation details
particular to this process are explained in Section 3.2 except for the one modification.
The numerical approximation for smoothing an interface quantity, say ¢r, onto fixed

grid node (i, 7) for the axisymmetric configuration reads as

r.As
Gy = Z%’i 5 ’f ; (5.5)
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where 74, and 7; ; are the radial coordinates of the kth marker point and the grid node

(i,7), respectively. The remaining nomenclature retains its previous meaning.

5.2.1 Validation Test - d*> Law

This case simulates a static liquid droplet of initial diameter d, evaporating in a hot
gaseous environment. An axisymmetric droplet is centered at (0,5d,) in a domain
of size 5d, and 10d, in the radial and axial directions, respectively. The domain is
discretized using 256 x 512 uniform grid cells. The temperature of the droplet is
initialized as T,y and stays fixed during the whole simulation, whereas the gas phase
temperature is initialized as T, which evolves as the simulation proceeds. The same
initial gas phase temperature is set as wall temperature boundary condition. At the
interface, T,y is applied as the interface temperature boundary condition following
the strategy discussed in Section 3.3.1 [65]. The length and time scales are selected as
d, and d2/ay, respectively, where ay is the thermal diffusivity of the gaseous phase.
Numerical results are presented and compared with the analytical solution for
the variation of normalized d? with the non-dimensional time t* for various Stefan
numbers. The analytical solution is available in the combustion textbooks [66, 86| for

this classical phase change problem, termed as d? law, and is expressed as

dd? 8k,
T = (1 4+ S). 5.6
T ( ) (5.6)

A good agreement is achieved between the numerical and analytical results for all the
studied cases as shown in Fig. 5.6(a). However, it is observed that a slight difference
exists between the slopes of analytical and numerical results. One striking reason is
the fact that as the droplet gets smaller and smaller, grid resolution of the droplet
gets worse and results deviate from the analytical solution. Second, in the analytical
solution it is assumed that droplet evaporates in an infinite domain. But in numerical
simulations, the computational cost restricts the domain dimensions to a finite size.
We numerically experimented with different domain sizes for St = 0.025; the numerical
results approach the analytical solution as we increase the domain size, as shown in

Fig. 5.6(b). Another reason may be the volume conservation error (negative error in
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Figure 5.6: (a) Comparison of the analytical and numerical results for the normal-
ized d? plotted against the non-dimensional time ¢* for St = 0.025, 0.05 and 0.1.
The domain size for these results is 5d, and 10d, in the radial and axial directions,
respectively. Grid: 256 x 512. (b) Effects of domain size on the numerical results
are shown for St = 0.025, the analytical solution is also plotted for reference. Three
domain sizes are considered: (2.5d,, 5d,), (5d,, 10d,) and (10d,, 20d,) in (r, z) coor-
dinate directions, respectively. The respective grid sizes are: 128 x 256, 256 x 512
and 512 x 1024. The numerical results approach the analytical profile as domain size
is increased. v = 5 and ¢ = 10 for all the results presented.
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our case) associated with the front tracking solver itself, as shown in Fig. 5.3. This
supports and is consistent with our slightly higher slope. The results are expected to
be further improved by grid refinement and by using stretched grid or adaptive mesh
refinement.

Next, the results are presented for a n-heptane droplet evaporating in a quiescent
nitrogen environment. This case is studied experimentally by Nomura et al. [50] in
microgravity environment, and has been used by various researchers as a benchmark

case to validate their phase change solvers [53]. Figure 5.7 shows the results of the

Symbols: Exp. results (Nomura Et. Al. 1996)
1.2} Dashed lines: Classic d® - law

Solid lines: Present numerical results

td? (s/mm?)

