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a b s t r a c t 

A front-tracking method is developed for the particle-resolved simulations of droplet evaporation and 

combustion in a liquid-gas multiphase system. One field formulation of the governing equations is solved 

in the whole computational domain by incorporating suitable jump conditions at the interface. Both 

phases are assumed to be incompressible but the divergence-free velocity condition is modified to ac- 

count for the phase change at the interface. A temperature gradient based evaporation model is used. An 

operator-splitting approach is employed to advance temperature and species mass fractions in time. The 

CHEMKIN package is incorporated into the solver to handle the chemical kinetics. The multiphase flow 

solver and the evaporation model are first validated using the benchmark problems. The method is then 

applied to study combustion of a n-heptane droplet using a single-step chemistry model and a reduced 

chemical kinetics mechanism involving 25-species and 26-reactions. The results are found to be in good 

agreement with the experimental data and the previous numerical simulations for the time history of 

the normalized droplet size, the gasification rate, the peak temperature and the ignition delay times. The 

initial flame diameter and the profile of the flame standoff ratio are also found to be compatible with 

the results in the literature. The method is finally applied to simulate a burning droplet moving due to 

gravity at various ambient temperatures and interesting results are observed about the flame blow-off. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

The evaporation process is of fundamental importance in vari-

us natural and industrial processes. It plays a vital role to shape

ur atmosphere and environment, directly affecting our daily life

ctivities. The quality of human health is also dependent on this

henomena by managing the heat content of the body. A lot of

ndustrial applications are primarily based on the evaporation pro-

ess, e.g., cooling towers, distillation plants, spray combustion to

ame a few. In our recent paper, a front tracking method is devel-

ped for the particle-resolved simulation of evaporation process in

 multiphase system [1] . A detailed review is also presented there

bout the progress in the development of different modeling ap-

roaches, numerical methods and solution algorithms for the sim-

lations of the phase change processes focusing particularly on the

vaporation process. 

The combustion of fuel droplets in the spray combustion is an-

ther striking application where evaporation produces fuel vapors

hich subsequently react with the oxidizer to form the products
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f combustion. The quality of combustion is critically dependent

n the atomization, the evaporation and the proper mixing and re-

ction of the fuel and the oxidizer. In particular, the evaporation

nd combustion of droplets in fuel sprays have been the area of

mmense interest for decades due to its industrial and defense im-

ortance. Researchers have mostly tackled this problem by study-

ng the evaporation and combustion of a single droplet system

s a base case and a first step towards the understanding of the

verall spray combustion phenomena. Modeling of the evaporation

rocess is the first step to achieve this objective for which differ-

nt multiphase flow modeling techniques have been proposed in

he literature. These methods include the marker and cell method

2] , VOF [3] , level set method [4,5] , phase field method [6] , dif-

use interface method [7] , lattice Boltzmann method [8] and front

racking method [9–11] . The front-tracking method developed by

ryggvason and coworkers [11] is a promising technique to model

ulti-fluid flows that has been extended by various researchers to

odel the phase change phenomena, e.g., evaporation and boiling

1,12–17] and solidification [12,18–21] . The front tracking method

as also been successfully applied to track the flame front of a pre-

ixed flame [22] , mass transfer and chemical reaction [23,24] . The

ront tracking method offers several advantages such as its concep-
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Fig. 1. The schematic illustration of a drop in an axisymmetric configuration. 
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tual simplicity, sharp representation of the interface, small numeri-

cal diffusion and its ability to include multi-physics effects [12] . Its

main drawback is probably the difficulty to track the Lagrangian

marker points and maintain communication between the Eulerian

and Lagrangian grids in curvilinear and unstructured grid [72] . In

addition, the topological changes are not handled automatically,

rather special treatment is needed where fluid regions merge or

breakup. 

The pioneering study about the fuel droplet evaporation and

combustion was performed in early 1950s by Godsave [25] . He ex-

amined the burning of an evaporating droplet suspended at the tip

of a fine quartz fiber and interpreted his results successfully based

on the assumption that the rate of burning is not controlled by

the chemical reaction rates. This assumption greatly simplified the

analytical treatment of the combustion of the fuel droplets. Spald-

ing [26] conducted a detailed experimental study and showed that

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 these assumptions were critically analyzed in the later

studies by numerous authors [27–33] and various advanced evap-

oration models were proposed [34–36] . Following these landmark

studies about evaporation and combustion of droplets, the vapor-

ization of single/multiple water, alkane and alcohol droplets have

been studied experimentally by various researchers under normal

or microgravity conditions [37–41] . They reported the effects of

ambient pressure and temperature, convective currents and initial

droplet size on the droplet equilibrium temperature, evaporation

rate, droplet life time, and drag coefficient. 

Various computational models and numerical techniques have

been proposed in the literature to simulate the evaporation and

burning of fuel droplets, and the experimental results are often

used as the benchmark test cases to validate these numerical

methods. Miller et al. [42] numerically evaluated different droplet

evaporation models through comparisons with the experimental

measurements. They observed that the constant properties as-

sumption can be safely used in simulations provided that the prop-

erties of both the gas and the vapor phases are calculated at either

the wet-bulb or boiling temperature. The literature reports the nu-

merical studies for the evaporation and burning of n-heptane [43–

47] , decane [41,48] and methanol [49,50] droplets under various

operating conditions as a first step towards the simulation of spray

combustion in engine like environment. Some of the above men-

tioned studies are performed using the detailed transport models

with the detailed chemical kinetics mechanisms and variable ther-

modynamic properties [44–46,49] while the others involve various

simplifying assumptions such as an overall single-step irreversible

reaction, constant thermodynamic properties, constant Lewis num-

ber and the ideal gas behavior [41,47,48,50] . It is argued that these

simplifying assumptions are well justified to test the numerical as-

pects during the algorithm design and code development phase. 

In this paper, a front tracking solver is developed for the

particle-resolved simulations of droplet evaporation and burning.

The phase change component of the method is first validated

against the classic d 2 -law. The method is then applied to simu-

late the evaporation of a n -heptane droplet to further validate the

evaporation model and the results are found to be in good agree-

ment with the analytical [51] , the experimental [40] and the pre-

vious numerical results [43] . The phase change solver is then ex-

tended to incorporate the combustion process following the evap-

oration as a first step towards the development of a computa-

tional framework for the direct numerical simulations of spray

combustion which is the main novelty of this article. An operator-

splitting approach [52–55] is used to advance the temperature

and the species mass fractions in time. The chemical kinetics in

the gas phase is handled using the CHEMKIN package [56,57] in

the operator-splitting framework. The method is successfully ap-
lied to study the combustion of a n -heptane droplet using a sim-

le single-step chemistry model and a reduced detailed chemical

echanism involving 25-species and 26-reactions. The combustion

s initiated by artificially increasing the temperature locally near

he droplet to ignite the fuel vapors in both the single-step and de-

ailed chemistry simulations. It is demonstrated that, once the fuel

s ignited, the combustion proceeds in a smooth fashion maintain-

ng the spherical symmetry of the flame. The time histories of the

ormalized droplet size, the gasification rate and the peak tem-

erature are found to agree well with the previous numerical re-

ults [44,58] . In addition, the ignition delay times for a burning

 -heptane droplet are also computed and the results are found to

xhibit an excellent agreement with the results of Stauch et al.

45] for different gas phase temperatures. The initial flame diame-

er and the profile of flame standoff ratio also verify our numerical

esults qualitatively. The method is finally applied to a n -heptane

roplet falling under the action of gravity at various ambient tem-

erature conditions. It is observed that the ambient temperature is

 vital parameter that controls the flame blow-off/extinction. 

