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Numerical Modeling of Evaporation 
and Combustion of Isolated Liquid Fuel Droplets:  
a Review

1  Background
In the sparse region of a liquid fuel spray, indi-
vidual droplets move towards the combustion 
zone at different velocities and undergo evapo-
ration and/or combustion under different ambi-
ent conditions. Interaction between the droplets 
in the sparse region is expected to be minimum. 
Further, studies on liquid fuel characterization 
are conducted on individual droplet using differ-
ent techniques such as suspended droplet, freely 
falling droplet and porous sphere method. There-
fore, the study of evaporation and combustion of 
isolated liquid fuel droplets under several operat-
ing conditions is of critical importance and forms 
the first step towards considering a spray model.

Periodically, extensive reviews on evaporation 
and combustion of droplets have been reported 
in the literature. These include the reviews by 
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Williams1, Faeth2, Law3, Faeth4, Sirignano5, 
Dwyer6, Law and Faeth7, Givler and Abraham8, 
and Birouk and Gökalp9. Different aspects of 
droplet evaporation and combustion, analyzed 
using different methodologies, experimental, 
theoretical and numerical, have been reported in 
these reviews. 

Most of the numerical studies on droplet 
evaporation and combustion invoke an assump-
tion of droplet remaining spherical throughout its 
lifetime, considering low values of Weber number. 
Comparison of predictions from these models 
with experimental results has shown promising 
trends. In general, a numerical simulation should 
be capable of reporting detailed flow filed, spe-
cies and temperature distribution, which are diffi-
cult to measure even using complex experimental 
techniques. Such a comprehensive numerical 
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model includes governing equations for flow, spe-
cies and energy in liquid phase and gas phase, 
solved in a decoupled manner, and uses interface 
coupling conditions to couple these solutions.  
Numerical models, which use two-phase mod-
els such as volume of fluids (VOF) and level set 
methods, and solve the transport equations inher-
ently considering the exchanges of mass, momen-
tum, species and energy between the phases, are 
also available in the literature. An exclusive review 
of numerical modeling of evaporation and com-
bustion behavior of isolated fuel droplets will be 
useful in understanding the assumptions, simpli-
fications and model parameters required for com-
prehensive modeling of the transport processes 
involved during evaporation or combustion of 
droplets. In this review, details of numerical works 
reported on evaporation and combustion of liq-
uid fuel droplets are presented systematically.

2  Numerical Formulation for Evaporation 
and Combustion of Spherical Droplets

In this section, a general numerical formulation 
for simulating the evaporation and combustion 
characteristics of spherical liquid fuel droplets is 
presented. Incompressible and laminar flow are 
assumed. Several one-dimensional (radial flow) 
models are reported to simulate the spherically 
symmetric process. Several axisymmetric models 
have been considered to account for non-spher-
ical gas phase over a spherical droplet. The ther-
mophysical properties are evaluated as a function 
of pressure, temperature and composition of the 
mixture. The governing equations are listed below.

Using the density of the mixture, ρ, and mix-
ture velocity vector (V), the continuity equation 
in the liquid and gas phases is written in the fol-
lowing equation:

For ith species in the mixture, the conserva-
tion equation in terms of its mass fraction, Yi, its 
(species) velocity (Vi) and its net rate of produc-
tion, ωi, is written in the following equation:

The species velocity (Vi) is determined using 
Stefan–Maxwell equation, including the Soret 
effect, or using any simplified approach. For eval-
uating the net rate of production of the ith spe-
cies, ωi, a reaction scheme is selected. This may be 
as simplified as a global single step reaction or 
even a detailed kinetics mechanism.  If there are 

(1)
∂ρ

∂t
+ ∇ · (ρV ) = 0.

(2)ρ
∂Yi

∂t
+ ρV · ∇Yi = ωi − ∇ · (ρYiV i).

Detailed kinetics: a reaction 
mechanism that incorporates 
several elementary reactions 
and minor and major reacting 
species to predict the reaction 
rates.

multiple components (N), then (N − 1) species 
conservation equations are solved. In the liquid 
phase, if more than one component is present, 
then species conservation equation is solved for 
all components, leaving one of the component. In 
liquid phase, the net rate of production of species 
is not included in the governing equation.

Momentum conservation equation for both 
phases is written in the following equation, using 
pressure (p) and velocity gradients:

Here, the last term in the right-hand side 
includes the deceleration of a moving droplet 
due to the drag in the gas phase. While simulating 
suspended or stationary droplet, this term is not 
considered. Similarly, the buoyancy term (fourth 
term in RHS) is not included for zero gravity 
conditions. In the liquid phase, this term is usu-
ally neglected.

The energy conservation equation for a react-
ing flow is written in the following equation in 
terms of temperature (T), using thermal proper-
ties such as thermal conductivity (k) and specific 
heat (cp):

This includes enthalpy transport due to spe-
cies diffusion (fourth term in RHS) and source 
term due to chemical reaction (third term in 
RHS) and a proper radiation model (last term 
in RHS). In the case of droplet evaporation, the 
chemical reaction term, ωi, is set to zero. Simi-
larly, for the liquid phase, chemical reaction and 
radiation terms are excluded.