Figure 5.7: Normalized d? plotted against ¢/d? for an evaporating n-heptane droplet.
The present numerical results are compared with the experimental and previous nu-
merical results as well as with the classical d?>-law. Two set of results are plotted
with different initial gas phase temperatures 7, and diameters d,. Insets show two
snapshots from the experimantal results of Nomura et. al. during the evaporation
process. v = 100 and ¢ = 10. Grid: 192 x 384.

normalized d? variation with t/d?, d, being the initial drop diameter. Two separate
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cases are studied with different initial gas phase temperature conditions 7. The
domain size is 2.5d, and Hd, in the radial and axial directions, respectively, and
resolved by 192 x 384 uniform grid cells. The temperature inside the droplet is
initialized as 300 K whereas initial gas phase temperature T is applied as the Dirichlet
temperature boundary condition at the domain walls. The density and viscosity
ratios are set as 100 and 10, respectively. Higher density ratio is also tested but no
significant effect on the results is observed. The gas phase thermophysical properties
are evaluated at the boiling temperature and are assumed to stay constant during
the whole simulation as suggested by Miller et al. [52]. The present numerical results
are in good agreement with the previous numerical results of Zhang [53]. Also, the
present results overall follow the trends of the experimental results, however, some
deviation is observed which is more at the initial stages of the evaporation process.

The possible reasons are highlighted below.

1. The snapshots of an evaporating droplet taken during the experiments [50] are
shown in the inset of Fig. 5.7 which reveal that the droplet is far from spherical

shape whereas we assume perfect sphere in our numerical simulations.

2. In the experiments, droplet is generated at the tip of a silica fiber whereas no
such effects are considered in numerics. In literature, several experimental and
numerical studies are available to show the influence of supporting fiber on the

droplet heat and mass transfer [42, 87, 88].

3. In the experiments, the droplet is introduced into the hot environment by trans-
lating it through some distance which may have introduced some convective
currents. The flat portion at the start of the experimental results for both the

test cases is supposed to be due to this reason, as also mentioned by Zhang [53].

5.3 Combustion, Chemical Kinetics and CHEMKIN

Combustion is a rapid oxidation process generating heat, or both heat and light. Com-

bustion can takes place either in the flame or non-flame mode. Flames can further
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be classified as either premixed or nonpremixed (diffusion) flames. The flame mode
can be explained as the one where a thin zone of intense chemical reaction propagates
through the unburned fuel-air mixture, as is the case of spark-ignition engine. This
thin reaction zone is commonly called as a flame. Under certain conditions, the rapid
oxidation reaction takes place at many locations within the unburned gas, leading
to a very rapid combustion throughout the volume. Such a situation occurs in the
compression ignition engines and is called as nonflame mode. The types of flames,
premixed of nonpremixed (diffusion), are based on the mixing state of the reactants.
In a premixed flame, the fuel and the oxidizer are thoroughly mixed before any chem-
ical reaction takes place. The spark-ignition engine is an example where premixed
flames occur. On the other hand, in the nonpremixed (diffusion) flame, the reactants
are initially separated, and reaction occurs only at the interface between the fuel and
oxidizer, where both mixing and reaction take place. A typical example of a diffusion
flame is a simple candle [66].

The stoichiometric quantity of oxidizer is just that amount needed to completely
burn a quantity of fuel. If more than a stoichiometric quantity of oxidizer is supplied,
the mixture is said to be fuel lean; otherwsie the mixture is termed as fuel rich.
The stoichiometric oxidizer-fuel ratio is determined by writing simple atom balances,
assuming that the fuel reacts to form an ideal set of products [66]. For a hydrocarbon

fuel C,H,, the stoichiometric relation can be written as
C,Hy, + a(Os + 3.76Ny) — CO2 + (y/2) HoO + 3.76aN; (5.7)
where
a=z+y/4 (5.8)

For the current study, the air is assumed to be composed of 21% Os and 79% Ns (by
volume), i.e., for each mole of Oy in air, there are 3.76 moles of Ny [66].
The overall reaction for the oxidation of fuel can be expressed by the following

global reaction mechanism

F+aOx — bPr (5.9)
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where one mole of fuel reacts with a moles of oxidizer to produce b moles of products.
The global reaction mechanism for any combustion process can be called as a one-
line summary of a set of elementary reactions taking place during the process. The
collection of elementary reactions necessary to describe an overall reaction is called
a reaction mechanism. Reaction mechanisms may be composed of a few or as many
as several hundred elementary reactions involving many intermediate species. For a

global reaction given by Eq. 5.9, the rate of fuel consumption can be expressed as [66]