The rest of the paper is organized as follows. The mathemati-

al formulation is briefly described for an evaporating and burning

roplet in a multiphase system in the next section. The numeri-

al solution procedure is discussed in Section 3 with a particular

mphasis on the treatment of the phase change and combustion.

n Section 4 , the numerical method is first validated using vari-

us benchmark test cases and then applied to study combustion

f n -heptane droplet using a single-step and a detailed chemistry

odels. Finally, conclusions are drawn in Section 5 . 

. Mathematical formulation 

The governing equations are presented here in the framework

f finite difference/front tracking (FD/FT) method. Consider an in-

ompressible liquid-gas multiphase system in an axisymmetric

onfiguration as shown in Fig. 1 . One-field formulation of the gov-

rning equations can be used throughout the domain as long as

he jumps in the property fields are properly handled across the

nterface and surface tension effects are taken into account appro-

riately [11] . Then the conservative form of the momentum con-

ervation equations can be written for the entire computational

omain as 

∂ρu 

∂t 
+ ∇ · (ρuu ) = −∇p + ρg + ∇ · μ(∇u + ∇u 

T ) 

+ 

∫ 
σκn δ(x − x �) dA, (1)
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here u and g are the velocity and the gravitational acceleration

ectors, respectively, p is the pressure, t is time and ρ and μ are

he discontinuous density and viscosity fields, respectively. The last

erm on the right hand side represents the body force due to the

urface tension, where σ is the surface tension coefficient, κ is

wice the mean curvature, and n is a unit vector normal to the in-

erface. The surface tension acts only on the interface as indicated

y the three-dimensional delta function δ whose arguments x and

 � are the point at which the equation is being evaluated and a

oint at the interface, respectively. 

For a multiphase system with a phase change, the incompress-

bility condition of the divergence-free velocity field ( ∇ · u = 0 )

oes not hold at the interface where the phase change occurs.

ather, it is modified at the interface to account for the phase-

hange/mass-transfer, so the continuity equation becomes 

 · u = 

∫ 
A 

(u g − u l ) · n δ(x − x �) dA �, 

= 

1 

h lg 

(
1 

ρg 
− 1 

ρl 

)∫ 
A 

δ(x − x �) ˙ q �dA �, (2) 

here the delta function makes the continuity equation non-zero

t the interface and zero elsewhere. In Eq. (2) , h lg is the latent heat

f vaporization and ˙ q � represents the heat flux per unit time at

he interface. Subscripts �, l and g represent the interface, the liq-

id and the gas phases of a multiphase system, respectively. Since

here is a change of phase at the interface, therefore the velocity

eld is discontinuous and u g and u l are unequal. The difference

etween the velocity of the liquid and the velocity of vapor is re-

ated to the evaporation rate ( ˙ m �) and the velocity of the phase

oundary ( u �) through the mass jump condition given below. The

iscontinuous velocity field is incorporated into Eq. (1) while solv-

ng the Poisson equation for the pressure field in the projection

ethod. The mass and momentum jump conditions at the inter-

ace are 

l (u l − u �) · n = ρg (u g − u �) · n = 

˙ m �, (3) 

˙ 
 �(u g − u l ) = ( τg − τ l ) · n − (p g − p l ) n + σκn , (4) 

here ˙ m � is the mass flux per unit time across the interface and

is the viscous stress tensor. 

The energy equation can be written for the whole domain by

ncorporating the effects of phase change and chemical reaction

nd is given by 

∂ρc p T 

∂t 
+ ∇ · ρc p T u = ∇ · k ∇T − �

∫ 
A 

δ(x − x �) ˙ q �dA �

+ 

n s ∑ 

α=1 

˙ 
αH α(T ) , (5) 

here T is the temperature, c p is the specific heat at constant pres-

ure and k is the thermal conductivity. The second term on the

ight hand side incorporates the thermal effects of phase change

nto the energy equation where the coefficient � = (1 − (c p,g −
 p,l ) T sat /h lg ) is a constant which modifies the latent heat h lg due

o unequal specific heats of the liquid and gas phases. Subscript

at denotes the saturation value of the variable. The last term in

q. (5) represents the total heat source as a result of chemical re-

ction, where ˙ 
α represents the production rate of ρY α as a re-

ult of chemical reactions and H α( T ) represents the enthalpy of the

pecies component α. Y α is the mass fraction of the species com-

onent α and n s is the total number of species in the system. 

The species mass fraction Y α evolves in the whole domain ac-
ording to the following convection-diffusion equation 

∂ρY α

∂t 
+ ∇ · ρY αu = ∇ · ρD α∇Y α + 

˙ S α + 

˙ 
α, 

α = 1 , 2 , . . . , n s , (6) 

here D α is the mass diffusion coefficient and 

˙ S α is the produc-

ion rate due to evaporation of the species component α. In the

resent study, a single component fuel droplet is considered so ˙ S α
ould be valid for fuel only (denoted by ˙ S F ) whereas ˙ 
α involves

ll the species involved in the chemical reaction. Species equation

s solved in the gas domain outside the liquid droplet for all the

pecies involved in the chemical reaction. 

The energy and species jump conditions must be satisfied to

nsure the energy and mass conservation across the interface.

hese are: 

˙ 
 �h lg = 

˙ q � = k g 
∂T 

∂n 

∣∣∣∣
g 

− k l 
∂T 

∂n 

∣∣∣∣
l 

, (7) 

˙ 
 �Y �l − ˙ m �Y �g + ρg D α

∂Y 

∂n 

∣∣∣∣
�

= 0 . (8) 

The chemical kinetics is briefly described here only for a single-

tep mechanism without loss of generality since it includes all the

ssential ingredients as far as the numerical method is concerned.

he overall reaction for the oxidation of a fuel can be expressed by

he following global reaction mechanism 

 + a Ox → b Pr , (9) 

here one mole of fuel reacts with a moles of oxidizer to produce

 moles of products. The oxidizer is air which is assumed to be

omposed of 21% O 2 and 79% N 2 (by volume), i.e., for each mole

f O 2 in air, there are 3.76 moles of N 2 . For a global reaction given

y Eq. (9) , the rate of fuel consumption can be expressed as [51] 

d [ X F ] 

dt 
= −G (T ) [ X F ] 

n 
[ X Ox ] 

m 

, (10) 

here [ X i ] denotes the molar concentration of the i th species in

he mixture and G is the global rate coefficient which is a strong

unction of temperature T . The minus sign indicates that the fuel

oncentration decreases with time. Molecular collision theory can

e used to derive an expression for the rate coefficient for bimolec-

lar reactions. If the temperature range of interest is not too great,

he bimolecular rate coefficient can be expressed by the empirical

rrhenius form as 

 (T ) = A exp ( −E A /RT ) , (11) 

here A is a constant called the pre-exponential factor or the fre-

uency factor, E A is the activation energy and R is the general gas

onstant [51] . For a hydrocarbon fuel C x H y , the stoichiometric rela-

ion can be written as 

 x H y + a ( O 2 + 3 . 76 N 2 ) → x CO 2 + ( y/ 2 ) H 2 O + 3 . 76 a N 2 , (12) 

here 

 = x + y/ 4 . (13) 

n general, the chemical kinetics is expressed in terms of ordinary

ifferential equations (ODEs). The main difficulty arises from the

act that the ODEs are highly non-linear and extremely stiff. 