These governing equations are coupled with 
a set of interface boundary conditions, which are 
given for (r, θ) coordinates, as follows:

At the interface, the gas and liquid phase tem-
peratures are the same, as given in the following 
equation:

where the subscripts, g and l, represent the gas 
and the liquid phases, respectively, and the sub-
script, s, denotes the droplet surface. The no-
slip condition at the droplet surface requires the 
tangential component of velocity (vθ) of gas and 

(3)

∂

∂t
(ρV )+ ∇ · (ρVV ) = −∇p −∇

[

2

3
µ(∇ · V )

]

+ ∇ ·

(

µ

[

(∇V )+ (∇V )T
] )

+ ρ g − ρ
dU∞

dt
.

(4)

∂

∂t
(ρT )+∇ .(ρVT ) = ∇ .

(

k

cp
∇T

)

+
k

c2p
∇T .∇cp

−
1

cp

N
∑

i=1

ωihi −
ρ

cp

N
∑

i=1

YiV i.∇hi +
q̇′′′R
cp

.

(5)Tg,s = Tl,s,

Interface coupling: condi-
tions prescribed for exchange 
of mass, momentum and 
energy between liquid and 
gas phases.
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liquid phases to be same at the interface, as writ-
ten in the following equation:

The mass flux ( ṁ′′
θ ) along the droplet surface 

is given in the following equation:

where dR/dt is the droplet regression rate. Con-
tinuity of shear stress at the droplet surface 
includes the gradient of the surface tension (σ) 
and is given in the following equation:

Species conservation at the interface is given 
in terms of convective and diffusive fluxes using 
radial diffusion velocity (Vr) in Eqs. (9) and (10).

For fuel components:

For non-fuel components:

Here, subscript 1 represents the first fuel compo-
nent and i represents the ith non-fuel component 
in the multi-component mixture. The conserva-
tion of energy at the interface requires balancing 
the heat conducted into the liquid phase, the heat 
conducted from the gas phase, the energy trans-
ported by the species and the energy required 
for phase change, given in terms of latent heat of 
vaporization (L). This is given, for a two-compo-
nent fuel droplet, in the following equation:

For low–moderate pressure conditions, the 
equilibrium composition at the interface is cal-
culated using Raoult’s law expressed in terms of 
mole fraction, x, as in the following equation:

where p is the total pressure (atmosphere pres-
sure), pi is the vapor pressure of fuel species i 

(6)vθ ,g,s = vθ ,l,s

(7)ṁ
′′

θ = ρg,s

(

vr,g,s −
dR

dt

)

= ρl,s

(

vr,l,s −
dR

dt

)

,

(8)

µg,s

[

∂vθ

∂r
+

1

r

∂vr

∂θ
−

vθ

r

]

g,s

= µl,s

[

∂vθ

∂r
+

1

r

∂vr

∂θ
−

vθ

r

]

l,s

−
1

r

∂σ

∂θ

∣

∣

∣

∣

s

.

(9)
ṁ

′′
θY1,g,s + ρg,sY1,g,sVr,1,g,s

= ṁ
′′
θY1,l,s + ρl,sY1,l,sVr,1,l,s

(10)ṁ
′′

θYi,g,s + ρg,sYi,g,sVr,i,g,s = 0

(11)

ṁ
′′
θ

(

Y1,l,sL1 + Y2,l,sL2

)

+ ρl,s
(

Y1V r,1L1 + Y2V r,2L2

)

− kg,s
dT

dr

∣

∣

∣

∣

g,s

= kl,s
dT

dr

∣

∣

∣

∣

l,s

.

(12)xi,g = γixi,l
pi

p
,

evaluated using the equation such as Wagner 
equation, γi is the activity coefficient of fuel spe-
cies i, which is evaluated using several meth-
ods, including the UNIFAC group contribution 
method.

For high-pressure conditions, fugacity values 
in liquid and gas/vapor phases for each species 
are equated as written in the following equation:

where f and ф are fugacity and fugacity coeffi-
cient, respectively, y and x are the mole fractions 
in gas and liquid phases, respectively, subscript, 
i represents ith species, and superscripts, v and l, 
represent vapor and liquid phases, respectively. A 
real gas equation of state, as presented in Eq. (14), 
is employed for fugacity coefficient calculation.

The constants, a and b, take values depend-
ing upon the formulation and R is universal gas 
constant.

Based on the conditions, a numerical model 
can be used to solve for quasi-steady behavior 
during droplet evaporation or combustion. It is 
known that, for most of the fuel droplets exclud-
ing the multi-component droplets having com-
ponents of widely differing volatilities, after a 
short initial transient period, the droplet surface 
regresses almost at a steady rate, as described by 
the d2-law. During this quasi-steady evapora-
tion or combustion, conservation equations for 
flow, energy and species are solved only in the 
gas phase along with appropriate coupling con-
ditions for heat, mass and species balances at the 
liquid–gas interface. Here, liquid phase regres-
sion is not accounted for. This model applies to 
steady evaporation and burning, as in the case of 
porous spheres, where the liquid fuel is fed into 
the porous sphere at the rate equal to the rate of 
evaporation or burning.