d [Xp]
dt

= —G(T) [Xp]" [Xod" , (5.10)

where [X;] denotes the molar concentration of the ith species in the mixture and G is
the global rate coefficient which is a strong function of temperature 7. The minus sign
indicates that the fuel concentration decreases with time. The rate of consumption
of the fuel, given by Eq. 5.10, is proportional to each of the reactants raised to a
power. The exponents n and m relate to the reaction order. Equation 5.10 says that
the reaction is nth and mth order with respect to fuel and oxidizer, respectively, and
(n 4+ m)th order overall. For global reactions, n and m are not necessarily integers
and arise from curve fitting experimental data, however, for elementary reactions,
reaction orders are always integers. Molecular collision theory can be used to derive
an expression for the rate coefficient for bimolecular reactions. If the temperature
range of interest is not too great, the bimolecular rate coefficient can be expressed by

the empirical Arrhenius form as
G(T) = Aexp(—E4/RT) , (5.11)

where A is a constant called the pre-exponential factor or the frequency factor, Ey is
the activation energy and R is the general gas constant [66].

CHEMKIN [67, 68] is a powerful tool to incorporate the gas-phase chemical kinet-
ics into the fluid dynamics simulations. CHEMKIN, in combination with a general-
purpose stiff ordinary differential equation integration package, VODE [89], is used
to simulate the burning of fuel vapors in air produced as a result of evaporation of

fuel droplet. Information about elements, species, chemical reaction mechanism and
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thermodynamic data is required as an input. This information is provided using two
input files: chem.inp and therm.dat. The CHEMKIN interpreter reads this symbolic
information and create two output files: chem.bin and chem.out. The chem.bin file is
a binary linking file containing the information on the chemical elements, species, re-
actions and thermodynamic data extracted from the chem.inp and therm.dat whereas
chem.out is a text-format output of the interpreter containing all the details related
to chemical reaction and an information about any error occurred while generating
the binary linking file. chem.bin is then used in combination with the CHEMKIN
library, VODE, and a driver file specifying the type of problem and the relevant initial
conditions to solve the problem for the desired output data. A general structure of

the CHEMKIN package is shown in Fig. 5.8.

5.4 Combustion of an Evaporating n-Heptane Droplet

The combustion of an evaporating droplet is simulated by incorporating the CHEMKIN
package into our axisymmetric phase change solver. The whole set of governing
equations (Eqs. (5.1) - (5.4)) are solved in addition to the gas-phase chemical kinet-
ics. The continuity condition, Eq. (2.2), must be satisfied during the process. The
Navier-Stokes equations are solved using the projection method [76] as explained in
Section 3.1. The solution of the energy and species equations is advanced in time us-
ing a splitting scheme [69, 72] that computationally decouples the chemistry and the
CFD components. The chemistry part is first solved for the evolution of the species

and temperature fields in the domain from t" to ¢"*!

Opc,T :

9Pt _NT QL HL(T) | 5.12
=~ 2 fuHaT) (5.12)
Yy, .

8gt°‘ — O, a=1,2,..n,. (5.13)

This step is performed using CHEMKIN in combination with VODE [89], a general-
purpose stiff ODE solver. VODE uses time-implicit backward difference methods to

integrate the chemistry component and utilizes adaptivity in the order of accuracy
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Figure 5.8: Block diagram illustrating the general flow of information in CHEMKIN
and its relationship to an application program.
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and subcycled time-step selection so that an absolute error tolerance of 1071¢ in mass
fractions is maintained throughout [69]. In the second step, CFD components of the
energy and species equations are advanced in time using explicit Euler method, by
setting Q. = 0. This splitting scheme is first order accurate and is consistent with
accuracy of the overall solution procedure.

A sample problem is first studied which considers a hydrogen-air reaction un-
der constant pressure conditions [68]. The results reported in the manual [68] for
the species mole fractions and temperature are exactly reproduced using the cur-
rent solver. This verifies the accurate incorporation of the chemical kinetics solver
(CHEMKIN) when triggered from our main code. To test the full functionality of the
code, i.e., the correct coupling of the phase change and combustion solvers, compre-
hensive test cases are simulated that involve the combustion of an evaporating droplet

in quiescent hot air environment.