Finally, we assume that the material properties remain constant

ollowing a fluid particle, i.e., 

Dρ

Dt 
= 0 ; Dμ

Dt 
= 0 ; Dk 

Dt 
= 0 ; Dc p 

Dt 
= 0 ; DD α

Dt 
= 0 , (14) 

here D 
Dt = 

∂ 
∂t 

+ u ·∇ is the material derivative. 
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Fig. 2. (a) The schematic illustration of an interface on an Eulerian mesh. (b) The staggered grid used for the solution of the governing equations. The location of the storage 

of the flow field variables and material properties are also shown. 
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The governing equations are solved in their dimensional

forms however some results are presented in terms of the non-

dimensional quantities. The relevant non-dimensional parameters

for this study can be expressed as 

γ = 

ρl 

ρg 
; ζ = 

μl 

μg 
; Sc = 

μg 

ρg D α
; P r = 

μc p 

k 
;

Re = 

ρg u s l s 

μg 
; St = 

c p,g ( T ∞ 

− T sat ) 

h lg 

, (15)

where γ and ζ represent the density and the viscosity ratios, re-

spectively. Sc, Pr, Re and St are the Schmidt number, the Prandtl

number, the Reynolds number and the Stefan number, respectively.

Note that u s and l s in Eq. (15) are appropriately selected velocity

and length scales, respectively, and t s = l s /u s be the time scale. 

3. Numerical solution procedure 

The flow equations are solved fully coupled with the energy

and the species conservation equations on a uniform, Eulerian,

staggered MAC grid using a finite-difference/front-tracking method

[11–14,59] . In this method, the interface (or front) is represented

by connected Lagrangian marker points and is tracked explicitly

[11,12,59] . Each marker point moves with the local flow velocity in-

terpolated from the neighboring stationary regular Cartesian Eule-

rian grid, in addition to the velocity induced by the phase change,

Eq. (18 ) and (19) . A piece of the interface between two adjacent

marker points is called a front element. The schematic represen-

tation of the Lagrangian grid on the background Eulerian mesh is

shown in Fig. 2 (a). The pressure, temperature, species mass frac-

tions and all material properties are stored at the cell centers,

whereas, the velocity components are stored at the cell face cen-

ters on an Eulerian grid ( Fig. 2 (b)). 

The Indicator function I ( x , t ) tracks different phases of a multi-

phase system in the computational domain both in space and time,

and is defined as: 

I(x , t) = 

{
1 in droplet phase , 
0 in bulk phase . 

(16)

The indicator function I ( x , t ) is computed at each time step using

the standard procedure as described in detail by Tryggvason et al.

[12,59] , which involves solution of a separable Poisson equation.

The material property fields are then updated at each time step as

a function of indicator function I ( x , t ) as follows 

ρ = ρl I(x , t) + ρg (1 − I(x , t)) ;
μ = μl I(x , t) + μg (1 − I(x , t)) ;
k = k l I(x , t) + k g (1 − I(x , t)) ;

ρc p = ρl c p,l I(x , t) + ρg c p,g (1 − I(x , t)) ;
D α = D α,g (1 − I(x , t)) . (17)

Surface tension forces as well as heat and mass fluxes are cal-

ulated at the Lagrangian interface. These quantities are required

n the Eulerian grid while solving the momentum, energy and

pecies conservation equations, respectively. Likewise, the veloci-

ies are available at the Eulerian grid and we need them at the

agrangian marker points for the advection of the interface. This

ommunication between the background Eulerian mesh and the

agrangian interface is performed in a conservative manner using

eskin’s distribution function [60] . The details of this mechanism

n the framework of FD/FT method can be found in the literature

11,12,59] . The standard symmetric Peskin’s distribution function is

odified for implementing the fuel vapor mass fraction boundary

ondition at the interface as discussed in Section 3.4 . 

The interface is moved by updating the location of the marker

oints at each time step. The interface marker points move with

he velocity interpolated from the Eulerian grid as well as the ve-

ocity due to the phase change as given below 

dx �

dt 
= u n n �, (18)

here 

 n = 

1 

2 

(u l + u g ) · n − ˙ q �
2 h lg 

(
1 

ρl 

+ 

1 

ρg 

)
. (19)

n Eq. (19) , u l and u g are the liquid and gas phase velocities, re-

pectively, evaluated at the interface using one sided interpolation.

he interface restructuring is also performed at each time step to

eep it smooth and within the prescribed resolution limits. The

nite-difference/front-tracking method for a multiphase system in-

luding the effects of phase change has been discussed in details

y various authors [1,11–15,59] . The flow and phase change solvers

re briefly described here for the sake of completeness and the

ontinuity of the article. Emphasis is placed on the chemical kinet-

cs solver and its coupling with the multiphase phase solver, which

s the main novelty of this article. 

.1. Flow solver 

The flow equations are solved on a staggered Eulerian grid.

he spatial derivatives are discretized using a second-order cen-

ral differences for all the field quantities except for the convective

erms for which a third-order QUICK scheme [61] is used. The time

ntegration is performed using a projection method proposed by

horin [62] . Following Unverdi and Tryggvason [11] , the momen-

um equations can be written in the form: 

ρn +1 u 

n +1 − ρn u 

n 

= A 

n − ∇p, (20)


t 
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Fig. 3. (a) The schematic diagram illustrating the computation of T g , T l and the temperature gradient for the k th marker point of the interface. (b) Computation of the 

interface length 
s k corresponding to the k th marker point. 
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here A represents the advection, diffusion, gravitational and the

urface tension force terms. Superscript n indicates the current

ime level. The projection method decomposes the above equation

s 

ρn +1 u 

∗ − ρn u 

n 


t 
= A 

n , (21) 

ρn +1 u 

n +1 − ρn +1 u 

∗


t 
= −∇p, (22) 

here u 

∗ is the unprojected velocity field obtained from Eq.

21) by ignoring the effects of pressure. To solve for the pressure

eld, we take divergence of Eq. (22) to obtain a non-separable

oisson equation for the pressure, i.e., 

 · 1 

ρn +1 
∇p = 

∇ · u 

∗ − ∇ · u 

n +1 


t 
. (23) 

or ∇ · u 

n +1 , we use Eq. (2) as 

 · u 

n +1 = 

1 

h lg 

(
1 

ρg 
− 1 

ρl 

)[ ∫ 
A 

δ(x − x �) ˙ q �dA �

] n +1 

, (24) 

here ˙ q � is computed at (n + 1) time level. We substitute Eq.

24) into Eq. (23) and solve the resulting Poisson equation for pres-

ure using the multigrid solver MUDPACK [63] as described by

ryggvason et al. [12] . Finally the velocity field at the next time

evel, u 

n +1 , is computed using Eq. (22) as: 

 

n +1 = u 

∗ − 
t 

ρn +1 
∇p. (25) 

he above algorithm is first order accurate in time. However, it can

asily be extended to achieve a formally second-order accuracy us-

ng a predictor corrector scheme as described by Tryggvason et al.

12,14] . The first order method is employed here because the tem-

oral discretization error is generally found to be negligibly small

ompared to the spatial error mainly due to a small time step im-

osed by the numerical stability of the present explicit scheme. 

.2. Temperature gradient based evaporation model 

Referring Fig. 3 , the heat flux per unit time across the k th

arker point of the interface is computed by applying the energy

ump condition ( Eq. (7) ) as 

˙ 
 �k 

= k g 
∂T 

∂n 

∣∣∣∣
�k 

g 

− k l 
∂T 

∂n 

∣∣∣∣
�k 

l 

, (26) 
here �k represents the k th marker point of the interface. A

rst-order accurate one-sided finite difference discretization of Eq.

26) yields [14,64] 

˙ 
 �k 

= 

1 

ηh 

[ k g (T g − T sat ) − k l (T sat − T l )] , (27) 

here T g and T l are the temperatures approximated at points

(x + , y + ) and (x −, y −) using a bi-linear interpolation, as shown in

ig. 3 (a). These points are at a distance ηh , normal from the k th

arker point ( x 1 , y 1 ). In Eq. (27) , h is the uniform grid spacing and

scales the length of the probe and can be selected between 1

nd 2 without any significant effect on the results [14,15,18] . For

he current study η = 2. 