Apart from the above approaches, a coupled 
two-phase approach that includes interface track-
ing using VOF or level set methods, has also been 
used for simulating droplet evaporation and 
combustion. This approach can handle droplet 
deformation. To model droplet deformation, gen-
erally a three-dimensional domain is involved, 
thus, it is highly computationally intensive.

(13)f vi = f li or yiφ
v
= xiφ

l,

(14)p =
RT

v − b
−

a

v2 + 2bv − b2
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3  Numerical Research on Droplet 
Evaporation

During the past decades, several numerical stud-
ies have been conducted on evaporation of liquid 
fuel droplet at atmospheric sub-critical, criti-
cal and super-critical ambient conditions, under 
micro and normal gravity, and at various convec-
tive fields. The major amount of work has been 
reported on the evaporation of low hydrocarbon 
liquid fuels (up to n-decane) and a few studies are 
also available on the evaporation of heavier liquid 
fuel droplets. There are several numerical studies 
on multi-component fuel droplet evaporation as 
well.

3.1  Numerical Models for Evaporation 
Under Low–Moderate Ambient 
Pressures

Several studies investigated the evaporation of 
liquid droplets within low-pressure environ-
ments; most of the studies assumed that the 
droplets maintain a spherical shape. Tong and 
Sirignano10 developed a simplified model for 
multi-component transient fuel droplet vapori-
zation in a hot convective environment. A steady 
convective gas phase analysis was carried out 
using a similarity transformation together with 
a stream function like simplification. The model 
included features such as liquid phase inter-
nal circulation, transient droplet diffusion and 
axisymmetric gas phase convection. Gogos and 
Ayyaswamy11 developed a model to study the 
evaporation of slow-moving droplets. The flow in 
the gas phase and the droplet internal circulation 
were treated as steady. The droplet heating was 
time dependent. Aharon and Shaw12 investigated 
the influences of thermal and solutal Marangoni 
effects on the hydrodynamic stability of binary 
droplets, evaporating in a hot environment. They 
used a linear stability approach for this analysis. 
They analyzed the stability of alkane–alkane and 
alcohol–water mixtures. They concluded that the 
thermal Marangoni effect (surface tension gradi-
ent due to temperature gradient) had a stabilizing 
effect and the solutal Marangoni effect (surface 
tension gradient due to composition gradient) 
had a destabilizing effect. However, they have not 
considered the effect of forced convection on the 
Marangoni instability of the droplet. In addition, 
their analysis did not take into account the devia-
tion from ideality of the bi-component mixture.

Ha and Lai13, 14 used linear stability analysis 
and energy method to study the Marangoni insta-
bility of a vaporizing droplet. They developed a 
simplified model to predict the critical thermal 

and solute Marangoni numbers. A model for 
unsteady droplet vaporization for a wide range 
of temperatures was developed by Ra and Reitz15. 
An unsteady internal heat flux model and a 
method to determine droplet surface temperature 
were proposed in their work. Tonini and Cossali16 
developed a new analytical model to study liq-
uid droplet evaporation in gaseous environment, 
which was valid for a wide range of conditions, 
based on the solution of species, momentum and 
energy conservation equations in radial coordi-
nates. Fairly good predictions were achieved by 
this model when compared to other models. Most 
of these analytical models, however, were not 
capable of predicting the transient nature of flow 
taking place within the droplet.

Law17 developed a model for the vaporization 
of a miscible multi-component droplet with the 
following assumptions: transient diffusion within 
the droplet, quasi-steady diffusive-convection in 
the gas phase and ideal behavior of the mixture. 
Abramzon and Sirignano18 developed a sim-
ple, but sufficiently accurate procedure for spray 
combustion calculations. Their model consid-
ered variable thermophysical properties, non-
unit Lewis number in the gas film, Stefan flow, 
internal circulation and transient heating in the 
liquid phase. They formulated a simplified, one-
dimensional, effective conductivity model for 
transient liquid heating with internal circulation. 
They used one-dimensional ‘stagnant film theory’ 
for the gas phase, which included the Stefan flow 
effect. Using their model, they studied vapori-
zation characteristics of droplets injected into 
steady/fluctuating hot air streams.

Haywood et al.19 investigated isolated droplet 
vaporization using transient two-phase model 
and predicted the internal temperature distribu-
tion within the droplet. They included the effects 
of variable thermophysical properties, heating 
and flow in the liquid phase and transient varia-
tions of droplet size and velocity in their model. 
However, they have not studied the effect of sur-
face tension variation along the droplet surface 
on the droplet internal flow field. Megaridis and 
Sirignano20, 21 simulated bi-component droplet 
vaporization by numerically solving the Navier–
Stokes equations in an axisymmetric geometry. 
Their study showed preferential vaporization of 
the more volatile species and that when a part of 
the most volatile species was trapped inside the 
recirculation zone, the lesser volatile species evap-
orated faster.