5.4.1 Single Step Chemistry

The evaporation and combustion of a n-heptane droplet is studied and the numerical
results are compared with the previous numerical results [54, 73] and some experi-
mental data [90, 91, 92]. We made some simplifying assumptions for this analysis:
Marangoni, Soret and Dufour effects are neglected, radiative heat transfer is not taken
into account and a local thermodynamics equilibrium is assumed to be attained at
the droplet interface. We assume a single step chemistry, constant thermodynamics
properties, unity Lewis number for all the species and an ideal gas behaviour in the

gas phase. The global chemical mechanism for n-heptane can be written as
C7H16 + 1102 — 7C02 + 8H20 . (514)

A section of n-heptane droplet is actually simulated by exploiting the axisymmetry
condition at the centerline as schematically shown in Fig. 5.1. The initial diameter (d,)
of the droplet is 0.4 mm and is placed at the centerrline with center point coordinates
as (1o, 2o) = (0, 2) mm. The domain is 5d, in radial and 10d, in the axial direction

and is discretized using 256 x 512 uniform grid cells. The droplet temperature is
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initialized as the boiling point of the heptane, i.e., T, = T, = 371.6 K. The initial
fuel mass fraction at the interface is 1 whereas all other species mass fractions are
initialized as 0; the same values are applied as the species mass fraction boundary
conditions at the interface during the whole simulation. Outside the droplet, in the
gas domain, temperature is 500 K which evolves as the simulation proceeds. The gas
domain is pure air composed of 79% Ny and 21% O,. The evaporation of n-heptane
droplet produces fuel vapors around the droplet which react with the oxidizer in the
air to produce the combustion products. Equation (5.4) is solved for all the species in
the gas domain at each time step to obtain an updated species field. At the domain
boundaries, the temperature and species boundary conditions are 500 K and pure air,
respectively. It is observed that the fuel air mixture does not automatically ignite
unless the ignition energy is supplied by artificially increasing the temperature locally
using an external heat source. In the present study, temperature is increased to 1800
K in the gas domain around the droplet for 50 time steps subjected to the conditions:
Yc,m,, > 0.01 and Yo, > 0.01. Once the fuel is ignited the combustion proceeds in a
smooth fashion.

First a grid convergence study is performed; results are presented for species mass
fractions and temperature for two grid resolutions as shown in Fig. 5.9. Species mass
fraction profiles almost overlap for the two grids used whereas temperature profile
shows a small gap at the peak. Hence 256 x 512 grid is considered fine enough to
proceed for the rest of the study. Results are then presented for the variation of nor-
malized squared-diameter (d/d,)? and fuel gasification rate k with ¢/d?, as shown in
Fig. 5.10(a). The comparison with the previous numerical study [73] shows an overall
similar trends with some deviations. One contributing factor towards this gap may
be the difference in the computational and operating parameters, e.g., the domain
size, ignition heat source and its duration, etc. When the ignition starts, a partially
premixed flame first develops near the droplet and then transforms into a diffusion
flame. The close proximity of the flame induces excessive droplet vaporization, push-

ing the flame outwards [54]. This transient phase with high vaporization/gasification
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Figure 5.9: Grid convergence study: Profiles of (a) species mass fractions and (b)
temperature plotted along the horizontal centerline for two grid sizes; insets show
the magnified views around the sharp gradients. No visible difference is observed for
the case of species mass fractions, However, a small difference is observed around the
temperature peak. Maximum temperature decreases on grid refinement. For both
plots t/d? = 0.09375.