Having found ˙ q �k 
, the evaporative energy source term, i.e., the

econd term on the right hand side of Eq. (5) , is first evaluated

t the interface and then smoothed onto the neighboring fixed

rid nodes in a conservative manner. Following Tryggvason et al.

12,59] , for smoothing an interface quantity, say φ�, onto fixed grid

ode ( i, j ) in two-dimensions, we must have 

 


s 

φ�(s ) ds = 

∫ 

A 

φi, j (x ) dA, (28) 

hich is approximated for an axisymmetric configuration as 

i, j = 

∑ 

k 

φk 
�w 

k 
i, j 

r k 
s k 
r i, j h 

2 
, (29) 

here r k and r i, j are the radial coordinates of the k th marker point

nd the grid node ( i, j ), respectively, 
s k is the length of the piece

f the interface between the centers of the front elements shar-

ng the k th marker point and is calculated as shown by the thick

ines in Fig. 3 (b), and w 

k 
i, j 

is the weight of the fixed grid node ( i,

 ) corresponding to the k th marker point and is calculated using

he Peskin’s cosine function [60] . The weights must also satisfy the

onsistency condition 

 

i, j 

w 

k 
i, j = 1 . (30) 

o find the evaporation source term representing the production

f fuel vapors, ˙ S F , the evaporation mass flux per unit time ˙ m �k 
is

eeded which is calculated as 

˙ 
 �k 

= 

˙ q �k . (31) 
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Fig. 4. Block diagram illustrating the general flow of information in CHEMKIN and its relationship to an application program. 
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3.3. Combustion of an evaporating fuel droplet 

Combustion of a fuel droplet involves a large number of highly

non-linear chemical reactions with a wide range of time scales

making the chemical kinetic equations notoriously stiff. CHEMKIN

[56,57] is a powerful tool to incorporate the gas-phase chemical

kinetics into the fluid dynamics simulations. CHEMKIN, in com-

bination with a general-purpose stiff ordinary differential equa-

tion integration package, VODE [65] , is used to simulate the burn-

ing of fuel vapors in air produced as a result of evaporation of

fuel droplet. Information about elements, species, chemical reac-

tion mechanism and thermodynamic data is required as an in-

put. This information is provided using two input files: chem.inp

and therm.dat . The CHEMKIN interpreter reads this symbolic in-

formation 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, reactions 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 re-

lated to chemical reaction and an information about any error oc-

curred 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 condi-

tions to solve the problem for the desired output data, e.g., the

temperature and species fields in our case. A general structure of

the CHEMKIN package is shown in Fig. 4 . 

The whole set of governing equations are solved coupled with

the gas-phase chemical kinetics. The continuity condition, Eq. (2) ,

must be satisfied during the process. The Navier–Stokes equations

are solved as explained in Section 3.1 . The solution of the energy

and species equations is advanced in time using a splitting scheme

[52,55] that computationally decouples the chemistry and the CFD

components. The chemistry part is first solved for the evolution of
t  
he species and temperature fields in the domain from t n to t n +1 

∂ρc p T 

∂t 
= 

n s ∑ 

α=1 

˙ 
αH α(T ) , (32)

∂ρY α

∂t 
= 

˙ 
α α = 1 , 2 , . . . , n s . (33)

his step is performed using CHEMKIN in combination with VODE

65] . VODE uses time-implicit backward difference methods to in-

egrate the chemistry component and utilizes adaptivity in the or-

er of accuracy and sub-cycled time-step selection so that an ab-

olute error tolerance of 10 −16 in mass fractions is maintained

hroughout [52] . In the second step, the CFD components of the

nergy and species equations are advanced in time using an ex-

licit Euler method. All spatial derivatives in the energy and

pecies equations are approximated using second-order central dif-

erences except for the convective terms where a 5th order WENO-

 [66] scheme is used. This splitting scheme is first order accurate

nd is consistent with accuracy of the overall solution procedure. 

.4. Boundary conditions at the interface 

Temperature is specified as the Dirichlet boundary condition at

he interface following the procedure described by Gibou et al.

67] and Sato and Niceno [68] . For the implementation of fuel

ass fraction boundary condition at the interface, two different

pproaches are discussed in our previous article [1] . It was con-

luded that the strategy that adds the evaporation mass flux as a

ource term to the species equation, following the adsorption layer

oncept developed by Muradoglu and Tryggvason [69,70] for treat-

ng soluble surfactant, is easy to implement, is numerically effi-

ient and yields better results as compared to the one that imposes

he species mass fraction at the interface directly as the Dirichlet



M. Irfan, M. Muradoglu / Computers and Fluids 174 (2018) 283–299 289 

b  

t  

l  

s  

m  

T  

(

S

w  

(  

t  

s  

a

w

T  

d

w

w  

d  

s

�

w  

a  

a  

p

3

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

4

 

s  

a  

t  

a  

p

 

i  

t  

a  

fi  

a  

w  

a  

a  

a  

d

ρ  

t  

n  

s  

fl  

×  

t  

p  

T  

t  

a  √
 

a  

d  

w  

m  

c

o  

a  

s  

f  

d  

t  

t  

a  

e  

c  

r

4

 

e  

c  

E  

fi  
oundary condition [67,68] . So the fuel vapors produced at the in-

erface due to evaporation are distributed onto the fixed grid fol-

owing the adsorption layer concept of Muradoglu and Tryggva-

on. This constitutes the evaporative source term for the fuel vapor

ass fraction 

˙ S F in Eq. (6) . The procedure is briefly described here.

he evaporative source term 

˙ S αi, j 
( ̇ S F i, j 

for fuel vapors) at grid node

 i, j ) is approximated as [12,59] 

˙ 
 αi, j 

= 

∑ 

k 

˙ m �k 
w 

k 
i, j 

r k 
s k 
r i, j h 

2 
, (34) 

here the weight should satisfy the consistency condition, Eq.

30) , in order to conserve the total source strength in going from

he interface to the grid. The weight for the grid node ( i, j ), for

moothing a quantity from the k th marker point, can be written

s 

 

k 
i, j = 

˜ w 

k 
i, j ∑ 

i 

∑ 

j ˜ w 

k 
i, j 

. (35) 

he non-normalized weight is obtained as a product of one-

imensional distribution functions, i.e., 

˜ 
 

k 
i, j = �(x �k 

− ih )�(y �k 
− jh ) , (36) 

here (x �k 
, y �k 

) is the coordinate of the k th marker point and the

istribution function � is a slightly modified version of the Pe-

kin’s cosine function [60,69,70] defined as 

(x ) = 

{
1 

2 λ

(
1 + cos ( πx 

λ
) 
)

if | x | < λ and I < 0 . 5 , 

0 otherwise , 
(37) 

here λ is the width of the layer onto which ˙ m �k 
is distributed as

 mass source, and is selected as λ = 2 h in the present study. We

lso checked for λ = 3 h but no considerable effect on the output

arameters is observed. 

.5. Overall solution procedure 

The overall solution procedure is briefly outlined below: 

i. Heat and mass fluxes per unit time for the marker points, ˙ q n 
�

and ˙ m 

n 
�
, are computed using temperature and species fields

at time level n , using Eq. (27) and Eq. (31) , respectively. 

ii. ˙ q n 
�

is distributed onto the fixed grid using the Peskin’s dis-

tribution function [60] . 

iii. The procedure described in Section 3.4 is used to handle the

species mass fraction boundary condition at the interface. 

iv. Interface is advected and the coordinates of marker points

for the next time level, n + 1 , are obtained by integrating Eq.