Chiang et al.22 analyzed the evaporation 
characteristics of a cold fuel drop injected sud-
denly into a hot ambient. The features of their 
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model included variable thermophysical proper-
ties, transient heating, internal circulation, drag 
experienced by droplet, boundary-layer blowing 
and moving interface. They studied the effects of 
varying the transfer number on the vaporization 
rate and the drag coefficient. They found that for 
higher transfer numbers, the evaporation rate 
was higher and for lower transfer numbers, the 
boundary-layer blowing effect was weak. They 
obtained correlations for drag coefficient, Nusselt 
and Sherwood numbers from a large amount of 
numerical data. Their work concentrated more 
on the dynamics of the droplet, however, without 
considering surface tension induced flow within 
the droplet. Megaridis23 studied the vaporization 
of a multi-component droplet under laminar 
convective environment. Effect of convection on 
droplet internal flow, however, was not studied. 
Megaridis24 used variable properties in the liquid 
phase to simulate droplet vaporization and found 
that the mixture density variation was more criti-
cal than the heat capacity variation.

Renksizbulut and Bussmann25 developed a 
numerical model considering transient effects 
for droplet size and velocity variations, heat and 
mass transfer within the liquid phase and ther-
mophysical properties varying as a function of 
temperature and concentration in both phases. 
Using their model, they studied the convective 
evaporation of n-decane + n-hexadecane drop-
let in air at 1000 K and 10 atm with Reynolds 
number of the order of 100. Their model con-
sidered vapor–liquid equilibrium at the interface 
using Raoult’s law. Haywood et al.26 developed a 
numerical model to predict the transient droplet 
size, velocity, pressure, temperature and concen-
tration fields in both liquid and gas phases. They 
used this model to simulate the vaporization 
of isolated n-heptane droplets injected into air 
at 1000 K and at pressures of 1 atm and 10 atm. 
Their results showed that the spherical droplet 
initially undergoes strongly damped oscillations 
and that the circulation within the droplet is the 
reason for the damping. Their model predicted 
the vaporization characteristics and the dynamics 
of the moving droplet quite well.

Suspended droplet evaporation in a laminar 
convective environment was investigated by Shih 
and Megaridis27. They studied the influence of 
the suspension fiber on the vaporization char-
acteristics. The influence of the thermal Maran-
goni effect on droplet evaporation in a convective 
environment was studied by Shih and Mega-
ridis28. In their cases, the thermocapillary effect 
and vaporization characteristics were independ-
ent of the Reynolds number. Tamim and Hallett29 

used a continuous thermodynamics model to 
describe the mixture composition, properties 
and vapor–liquid equilibrium. In their model, 
the composition was represented by a continuous 
probability density function. The model equa-
tions were solved using finite difference method. 
Dwyer et al.30 and Dwyer and Shaw31 used 
axisymmetric models to investigate surface ten-
sion effects on both vaporizing and combusting 
methanol droplets. Their results indicated that 
thermal and solutal Marangoni effects can greatly 
influence the flow patterns within a liquid drop-
let. The surface tension gradients due to spatial 
variations of temperature along the interface have 
a profound impact on droplet dynamic behavior.

Aggarwal and Mongia32 investigated multi-
component effects during droplet evaporation at 
ambient pressures in the range of 1–40 bar using 
two droplet sub-models. They used surrogate fuel 
droplet to represent vaporization behavior of a 
multi-component droplet. Diffusion schemes 
such as diffusion-limit and infinite-diffusion 
models were used by them to compare the behav-
ior of multi-component fuel with that of the sur-
rogate fuel. Their model included real gas 
behavior, solubility of gases in liquid phase and 
pressure dependent variable thermophysical 
properties.  They investigated the operating con-
ditions under which their assumptions were valid 
and found that the vaporization characteristics 
were highly sensitive to the droplet heating mod-
els than the blend composition. They attributed 
this to increase in droplet heat-up time and 
reduction in volatility differential between con-
stituent fuels at high pressures. Gartung et al.33 
investigated two different droplet vaporization 
models, discrete and continuous, to describe 
multi-component vaporization of hydrocarbon 
blends. Sazhin34 reviewed and identified unsolved 
problems in modeling the heating and evapora-
tion of fuel droplets. He concluded that the distil-
lation curve model (DCM) for modeling the 
evaporation of multi-component droplets 
seemed to be reasonably accurate and also less 
expensive. The author used a parabolic method 
for predicting re-circulation. This, however, was 
only an approximate method and hence can be 
used in CFD codes and for applications where 
accurate calculations are not essential. Yang 
et al.35 used a discrete/continuous multi-compo-
nent model (DCMC) to describe the composition 
of realistic fuels. Gasoline was assumed to consist 
of five discrete families of hydrocarbons (n-paraf-
fins, i-paraffins, naphthenes, aromatics and ole-
fins), each consisting of an infinite number of 
continuous components, modeled as PDF. They 

Ambient gas solubility: 
dissolving of ambient gas into 
the liquid droplet under high 
pressure conditions.
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tracked the mean and variance of each PDF. They 
used an approximate solution to quasi-steady 
energy equation to derive an explicit expression 
for heat flux from the gas phase to the gas–liquid 
interface. They claimed that their procedure 
resulted in accurate predictions when compared 
to a continuous multi-component (CMC) model.