rates results in the fast reduction in the droplet area, i.e., d*>. Both these trends are
clearly visible during the early stages of time as shown in Fig. 5.10(a). In contrast,
the numerical results of Jin and Shaw [73] show a more extended ignition delay time
and low gasification rate at the initial stages. The peak temperatures produced in
the gas domain as a result of chemical reaction are plotted and compared with the
previous numerical results, as shown in Fig. 5.10(b): a temperature spike is produced
as the reaction starts which gradually smooths out to a steady state value. The
similar observation is also reported by Cho and Dryer in their numerical study [54].
Figure 5.11 shows the temperature and species mass fraction contour plots for oxygen
and nitrogen at four different instants during the droplet burning showing their evo-
lution in time during the course of combustion. The flame is produced and diffuses
outwards maintaining the spherical symmetry. Profiles of the species mass fractions
and temperature are plotted at z = 5d, as shown in Fig. 5.12. The peak temperature

marks the location of the flame front: to the left of this point there is no oxidizer and
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Figure 5.10: (a) Comparison of the present and previous numerical results for the
variation of normalized d? and the fuel gasification rate k for an evaporating and

burning n-heptane droplet with the time ¢/d?. The gasification rate k approximately
attains a steady state value at ¢t/d> = 0.15 for the present case. (b) The peak values
of the gas phase temperatures plotted against ¢/d?> and compared with the previous

numerical results. The present results approach a steady state value whereas results
of Jin and Shaw continue to decrease. The initial droplet diameter d, is 0.4 mm.

Grid: 256 x 512.
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Figure 5.11: Contour plots of temperature (top row), oxygen mass fraction (middle
row) and nitrogen mass fraction (bottom row) showing their evolution in time for an
evaporating and burning n-heptane droplet at ¢/d? (from left to right in each row) =
0.00375, 0.0084, 0.0343 and 0.1875. The initial droplet diameter d, is 0.4 mm. Grid:
256 x H12.
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to the right there is no fuel. All the fuel transported to the flame front is burnt to
produce the combustion products. There is an equilibrium between the fuel gasifica-
tion and consumption, termed as the steady state condition; the flame temperature

being constant during that condition. The initial flame diameter is approximately 1
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Figure 5.12: Profiles of the temperature and species mass fractions along the hori-
zontal centerline (2 = 5d,) of the domain at time ¢/d? = 0.1875. Peak temperature
shows the location of the flame front, species mass fraction fields also show a sharp
gradient at that point. The initial droplet diameter d, is 0.4 mm. Grid: 256 x 512.

mm which continuously increases before reaching a steady state value. This trend is
shown in Fig. 5.13 along with the flame standoff ratio (d¢/d). For this particular test
case a bigger domain is used so that the flame size can reach a steady state value.
The domain is 10d, in the radial and 20d, in the axial coordinate directions and is
resolved using 512 x 1024 grid cells. It is observed that the ignition starts with a
standoff value of 2.5; this is consistent with the previous numerical studies [54, 73].
The standoff value follows the trend of flame diameter but continues to increase lin-

early as expected, and more quickly towards the end of droplet life time, because the
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droplet diameter d is continuously decreasing.
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Figure 5.13: Flame diameter (d;) and standoff ratio (d;/d) plotted against ¢/d? for
a burning n-heptane droplet (d, = 0.4 mm). The flame diameter approaches to a
steady state value which, in our observation, is a strong function of the domain size.
However, the standoff ratio is expected to increase till the whole droplet is burnt out.

The domain size for this case is 10d, is radial and 20d,, in axial directions. Grid: 512
x 1024.

5.4.2  Detailed Chemistry Calculations using a Reduced Chemical Kinetic Mechanism

A reduced chemical kinetic mechanism for n-heptane combustion, comprising of 25
species and 26 reactions [93] (Table 5.1), is then used to rigorously test the functional-
ity of our solver by simulating the evaporation and combustion of a n-heptane droplet.
The contours of temperature and OH mass fraction are plotted side by side sharing
the common centerline as shown in Fig. 5.14. The contours of maximum temperature

and OH mass fraction coincide to mark the location of the propagating flame front
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which is quite expected and qualitatively true. To verify our results quantitatively,
a test case is simulated to determine the ignition delay times (¢;,) during the au-
toignition of a n-heptane droplet under isobaric condition for various values of gas
phase temperature T,. In contrary to our previous simulations, there is no localized
artificial heating of the gas domain near the droplet in this particular test case since
we are focusing on the autoignition. Comparison is made with the numerical results
of Stauch et al. [55] who also studied a similar case to analyze the effect of gas phase
temperature on the ignition delay times. The results compare very well as shown in
Fig. 5.15 despite the fact that there are some differences in the physical and com-
putational settings for the two compared cases. Also, Stauch et al. [55] used a more
detailed chemical mechanism as compared to the present study. It is observed that
the ignition delay time is a strong function of gas phase temperature and decreases