(18) as x n +1 
�

= x n 
�

+ 
t ( u n n �) n , where u n is computed using

Eq. (19) . 

v. Indicator function I n +1 is computed based on the new inter-

face location, x n +1 
�

. Then (ρc p ) 
n +1 field is evaluated based

on the updated indicator function of I n +1 . 

vi. The CHEMKIN solver is triggered at this stage to solve the

chemical kinetic mechanism for a particular chemical reac-

tion in combination with the VODE and Eqs. ( (32) and (33) )

using the temperature and species fields of the time level

n . The output of this step is the updated temperature and

species fields that will subsequently be used while solving

the energy and species equations for the time level n + 1 . 

vii. The CFD components of the energy ( Eq. (5) ) and species ( Eq.

(6) ) equations are then solved for the updated temperature

T n +1 and species Y n +1 fields, respectively. 

viii. ˙ q n +1 
�

is calculated for the time level n + 1 and distributed

onto the fixed grid following the steps i - ii. 

ix. Next, the flow equations are solved for the new velocity

field, u 

n +1 , as discussed in Section 3.1 . We need the sur-

face tension term while solving the Navier–Stokes equations.
We compute the surface tension for each front element at

time level n and distribute it onto the neighboring fixed grid

nodes using the Peskin’s distribution function [60] . 

x. The material property fields are updated for the time level

n + 1 using Eq. (17) . 

xi. The Lagrangian interface grid is restructured at each time

step to keep the interface smooth and the front element size

within the prespecified limits. 

. Results and discussion 

.1. Axisymmetric multiphase solver 

This section aims to validate the front tracking multiphase

olver in an axisymmetric configuration. A section of the droplet is

ctually simulated by exploiting the axisymmetry condition along

he z -axis. The set of governing equations, ( Eqs. (1), (5) and (6) ),

re used with ˙ q � = 

˙ S α = 

˙ 
α = 0 in combination with the incom-

ressibility condition ∇ · u = 0 satisfied throughout the domain. 

The validation case simulates the gravity driven falling droplet

n a straight channel for which numerical results are available in

he literature [71,72] . An initially spherical liquid droplet of di-

meter d is centered at ( r c , z c ) = (0, 13.75 d ) in a rigid cylinder

lled with an ambient fluid. Due to higher density of the droplet

s compared to the ambient fluid, the droplet accelerates down-

ards. The computational domain is 5 d and 15 d in the radial and

xial directions, respectively. At the cylinder walls no-slip bound-

ry conditions are applied whereas the axisymmetry conditions are

pplied at the centerline. The problem is governed by four non-

imensional parameters, namely, the Eötvös number Eo = g z (ρd −
o ) d 

2 /σ, the Ohnesorge number Oh d = μd / 
√ 

ρd dσ , the density ra-

io γ = ρd /ρo and the viscosity ratio ζ = μd /μo . The Ohnesorge

umber for the ambient fluid is defined as Oh o = μo / 
√ 

ρo dσ . The

ubscripts ‘ d ’ and ‘ o ’ denote the properties of drop and ambient

uids, respectively. The computational domain is resolved by a 512

1536 uniform Cartesian grid. For all the results presented here,

he physical properties are selected to have the non-dimensional

arameters as: Oh d = 0.0466, Oh o = 0.05, γ = 1.15 and ζ = 1.

he axial component of the gravitational acceleration, g z , is varied

o achieve the desired Eo numbers as 12, 24, 48 and 96. The time

nd centroid velocity are non-dimensionalized by the time scale
 

d/g z and the velocity scale
√ 

dg z , respectively. First, the results

re presented for the shape evolution of the droplet as it moves

own the channel for Eo = 48 and 96. The qualitative comparison

ith the results of Han and Tryggvason [71] shows excellent agree-

ent with some minor discrepancies as shown in Fig. 5 . Next, the

omparison is made for the non-dimensional centroid velocity V 

∗

f the falling droplet as shown in Fig. 6 . An excellent quantitative

greement is also observed with the results of Han and Tryggva-

on [71] for Eo = 12 and 24. However, some deviations are seen

or higher Eo numbers, which are mainly due to the fact that the

rop shape is deformed substantially as Eo increases and in cer-

ain regions numerical resolution is not good enough to capture

he full physics of the problem. Also, the numerical approximations

nd the restructuring of the interface for highly deformed geom-

try may have contributed towards these deviations. The volume

onservation error is also plotted in Fig. 6 . As can be seen, the er-

or is less than 0.2% for all the studied cases. 

.2. Temperature gradient based phase change 

After validating the multiphase solver, the temperature gradi-

nt based phase change process is incorporated into the numeri-

al method as described in Section 4.1 . The governing equations,

qs. ( (1), (5) and (6) ), are solved in combination with the modi-

ed continuity equation, Eq. (2) , in the front tracking framework.
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Fig. 5. Comparison of the present results (blue) with the numerical results of Han 

and Tryggvason [71] (red) for the evolution of drop shapes as it moves down the 

channel under the gravitational force for Eötvös numbers (a) Eo = 48 and (b) Eo 

= 96. The other non-dimensional parameters are Oh d = 0.0466, Oh o = 0.05, γ = 

1.15 and ζ = 1. The first and last interfaces are plotted for case (a) at t ∗ = 5.59 and 

44.72, and for case (b) at t ∗ = 3.162 and 34.78. The gap between two successive 

drops in each column represents the distance the drop travels at a fixed time inter- 

val. Grid: 512 × 1536. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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In this section, chemical reaction is not yet included, therefore, ˙ 
α

is set to 0 in Eqs. (5) and (6) . Numerical implementation details

particular to this process are explained in Section 3.2 . 

4.2.1. Validation test - d 

2 -law 

This case simulates a static liquid droplet of initial diameter

d o evaporating in a hot gaseous environment. An axisymmetric

droplet is centered at (0, 5 d o ) in a domain of size 5 d o and 10 d o in

the radial and axial directions, respectively, as sketched in Fig. 1 .

The domain is discretized using 256 × 512 uniform grid cells.

The temperature of the droplet is initialized as T sat and stays fixed
Fig. 6. (a) Comparison of the non-dimensional centroid velocity V ∗ of a falling droplet wi

The volume conservation error is plotted against the non-dimensional time t ∗ . The error

are Oh d = 0.0466, Oh o = 0.05, γ = 1.15 and ζ = 1. Grid: 512 × 1536. (For interpretatio

version of this article.) 
uring the whole simulation, whereas the gas phase temperature

s initialized as T g which evolves as the simulation proceeds. The

ame initial gas phase temperature is set as the wall temperature

oundary condition. At the interface, T sat is applied as the Dirich-

et interface temperature boundary condition following the strat-

gy discussed in Section 3.4 [67,68] . The length and time scales

re selected as d o and d 2 o /αg , respectively, where αg is the thermal

iffusivity of the gaseous phase. 

Numerical results are presented and compared with the ana-

ytical solution for the variation of normalized d 2 with the non-

imensional time t ∗ for various Stefan numbers. The analytical so-

ution is available in the combustion textbooks [51,73] for this clas-

ical phase change problem, termed as d 2 -law, and is expressed

s 

d d 2 

dt 
= − 8 k g 

ρl c p,g 
ln (1 + St) . (38)

he numerical and analytical results match very well for all the

tudied cases as shown in Fig. 7 (a). However, a slight difference

xists between the slopes of the analytical and the numerical re-

ults. One striking reason for this difference is the fact that as the

roplet gets smaller and smaller, grid resolution of the droplet gets

orse and results deviate from the analytical solution. Second, in

he analytical solution it is assumed that droplet evaporates in an

nfinite domain whereas, in numerical simulations, the computa-

ional cost restricts the domain dimensions to a finite size. We nu-

erically experimented with different domain sizes for St = 0.025;

he numerical results approach the analytical solution as we in-

rease the domain size, as shown in Fig. 7 (b). Another reason may

e the volume conservation error (negative error in our case) asso-

iated with the front tracking solver itself, as shown in Fig. 6 . This

upports and is consistent with the slightly higher slopes in the

umerical results. The results are expected to be further improved

y grid refinement and by using stretched grid or adaptive mesh

efinement. 