Elwardany et al.36 reported a comparative 
study of various numerical models, which could 
predict single-component and multi-component 
droplet heating and cooling. They considered the 
effect of moving boundary in their solutions to 
species diffusion and heat conduction equations. 
Sazhin et al.37 developed a simplified numeri-
cal model to simulate heating and evaporation 
in multi-component droplets. Their model took 
liquid and gas phase coupling into account. They 
compared the results obtained from their numer-
ical model with the experimental data. Though, 
the predicted results did not closely match with 
those from experiments, the prediction was good 
enough for implementation in CFD codes, where 
CPU time is an important constraint. Strotos 
et al.38 investigated the evaporation behavior of 
two-component hydrocarbon droplets. They 
solved the Navier–Stokes equations along with 
VOF method for tracking the interface, coupled 
with energy and concentration equations in both 
liquid and vapor phases.

Raghuram et al.39, 40 and Raghuram and 
Raghavan41 numerically studied the transient 
evaporation of droplets constituted by two fuel 
components in air at atmospheric pressure, con-
sidering suspended as well as moving droplets. 
They employed a comprehensive two-phase 
model with variable thermophysical proper-
ties and calculated the activity coefficient using 
UNIFAC group contributions method. The liq-
uid and gas phases were coupled with appropri-
ate interface conditions. They found that solutal 
Marangoni effect was dominant at low freestream 
velocity. Tonini and Cossali42 studied the evapo-
ration of bi-component and tri-component fuel 
droplets at atmospheric pressure. The surface 
regression curves for tri-component droplet were 
quite nonlinear. Azimi et al.43 numerically stud-
ied droplet evaporation of three fuels namely 
n-heptane, decane and hexadecane at ambient 
temperatures of 500 K and 800 K, and at atmos-
pheric pressure. They reported that the ambient 
temperature and the type of fuel had significant 
effects on unsteadiness. Strotos et al.44 numeri-
cally studied the evaporation characteristics of 
binary hydrocarbon droplets using volume of 
fluid (VOF) method to track the interface, con-
sidering ambient temperatures in the range of 

0.56–1.62 times the critical fuel temperature, 
under atmospheric pressure. They included the 
effect of suspension fiber in their model. They 
showed the flow field as the droplet was moving 
over the suspension fiber. A disadvantage was that 
their model was reported to be very expensive as 
their simulations took around 1–3 CPU months.

Some salient findings from few of these mod-
els are as follows: based on the fuel volatility, 
ambient and convective conditions, droplet evap-
oration has three stages, as shown in Fig. 1.

The volumetric expansion phase may not be 
predominant for high volatile fuel droplets or at 
higher ambient temperatures. The strength of 
forced convection around the evaporating droplet 
has a significant effect on the Marangoni convection 
experienced by the droplet.  At higher free stream 
velocities (around 3 m/s) the Marangoni convection 
becomes weaker and the internal flow field within 
the droplet is dictated by the forced convective flow. 
At much lower free stream velocities (less than 
around 0.3 m/s), it has been observed that the 
Marangoni convection can induce a flow in the 
opposite direction to that of the forced convection. 
In the case of multi-component droplets, at a low 
relative velocity, multi-cellular vortices, as shown in 
Fig. 2, are observed within the droplet due to the 
dominance of solutal Marangoni effects. The evapo-
ration characteristics of binary fuel droplet typically 
follow the trend shown schematically in Fig. 3.

Here, z1 = 0 corresponds to zero volume frac-
tion of high volatile component and z1 = 1 repre-
sents the absence of the low volatility component. 
It is clear that the volumetric expansion phase is 

Marangoni convection: fluid 
flow induced over a liquid 
droplet surface as a result of 
surface tension gradients.

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15

(d
/d

0)2

Time (s)

A B C

Figure 1: Temporal variation of non-dimensional 
droplet surface area of a stagnant n-dodecane 
droplet evaporating in oxygen at an ambient tem-
perature of 0.9 time its critical temperature and at 
its critical pressure, displaying stages such as A: 
volumetric expansion, B: unsteady evaporation 
and C: steady evaporation.
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absent in high volatile droplet evaporation. As 
the value of z1 is gradually increased, two distinct 
slopes are visible. For instance, at z1 = 0.6, for 
until about 0.1 s, the slope of the droplet regres-
sion curve is close to that of high volatile drop-
let and after that, the slope gradually changes 
and follows that of low volatility droplet. A defi-
nite time period, where the regression curve has 
an almost constant slope, is also apparent from 
Fig. 3.