as the gas phase temperature is increased.
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Figure 5.14: Contour plots of temperature and OH mass fraction for a burning n-
heptane droplet at ¢ = 5.5 msec using reduced chemical kinetic mechanism given in
Table 5.1. The gas phase temperature is T, = 500 K and pressure p = 10 atm. The
domain size is 5d, in radial and 10d, in axial directions where initial diameter d, =
0.4 mm. Grid: 256 x 512.
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Figure 5.15: The numerical results of ignition delay time ;5 compared with the
results from a previous numerical study by Stauch et al. (2006) for various gas phase
temperatures T, and p = 7 atm. The reduced chemical kinetic mechanism is used as
given in Table 5.1. The domain size is 2.5d, is radial and 5d, in axial directions where
initial diameter d, = 0.4 mm. Grid: 128 x 256.
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Table 5.1: Reduced mechanism for n-heptane combustion. Units: cm-sec-mole-cal-K

No. Reaction A b E
1 C7Hig + Oy = C;Hy5_9 + HO, 2.800E+14 0.0 47180.0
2 C;His + OH = C;Hy5_9 + HyO 4.800E+09 1.3 690.5
3 CrHis-2 + Oy = C;H150, 2.000E+12 0.0 0.0
4 C;H505 = C;H14,O2H 6.000E+11 0.0 20380.0
5 C;H140.H 4+ Oy = C;H1,05,HO, 2.340E+11 0.0 0.0
6 C;H4,0,HO; = C;KET21 + OH 2.965E+13 0.0 26700.0
7 C;KET21 = C5H;CO + CH,0 + OH 1.000E+16 0.0 42400.0
8 CsH1;CO = CoH; + C3Hg + CO 1.000E+11 0.0 9600.0
9 C;Hi5_5 = CH3 + 2C3Hg 3.000E+13 0.0 29800.0
10 C;Hy5 9 = CoH; + CoHy + C3Hg 1.200E+13 0.0 29600.0
11  C3Hg + OH = CH3CHO + CHj; 3.500E+11 0.0 0.0
12 CH3CHO + OH = CH3; + CO + H,0O 1.000E+13 0.0 0.0
13 CHz + HOy = CH,O + H + OH 4.300E+13 0.0 0.0
14 CO+ OH=COy,+H 3.510E4+07 1.3 -758.0
15 O+ O0OH=0;+H 4.000E4+14 -0.5 0.0
16 H+ 0O+ M=HO,+M 2.800E+18 -0.86 0.0

Enhanced third body efficiencies:

0Oy, =0, H,O =0, CO = 0.75,

CO; = 1.5, CoHg = 1.5, N, =0
17 H 4 Oy + Ny = HO; + N, 2.600E4+19 -1.24 0.0
18  HO; + HOy = HyO5 + Oo 2.000E+12 0.0 0.0
19 OH + OH (+M) = Hy05 + (+M) 7.600E+13 -0.37 0.0

Low 4.300E4+18 -0.9  -1700.0

TROE parameters: 0.7346, 94, 1756, 5182

Enhanced third body efficiencies:

H,O =6, CO = 1.5, COy = 2,

CyHg = 3, Ny = 0.7, CHy = 2
20 CH,O + OH = HCO + H,0O 2.430E4+10 1.18 -447.0
21  CHy0 + HO, = HCO + H,0, 3.000E+12 0.0 8000.0
22 HCO + Oy = HO, + CO 3.300E4+13 -0.4 0.0
23 CHy + O =CH; + OH 1.020E+09 1.5 8604.0
24 CH,; + HOy = CH3 + Hy04 1.000E+13 0.0 18700.0
25 CyHy + OH = CH,0 + CH; 6.000E+13 0.0 960.0
26 CyHs + Oy = CoHy + HOq 2.000E+10 0.0 -2200.0
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CONCLUSION