Next, the results are presented for a n -heptane droplet evapo-

ating in a quiescent nitrogen environment. This case is studied ex-

erimentally by Nomura et al. [40] in a microgravity environment,

nd has been used by various researchers as a benchmark case to

alidate their phase change solvers [43] . Fig. 8 shows the results of

he normalized d 2 variation with t/d 2 o where d o is the initial drop

iameter. Two separate cases are studied with different initial gas

hase temperatures T g . The domain size is 2.5 d o and 5 d o in the ra-

ial and axial directions, respectively, and resolved by 192 × 384

niform grid cells. The temperature inside the droplet is initialized
th the numerical results of Han and Tryggvason [71] for Eo = 12, 24, 48 and 96. (b) 

 is less than 0.2% for all the cases. The non-dimensional parameters for this study 

n of the references to color in this figure legend, the reader is referred to the web 
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Fig. 7. (a) Comparison of the analytical and numerical results for the normalized d 2 plotted against the non-dimensional time for St = 0.025, 0.05 and 0.1. The computational 

domain is 5 d o and 10 d o in the radial and axial directions, respectively. Grid: 256 × 512. (b) The effects of the computational domain size on the numerical results for St = 

0.025. The results are obtained for the domain sizes of (2.5 d o , 5 d o ), (5 d o , 10 d o ) and (10 d o , 20 d o ) in ( r, z ) coordinate directions, respectively. The respective grid resolutions 

are: 128 × 256, 256 × 512 and 512 × 1024. ( γ = 5 and ζ = 10). 

Fig. 8. The square of the normalized droplet diameter against the scaled time for 

an evaporating n -heptane droplet. The present results are compared with the ex- 

perimental data and the previous numerical results as well as with the classical 

d 2 -law for two different initial gas phase temperatures and diameters. Insets show 

two snapshots from the experimental results of Nomura et al. [40] during the evap- 

oration process. ( γ = 100 and ζ = 10). 
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s 300 K whereas initial gas phase temperature T g is applied as the

irichlet temperature boundary condition at the walls. The density

nd viscosity ratios are set as 100 and 10, respectively. Higher den-

ity ratio is also tested but no significant effect on the results is

bserved. The gas phase thermophysical properties are evaluated

t the boiling temperature and are assumed to stay constant dur-

ng the whole simulation as suggested by Miller et al. [42] . As seen

n Fig. 8 , the present numerical results are in good agreement with

he numerical results of Zhang [43] . Also, the present results over-

ll follow the trends of the experimental results, however, some

eviations are observed especially in the initial stages of the evap-

ration process. The possible reasons are highlighted below. 

1. As shown in the inset of Fig. 8 , the snapshots of the evaporat-

ing droplet taken during the experiments [40] reveal that the

droplet is far from a spherical shape in the experiment whereas

it remains nearly spherical throughout the numerical simula-

tions. 

2. In the experiments, the droplet is generated at the tip of a silica

fiber whereas no such effects are considered in the numerical

simulations. In the literature, several experimental and numer-
ical studies are available to show the influence of supporting

fiber on the droplet heat and mass transfer [32,74,75] . 

3. In the experiments, the droplet is introduced into the hot en-

vironment by translating it through some distance which may

have introduced some convective currents. This is probably the

reason for the flat portion seen at the start of the experimen-

tal results, as also argued by Zhang [43] . Also, the liquid needs

to reach its saturation temperature which may have produced

initial plateau on the d 2 curve. 

4. Another possible reason may be the fact that in the numerical

study, the gas phase thermo-physical properties are evaluated

at the boiling temperature and are assumed to stay constant

during the whole simulation, as suggested by Miller et al. [42] .

However, the numerical experiments suggest that this assump-

tion produce negligible changes, as also confirmed by the vali-

dation results described in the later sections. 

The order of accuracy of our numerical algorithm has been

emonstrated in our previous study to be around 1.5 for a static

vaporating droplet and unity for the extremely deformed moving

vaporation droplets [1] . 

.3. Combustion of an evaporating droplet 

Finally, the combustion of an evaporating droplet is simulated

y incorporating the CHEMKIN package into our phase change

olver as explained in Section 3.3 . Accurate incorporation of the

HEMKIN package is first verified using a standard test case of the

ydrogen-air combustion under the constant pressure conditions

57] . The results reported in the manual [57] for the species mole

ractions and temperature are exactly reproduced using the cur-

ent solver. This verifies the accurate incorporation of the chemi-

al kinetics solver (CHEMKIN) when triggered from our main code.

o test the full functionality of the code, i.e., the correct coupling

f the multiphase phase change and combustion solvers, compre-

ensive test cases are simulated that involve the combustion of

n evaporating droplet in quiescent hot air environment using a

ingle-step and a detailed chemistry models. 

.3.1. Single step chemistry 

The evaporation and combustion of a n -heptane droplet is

tudied and the numerical results are compared with the pre-

ious numerical results [44,58] and the experimental data [76–

8] . We made some simplifying assumptions for this analysis: The

arangoni, Soret and Dufour effects are neglected, radiative heat
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Fig. 9. Grid convergence study: The profiles of (a) the species mass fractions and (b) the temperature plotted along the horizontal centerline computed using 256 × 512 

(coarse) and 512 × 1024 (fine) grid resolutions at t/d 2 o = 0 . 09375 s/mm 

2 . The insets show the magnified views around the sharp gradients. The small difference between the 

results obtained using the coarse and the fine grid resolutions indicates the grid convergence. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

Fig. 10. (a) Comparison of the present and the previous numerical results for the variation of the normalized d 2 and the fuel gasification rate χ for an evaporating and 

burning n -heptane droplet with the scaled time t/d 2 o . The gasification rate χ approximately attains a steady state value at t/d 2 o = 0.15 s/mm 

2 for the present case. (b) The 

peak values of the gas phase temperatures plotted against t/d 2 o and compared with the previous numerical results. The present results approach a steady state value whereas 

results of Jin and Shaw [58] continue to decrease. The initial droplet diameter is d o = 0 . 4 mm. Grid: 256 × 512. 
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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 with constant thermodynam-

ics properties and unity Lewis number for all the species. In addi-

tion, an ideal gas behavior is assumed in the gas phase. The global

single-step chemical mechanism for n -heptane can be written as 

C 7 H 16 + 11 O 2 → 7 CO 2 + 8 H 2 O . (39)

A section of n -heptane droplet is actually simulated by exploit-

ing the axisymmetry condition at the centerline as schematically

shown in Fig. 1 . The initial diameter of the droplet is d o = 0 . 4 mm

and is placed at the centerline with the center point coordinates

as ( r o , z o ) = (0, 2) mm. The computational domain is 5 d o and

10 d o in the radial and the axial directions, respectively, and is re-

solved using 256 × 512 uniform grid cells. The droplet tempera-

ture is initialized as the boiling point of the n -heptane, i.e., T o =
T b = 371.6 K. The initial fuel vapor 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 throughout the simulations. The tem-

perature in the ambient air is initialized uniformly at 500 K. The

gas domain is assumed to be pure air composed of 79% N 2 and

21% O by volume. The evaporation of n -heptane droplet produces
2 
uel vapors around the droplet which react with the oxidizer in the

ir to produce the combustion products. Eq. (6) is solved for all

he species in the gas domain at each time step to obtain an up-

ated species field. At the domain boundaries, the temperature and

pecies boundary conditions are 500 K and pure air, respectively. It

s observed that the fuel-air mixture does not automatically ignite

nless the ignition energy is supplied by artificially increasing the

emperature locally using an external heat source. In the present

tudy, the temperature is increased to 1800 K in the gas domain

round the droplet for 50 time steps subjected to the conditions:

 C 7 H 16 
> 0.01 and Y O 2 

> 0.01. Once the fuel is ignited the combus-

ion proceeds in a smooth fashion. 