3.2  Numerical Models for Evaporation 
Under High Ambient Pressures

Even in high-pressure environments, a few of 
the early investigations assumed steady state, 
ideal gas behavior of the gas phase, insolubil-
ity of ambient gas into liquid phase, and con-
stant properties in both gas and liquid phases. 
However, these common assumptions that are 

employed in low-pressure models are not valid 
at high ambient pressures. At high pressures, the 
droplet heat-up period and transient behavior of 
the gas and liquid phases persist throughout the 
droplet lifetime. At high pressures, even for a sin-
gle component liquid droplet vaporizing into a 
single component gas environment, two species 
are involved in both phases taking into account of 
vaporization of liquid into vapor-phase and solu-
bility of ambient gas into the liquid phase. Phase 
equilibrium, in this case, dictated by fugacity bal-
ance in liquid and gas phases, is relatively simple, 
as an algebraic equation results on solving equa-
tions involving fugacity coefficients. However, if 
there are more than one liquid component (or 
more than one gas in ambient), the phase equilib-
rium has to be estimated by simultaneously solv-
ing the equations involving fugacity coefficients 
of all these species and a numerical methodology 
will be required to solve for phase equilibrium.

Studies on droplet evaporation at elevated 
pressures were mostly limited to stagnant sur-
roundings and only a few studies are reported 
under convective conditions. Matlosz et al.45 and 
Kadota and Hiroyasu46 experimentally and ana-
lytically studied the transient droplet vaporiza-
tion at high pressures and high temperatures. 
Both studies employed Redlich–Kwong (RK) 
equation of state (EOS) to capture the real gas 
effects. However, the solubility of ambient gas 
was neglected in their models. Their results indi-
cated that at the higher pressures molecular mass 
transport may not be the only controlling mecha-
nism for the evaporation process. Manrique and 
Borman47, Lazar and Faeth48 and Canada and 
Faeth49 developed theoretical models incorporat-
ing RK-EOS, and investigated steady-state vapori-
zation of liquid fuel droplet in sub-critical and 
super-critical environments. The real gas effects 
and solubility of nitrogen in liquid fuel were also 
considered in their models. However, the heat-up 
of the droplet at high pressures was neglected, 
which remains important throughout the droplet 
lifetime. They also pointed that after a sufficient 
high pressure, steady-state conditions were not 
attained at all.

Curtis and Farrell50, 51 developed numeri-
cal models, which employed the Peng–Robinson 
equation of state (PR-EOS), to study of the evap-
oration of spherical fuel droplets in high-pres-
sure and high-temperature environment. They 
reported that, if the ambient temperature and 
pressure were high enough, the droplet may heat 
up to its critical mixing point in a totally transient 
manner and coupled diffusion process became 
important in high-pressure droplet evaporation. 

Figure 2: Typical flow field in and around a mov-
ing n-heptane + n-hexadecane droplet (initially 
50–50% volume) in nitrogen environment.
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Hsieh et al.52 presented a comprehensive analysis 
of high-pressure droplet evaporation for multi-
component fuels at a supercritical temperature of 
2000 K. Their results showed an increasing trend 
in the droplet evaporation rate with pressure at 
the supercritical temperature.

Jia and Gogos53, 54 also employed PR-EOS to 
quantify the real gas effects and took into account 
the liquid phase solubility of ambient gas, for a 
wide range of ambient pressures and tempera-
tures. Their results showed that at low ambient 
temperatures, the droplet lifetime presented a 
maximum with pressure and at high ambient 
temperatures, it decreased monotonically with 
pressure. They also reported that with an increas-
ing ambient pressure, the droplet heat-up period 
increased as a proportion of the droplet lifetime 
and this became extremely important throughout 
the entire droplet lifetime for high enough ambi-
ent pressures. Delplanque and Sirignano55 and 
Haldenwang et al.56 numerically investigated the 
transient vaporization of a liquid oxygen drop-
let in gaseous hydrogen at high pressures. Zhu 
and Aggarwal57, 58 numerically investigated the 
transient vaporization of n-heptane droplet in 
nitrogen environment using different empiri-
cal equations of state. Their results showed that 
the predictions obtained using PR-EOS had an 
excellent agreement with the experimental data 
from the literature. At low–moderate ambient 
temperatures, the droplet lifetime first increased 
and then decreased as the ambient pressure was 
increased. However, at high ambient tempera-
tures, the droplet lifetime decreased monotoni-
cally with pressure. Gogos et al.59 pointed out 
that the droplet lifetime under normal gravity 
conditions decreased with ambient pressure more 
significantly than it decreased under micrograv-
ity. Consolini et al.60 reported that at sub-critical 
conditions, a spherical droplet maintained its 
spherical shape, while an initially non-spherical 
droplet attained the spherical shape very early 
in its lifetime. However, in supercritical environ-
ment, the droplet did not maintain the spheri-
cal shape and also its temperature increased 
continuously during the vaporization process. 
Zhang61 and Zhang et al.62 carried out numeri-
cal research on a vaporizing n-heptane droplet 
in a forced convective nitrogen environment at 
high pressures up to 12 MPa under micrograv-
ity. The numerical results showed that at lower 
ambient pressures, the temperature at the center 
of the droplet followed the surface temperature 
faster than the same at higher ambient pressures. 
It was observed that droplet heating was signifi-
cant for most of the droplet lifetime, and that at 

super-critical pressures, the droplet surface tem-
perature reached the computed critical state of 
the mixture.