A finite-difference/front-tracking method is developed for the direct numerical
simulation of liquid-vapor phase change phenomenon followed by chemical reaction.
A one-field formulation is used to solve the governing equations on a fixed uniform
Eulerian grid whereas the interface is represented by a separate Lagrangian grid. Dif-
ferent interpolation schemes are used to communicate between these two grids. The
Navier-Stokes equations are solved using a projection method, satisfying the modified
continuity equation, whereas the energy and species equations are advanced in time
using an explicit Euler method. The temperature gradient based phase change model
is first validated using the benchmark cases: the Stefan and the sucking interface prob-
lems and the d?-law. Results are demonstrated to be grid convergent and are in excel-
lent agreement with the analytical solutions. The spherical symmetry of the droplet
is perfectly maintained during the course of evaporation. Two-dimensional moving
droplet case is then simulated in a 2D planar configuration. Moving droplets take
different shapes depending on the Fo and Mo numbers. Simulations are performed
for substantially deformed droplet cases and the numerical method is demonstrated
to be grid convergent and mass conservant.

The species gradient based evaporation model employs the Clausius-Clapeyron
equilibrium relation to compute species mass fraction at the interface and subse-
quently computes the evaporation mass flux. Species mass fraction boundary con-
dition at the interface is implemented using two 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 implementation is validated using a simplified test case
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for which analytical solution is available in literautre. An excellent agreement is ob-
served between the numerical and analytical results as the grid is refined. In the
steady state condition, a static evaporating droplet attains thermal equilibrium with
the air temperature at the interface called 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. These results ensure the correct coupling
of the Clausius-Clapeyron relation with the solution of the flow, energy and species
conservation equations. We observed that, for the novel species gradient based evap-
oration model, approximately 40% of the total computational time is utilized by the
phase change solver for a static droplet evaporation case. Also it is observed that the
non-conservative form of governing equations behave well when working with large
gradients across the interface. The method can also handle highly deformed moving
droplet as well as multiple droplets systems as may be the case in the combustion
chamber of the internal combustion engines.

The temperature gradient based phase change solver in then incorporated into
the axisymmetric multiphase solver for direct comparison of numerical results with
the experimental data and previous numerical studies. The d?-law is satisfied for
a static evaporating droplet for various Stefan numbers. n-heptane droplet evapo-
ration is then simulated and results are compared with the experimental as well as
previous numerical results with good degree of accuracy. The evaporated fuel vapors
then undergo chemical reaction with the ambient oxygen to produce the reaction
products. We use single step as well as reduced chemical kinetic mechanism for n-
heptane; the chemical kinetics in the gas phase being handled by the CHEMKIN. An
operator-splitting approach is used to advance temperature and species mass fraction
in time. The gasification rate, normalized d?, peak temperatures and ignition delay
times compare well with the previous numerical results; the discrepancies arise due
to slight differences in the computational domain setup, operating parameters and

chemical kinetic mechanisms. The contours and the line plots of temperature and
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species mass fractions qualitatively confirms the accuracy of our results. The initial
flame diameter and flame standoff ratio also compare well with the previous stud-
ies. The present numerical results can be compared with the experiments only in a
qualitative sense because a real burning droplet experiences various degrees of motion
relative to the gas and contains a significant amount of soot in the flame envelope
which is not considered here [54]. The detailed chemistry and variable transport and

thermodynamic properties are expected to further enhance the quality of our results.

Future Work

The capabilities of the current solver developed to simulate the evaporation and com-
bustion of fuel droplets can further be enhanced to tackle the real world problems
of practical interest. The first and logical step is the extension of the solver to full
3D configuration to model the real physical systems. Fuel sprays are of fundamental
importance in many combustion systems. To study the spray combustion, multi-
ple droplet systems comprising of thousands of fuel droplets needs to be simulated.
The computationally efficient studies can be performed by designing parallel algo-
rithms and using the Adaptive Mesh Refinement (AMR). Parametric studies can be
performed to determine the systems operating conditions for an efficient combustion
system. Another area of possible application is the evaporation and combustion of

multicomponent droplets.
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