First a grid convergence study is performed; results are pre-

ented for species mass fractions and temperature for two grid

esolutions: 256 × 512 and 512 × 1024, as shown in Fig. 9 .

pecies mass fraction profiles almost overlap for the two grids

sed whereas the temperature profile shows a small difference

ear the peak. Hence the 256 × 512 grid resolution is used for

he rest of the study unless specified otherwise. Results are then

resented for the variation of normalized squared-diameter ( d / d o ) 
2 

nd the fuel gasification rate χ with the scaled time of t/d 2 o , as

hown in Fig. 10 (a). The fuel gasification rate is defined as χ = -

( d 2 )/dt, where d is the instantaneous droplet diameter. As seen
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Fig. 11. The 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 (from left to right in each row) t/d 2 o = 0.0 0375, 0.0 084, 0.0343 and 0.1875 s/mm 

2 . The initial droplet diameter is d o = 0 . 4 mm. 

Grid: 256 × 512. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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n Fig. 10 (a), the present numerical results compare well and gen-

rally follow the trends of the previous numerical study [58] . The

ifference observed, which is more significant at the initial stages,

s attributed mainly to the differences in the computational and

perating parameters, e.g., the domain size, thermophysical proper-
ies, the ignition heat source strength and its duration, etc. During

he course of the simulation there is an initial vaporization phase

t the beginning when fuel vaporizes but there is no combustion.

nce sufficient amount of heat is supplied, the ignition starts and a

artially premixed flame first develops near the droplet which then
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Fig. 12. The profiles of temperature and species mass fractions along the horizontal 

centerline ( z = 5 d o ) of the domain at time t/d 2 o = 0.1875 s/mm 

2 . The peak temper- 

ature indicates the location of the flame front where the species mass fraction pro- 

files also show a sharp gradient. The initial droplet diameter is d o = 0 . 4 mm. Grid: 

256 × 512. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 13. The flame diameter ( d f ) and the standoff ratio ( d f / d ) plotted against t/d 2 o 

for a burning n -heptane droplet ( d o = 0.4 mm). The flame diameter approaches to 

a steady state value provided that the computational domain is sufficiently large. 

However, the standoff ratio is expected to increase till the whole droplet is burnt 

out. The domain size for this case is 10 d o and 20 d o in the radial and the axial di- 

rections, respectively. Grid: 512 × 1024. 

Fig. 14. The constant contour plots of temperature (left portion) and OH mass frac- 

tion (right portion) for a burning n -heptane droplet at t = 5.5 ms using the reduced 

chemical kinetic mechanism of Maroteaux and Noel [79] . The gas phase tempera- 

ture is T g = 500 K and pressure p = 10 atm. The domain size is 5 d o and 10 d o in the 

radial and the axial directions, respectively. ( d o = 0.4 mm; Grid: 256 × 512.). (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 15. The detailed chemistry calculations of the ignition delay time t ign for the n - 

heptane droplet. The present results are plotted together with the numerical results 

of Stauch et al. [45] for various gas phase temperatures ( T g ) at the fixed pressure of 

p = 7 atm. The computational domain: 2.5 d o × 5 d o ; d o = 0.4 mm; Grid: 128 × 256. 
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ransforms into a diffusion flame. The close proximity of the flame

nduces excessive droplet vaporization, pushing the flame outwards

44] . This transient phase with high vaporization/gasification rates

esults in a fast reduction in the droplet area, i.e., d 2 . These trends

re clearly visible for both the results of ( d / d o ) 
2 and χ during

he early stages of combustion as shown in Fig. 10 (a). Similar

rends are also reported by Cho and Dryer [44] during the un-

teady burning phase. In contrast, the numerical results of Jin and

haw [58] show a more extended ignition delay time and low gasi-

cation rate at the initial stages. This is mainly due to the two

easons. First, the heat source for igniting the fuel droplet is ap-

lied after a longer initial vaporization phase as compared to the

resent study due to which the gasification rate is much lower dur-

ng that initial phase; that phase is not visible in the results of the

resent study. Second, the strength of the ignition heat source is

eak as compared to the present study therefore the peak gasi-

cation rates attained are lower when compared to the present

esults. The peak temperatures produced in the gas domain as a

esult of chemical reaction are plotted and compared with the pre-

ious numerical results [58] in Fig. 10 (b). This figure shows that a

emperature spike is produced as the reaction starts which grad-

ally smooths out to a steady state value. The similar observation

s also reported by Cho and Dryer in their numerical study about

 -heptane droplet burning [44] . Fig. 11 shows the temperature and

pecies mass fraction contour plots for oxygen and nitrogen at four

ifferent instants during the droplet burning showing their evolu-

ion in time during the course of combustion. A flame is produced

hich diffuses outwards maintaining the spherical symmetry. Pro-

les of the species mass fractions and temperature at z = 5 d o are

lotted in Fig. 12 . The peak temperature marks the location of the

ame front: to the left of this point there is no oxidizer and to the

ight there is no fuel. All the fuel transported to the flame front

s burnt to produce the combustion products. There is an equilib-

ium between the fuel gasification and consumption, termed as the

teady state condition; the flame temperature being constant dur-

ng that condition. 

The initial flame diameter d f obtained in the current study is

pproximately 1 mm which continuously increases before reaching

 steady state value. This trend is shown in Fig. 13 along with the

ame standoff ratio ( d f / d ). For this particular test case a bigger

omputational domain is used so that the flame size can reach a

teady state value. The computational domain is 10 d o and 20 d o in
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Fig. 16. Contour plots of temperature (top row) and OH mass fraction (bottom row) for a burning n -heptane droplet at t = 3.0 ms using the reduced chemical kinetic 

mechanism comprising of 25-species and 26-reactions [79] . The domain size is 5 d o in radial and 15 d o in axial directions where the initial diameter d o = 0.4 mm and p = 10 

atm. Grid: 256 × 768. The gas phase temperature T g is varied to analyze the effects on the flame extinction/blow-off. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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he radial and the axial directions, respectively, and is resolved us-

ng 512 × 1024 grid cells. It is observed that the ignition starts with

 standoff value of 2.5; this is consistent with the previous numer-

cal studies [44,58] . The standoff value follows the trend of flame

iameter but continues to increase linearly as expected, and more

uickly towards the end of droplet life time, because the droplet

iameter d is continuously decreasing. 

.3.2. Detailed chemistry calculations 

Finally, simulations are performed for the evaporation and com-

ustion of a n -heptane droplet using a detailed chemical kinetic

odel. For this purpose, the reduced chemical kinetic mechanism

f Maroteaux and Noel [79] is incorporated into the numerical al-

orithm to rigorously test the functionality of our solver. The re-

uced mechanism includes 25 species and 26 reactions. 