Initial conditions and convective effects are 
extremely important in modeling the transient 
vaporization process and to arrive at predic-
tions closer to the experimental results. Yang 
and Wong63 attempted to explain the discrep-
ancies between theoretical results and available 
experimental results for microgravity droplet 
evaporation. They found that, at low ambient 
temperatures, the discrepancies were mostly due 
to conduction effects of the fiber, however, the 
importance of liquid phase radiative absorption 
increased with increasing temperature. At high 
ambient pressures (1 MPa and 2 MPa), however, 
their theoretical results differed substantially 
from the experimental results of Nomura et al.64, 
even with the inclusion of fiber conduction and 
liquid phase radiation absorption in their model. 
The enhancement in the droplet evaporation rate 
due to natural convection was more dominant 
with increasing ambient pressure. Simulating the 
cases of Nomura et al.64, Zhang et al.65 pointed 
out that the initial droplet motion from the 
droplet generation position to the test position 
was responsible for those discrepancies between 
numerical predictions and the experimental 
results of Nomura et al.64. Due to relative motion, 
the droplet experienced a considerable heat-up 
and the shear stress at the liquid–gas interface 
introduced a circulation within the droplet inte-
rior, which sustained for a quite longer time. They 
also reported that the final penetration distance 
of the vaporizing droplet decreased exponentially 
with ambient pressure. The average evapora-
tion constant increased linearly with pressure for 
small reduced ambient pressures (pr < 2). How-
ever, at high ambient pressures, it either became 
a constant (for lower initial free stream velocities) 
or non-linearly increased (at higher initial free 
stream velocities) with the ambient pressure.

Balaji et al.66 numerically studied evapora-
tion of stagnant and moving n-dodecane drop-
lets in nitrogen environment at high pressures. 
Their model was also comprehensive enough to 
include gas phase non-idealities, the liquid phase 
solubility of gases, and variable thermophysical 
properties as a function of pressure, temperature 
and composition. They validated their results 
against experimental results reported in the lit-
erature. Their results indicated that for stagnant 
droplets, at sub-critical ambient temperatures, 
droplet lifetime monotonically increased with 
pressure. At critical temperature, it first increased 
and remained almost a constant with increasing 
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pressure. At super-critical temperatures, the 
lifetime decreased continuously with increas-
ing ambient pressure. Here, the average evapo-
ration constant presented a local maximum at 
the reduced ambient pressure between 2 and 
3. For moving droplets, at super-critical ambi-
ent temperature, as the initial droplet velocity 
was increased, the rate of increase of the aver-
age evaporation constant with ambient pres-
sure became significant. For low initial droplet 
velocities (< 1 m/s), the average evaporation 
constant gradually increased with ambient pres-
sure and subsequently became a constant with a 
further increase in ambient pressure. The droplet 
lifetime decreased with an increase in ambient 
pressure and increase of initial droplet veloc-
ity. Penetration distance of the moving droplets 
decreased with ambient pressure and increased 
with initial droplet velocity. Saroj et al.67 for the 
first time reported comprehensive numerical 
simulations of evaporation of droplets consti-
tuted by n-heptane and n-hexadecane mixtures 
in high-pressure nitrogen ambient under nor-
mal gravity conditions. Gas phase non-idealities, 
solubility of ambient gas in liquid phase, and 
pressure and temperature based variable ther-
mophysical properties in both liquid and vapor 
phases were considered. Phase equilibrium was 
estimated by an iterative procedure using fugac-
ity coefficients of three species in both phases. 
The numerical model was validated against the 
experimental data. Their results showed that, at 
a given pressure, the droplet lifetime decreased 
with an increasing ambient temperature. How-
ever, at a given ambient temperature, the droplet 
lifetime first increased with increasing ambient 
pressure, reached a local maximum and then 
decreased with a further increase in the ambient 
pressure. They reported that the initial increas-
ing trend in a lifetime was due to an increase in 
droplet heat-up period and a decrease in the gas 
phase mass diffusivity with increasing ambient 
pressure. However, due to variations in other 
properties such as surface tension with pressure, 
at still higher ambient pressures, the evaporation 
rate increased, resulting in a decreasing trend in 
the droplet lifetime at these pressures. They fur-
ther reported that the mass of higher volatility 
component undergoes a sharp reduction within 
a short period of lifetime. The ambient gas dis-
solved into the liquid phase based on the ambi-
ent conditions and its mass reached a maximum 
value at a certain time instant. It then decreased 
due to net evaporation along with other fuel spe-
cies. As the freestream velocity was increased, 
faster evaporation occurred at all pressures. They 

concluded that the initial composition of the 
droplet had a significant effect on evaporation 
at low pressures. On the other hand, at higher 
pressures, the effects due to initial composition 
became more and more insignificant. By present-
ing the fields of velocity, temperature and mass 
fractions of species, they reported that the gra-
dients of these variables near the droplet surface 
were quite higher at high pressures than those at 
lower pressures.