We first consider the evaporation and burning of the n -heptane

roplet case described in Section 4.3.1 but the simulations are

ow performed using the reduced chemical kinetic mechanism of

aroteaux and Noel [79] . The constant contours of the tempera-

ure and the OH mass fraction are plotted side by side sharing the

ommon centerline as shown in Fig. 14 . The contours of the maxi-

um temperature and the OH mass fraction coincide to mark the

ocation of the propagating flame front, which is quite expected as
oth quantities are widely used to determine the location of the

ame front in the combustion literature [51] . To verify our results

uantitatively, a test case is simulated to determine the ignition

elay times ( t ign ) during the autoignition of a n -heptane droplet

nder isobaric conditions for various values of the gas phase tem-

erature T g . In contrary to our previous simulations, there is no

ocalized artificial heating of the gas domain near the droplet in

his particular test case since we are focusing on the autoignition.

omparison is made with the numerical results of Stauch et al.

45] who also studied a similar case to analyze the effect of gas

hase temperature on the ignition delay times. The results com-

are very well as shown in Fig. 15 despite the fact that there are

ome differences in the physical and computational settings for

he two compared cases. Also, Stauch et al. [45] used a more de-

ailed chemical mechanism as compared to the present study. It is

bserved that the ignition delay time is a strong function of gas

hase temperature and decreases as the gas phase temperature is

ncreased. The computational cost analysis is also performed for

he case with T g = 20 0 0 K. It is found that approximately 85% of

he total computational time is utilized by the CHEMKIN solver. 

Next, the method is applied to simulate the case of a burn-

ng n -heptane droplet moving in a gaseous ambient environment
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Fig. 17. Contour plots of temperature (top row) and OH mass fraction (bottom row) for a burning n -heptane droplet at t = 5.5 ms using reduced chemical kinetic mechanism 

comprising of 25-species and 26-reactions [79] . The domain size is 5 d o in radial and 15 d o in axial directions where initial diameter d o = 0.4 mm and p = 10 atm. Grid: 256 

× 768. The gas phase temperature T g is varied to analyze the effects on the flame extinction/blow-off. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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under the action of gravity with the Eotvos number Eo = 62 . 08 ,

the Ohnesorge number for droplet Oh d = 0 . 14 and the Ohnesorge

number for ambient fluid Oh o = 0 . 082 . The density and viscosity of

the ambient fluid (air) are increased in solving the flow equations

mainly to enhance the numerical stability, i.e., the density and the

viscosity ratios are set to γ = 33 . 33 ζ = 10 , respectively, in the hy-

drodynamics calculations. We note that a further increase in the

density and viscosity ratios does not affect the computational re-

sults significantly. The actual physical material properties are used

in the thermo-chemical calculations. A droplet of initial diameter

d o = 0.4 mm is placed at the centerline with the center point co-

ordinates ( r o , z o ) = (0, 11.25 d o ). The domain size is 5 d o and 15 d o in

the radial and axial directions, respectively; and is resolved using

256 × 768 grid points. Pressure in the domain is set as 10 atm

and gas phase temperature T g is varied from 400 K to 10 0 0 K for

different test cases. Artificial heat source is applied to ignite the

fuel as explained in Section 4.3.1 . The same section describes the

implementation of temperature and species mass fraction bound-

ary conditions. Fig. 16 shows the contour plots of temperature and

OH mass fraction at t = 3.0 ms. It is observed from the plots that

the gas phase temperature controls the extinction/blow-off of the

flame. For low ambient temperature, i.e., T g = 400 K, the flame ex-
inction has started at the front section of the droplet as shown by

he contours of the OH mass fraction. This is also supported by the

ow temperature region produced at the front face of the falling

roplet. For the rest of the cases, the flame is intact as shown by

he OH mass fraction which marks the location of flame front; the

emperature contours also surround the droplet supporting the ex-

stence of flame. 

The temperature and the OH mass fraction contours are then

lotted at time t = 5.5 ms to observe the flame characteristics of a

oving droplet at a later stage for different values of T g as shown

n Fig. 17 . The flame blow-off occurs for the cases with T g = 400 K

nd 600 K, since the ambient temperature is not high enough to

eep the flame burning once it is artificially ignited initially. How-

ver, for large values of T g , sufficient energy is continuously avail-

ble to sustain the chemical reaction and hence flame exists result-

ng high temperatures that envelope the droplet. It is interesting to

ote that a moving droplet that is burning as well deforms more

s compared to the one that just evaporates as shown in Fig. 17 .

he present results also verify the applicability of our numerical

ethod to significantly deformed burning droplets in the engine-

ike environment with good degree of accuracy. 
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. Conclusions 

A finite-difference/front-tracking method is developed to simu-

ate the evaporation and combustion of a fuel droplet in a gaseous

mbient environment. A one-field formulation of the governing

quations is solved on a fixed, uniform and staggered grid. The in-

erface is represented by a Lagrangian grid consisting of connected

arker points that are tracked explicitly. The Navier–Stokes equa-

ions are solved using a projection method satisfying the modi-

ed continuity equation; that modification arises due to the phase

hange at the interface. A splitting scheme is employed to decouple

he chemical kinetics and the CFD components of the energy and

pecies conservation equations. The chemistry part is solved using

he CHEMKIN package in combination with the stiff ODE solver of

ODE. The solution for the temperature and species mass fraction

s advanced in time using an explicit Euler method. Peskin’s inter-

olation function is used to communicate between the fixed grid

nd the interface. 

First, the base multiphase solver is successfully validated for

he gravity driven falling droplets studied computationally by Han

nd Tryggvason [71] . The temperature gradient based phase change

olver in then incorporated into the multiphase solver and results

re compared with the analytical solutions, the experimental data

nd the previous numerical studies. The d 2 -law is demonstrated

or a static evaporating droplet case for various Stefan numbers.

he n -heptane droplet evaporation is then simulated and results

re compared with the experimental data as well as the previ-

us numerical results with good degree of accuracy. The evapo-

ated fuel vapors then undergo chemical reaction with the am-

ient air to produce the reaction products. We successfully used

 simple single-step as well as a detailed chemical kinetic mech-

nism for simulations of the n -heptane fuel droplet combustion.

he gasification rate, normalized d 2 and peak temperatures com-

are well with the previous numerical results; the discrepancies

rise mainly due to slight differences in the computational domain

etup, the operating parameters and the chemical kinetic mecha-

isms. The constant contours and the line plots of the temperature

nd the species mass fractions qualitatively confirm the accuracy of

ur results. The initial flame diameter and the flame standoff ratio

lso compare well with the previous studies. The numerical results

f the ignition time delay for a n -heptane droplet combustion for

ifferent ambient temperatures show an excellent agreement with

he previous numerical results of Stauch et al. [45] . The method

s finally applied to a n -heptane droplet moving due to gravity in

arious ambient temperature conditions yielding interesting results

bout flame blow-off. Ambient temperature is found to be a influ-

ncing parameter in this regard. The numerical method is overall

econd order accurate in space but it is a known fact that the spa-

ial accuracy reduces to first order for the global mass conservation

ainly due to the smoothing of discontinuous fields such as evap-

ration mass source in the vicinity of the interface. The present

umerical results can be compared with the experiments only in a

ualitative sense because a real burning droplet experiences vari-

us degrees of motion relative to the gas and contains a significant

mount of soot in the flame envelope which is not considered here

44] . The more detailed chemistry and variable transport and ther-

odynamic properties are expected to further enhance the quality

f our results. 

The present work lays the foundation for direct numerical sim-

lations of spray combustion in actual compression-ignition engine

onditions. Towards this ultimate goal, the future work includes

xtension of the present numerical method to full 3D geometries

s Muradoglu and Tryggvason [70] did for the simulation of soluble

urfactant. The computational cost is expected to approximately

cale with the 3rd dimension. 
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