Few studies related to explaining the effects 
of droplet suspender are also available. Shih and 
Megaridis27 and Yang and Wong68 indicated that 
liquid fuel evaporation characteristics, the drop-
let surface regression rates and the droplet surface 
temperature do not vary appreciably for sus-
pender sizes. However, they concluded that heat 
conduction through fiber enhances evaporation.

Important observations from these studies are 
the following: the evaporation constant decreases 
strongly with ambient pressure for ambient tem-
perature lower than the critical temperature of 
the fuel. Under microgravity conditions, the 
evaporation constant is weakly sensitive to pres-
sure for ambient temperatures around the critical 
temperature of the fuel, however, at substantial 
super-critical ambient temperatures, the evapo-
ration constant increases with ambient pressure. 
The evaporation constant under microgravity 
is smaller than that at the normal gravity. The 
spherical nature of the droplet is mostly affected 
in supercritical environment. The effect of sus-
pension fiber was strong when environment tem-
perature was low and when the fiber thickness 
was large.

The transient effects during the evapora-
tion of an n-dodecane droplet in nitrogen ambi-
ent at sub-critical, critical and super-critical 
temperatures of n-dodecane are demonstrated 
in Figs. 4, 5 and 6 considering various values of 
reduced pressures (ambient pressure divided by 
critical pressure of the fuel). At ambient tempera-
ture close to critical temperature, as the ambient 
pressure increases, the overall droplet lifetime 
increases. Volumetric expansion becomes increas-
ingly significant (Fig. 4). Even at critical ambi-
ent temperature, the volumetric expansion and 
droplet lifetime increases as the ambient pres-
sure is increased (Fig. 5). However, at an ambi-
ent temperature equal to two times the critical 
temperature and at a reduced pressure of 6, criti-
cal state of mixture (n-dodecane and nitrogen) is 
reached during the evaporation process. Figure 6 
illustrates that at ambient conditions of critical 
pressure and critical temperature of the fuel, a 
steady evaporation regime appears as indicated 
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by the merging of surface and center tempera-
tures of the droplet. Even at a reduced pressure of 
5.5, droplet center temperature equalizes that of 
the surface at some time instant. At supercritical 
ambient conditions (T∞ = 2TC, p∞ = 6pc), con-
tinued unsteadiness is observed until the droplet 
reaches the critical state of the mixture.

When a droplet reaches the critical tempera-
ture and pressure corresponding to the liquid 
phase mixture simultaneously, then the interface 
vanishes, and the liquid and vapor phases can-
not be distinguished. If one of the parameter has 
not reached the critical condition for the mixture, 
then both liquid and vapor phases continue to 

exist. For instance, even at a pressure higher than 
the critical pressure of the mixture, the droplet 
does not reach critical state, if the droplet tem-
perature is less than critical temperature for the 
mixture.

4  Numerical Research on Droplet 
Combustion
Numerical models on single droplet combus-

tion have been reported to study phenomena 
such as flame transition, flame extinction, soot 
formation and ignition delay, besides other pro-
cesses.  Flame transition occurs due to the relative 
velocity between the droplet and the surrounding 
gas. Convective and radiative extinction of flame 
around the droplet occurs as a result of lower res-
idence time and radiative heat loss, respectively. 
Soot formation over the droplet surface affects its 
burning characteristics. When a droplet moves 
into a hot air environment, based on the ambient 
temperature and other conditions, a flame is 
established over its surface. The time delay in the 
flame formation is one of the spray characteris-
tics. In this section, the literature reporting 
numerical results on single droplet combustion is 
presented.

Steady conservation equations including a 
single step kinetics  for fuel and oxidizer in spher-
ically symmetric coordinates were solved by 
Polymeropoulos and Peskin69 to determine the 
ignition and extinction conditions during the 
combustion of single fuel droplets. Dwyer and 

Droplet combustion: a liquid 
fuel droplet burning with a 
flame zone around its surface.

Liquid phase motion: 
fluid flow occurring inside a 
liquid fuel droplet while it is 
evaporating.

Single step kinetics: represen-
tation of the overall reaction 
between the fuel and oxidizer 
in one global step.
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exist. For instance, even at a pressure higher than 
the critical pressure of the mixture, the droplet 
does not reach critical state, if the droplet tem-
perature is less than critical temperature for the 
mixture.

4  Numerical Research on Droplet 
Combustion
Numerical models on single droplet combus-

tion have been reported to study phenomena 
such as flame transition, flame extinction, soot 
formation and ignition delay, besides other pro-
cesses.  Flame transition occurs due to the relative 
velocity between the droplet and the surrounding 
gas. Convective and radiative extinction of flame 
around the droplet occurs as a result of lower res-
idence time and radiative heat loss, respectively. 
Soot formation over the droplet surface affects its 
burning characteristics. When a droplet moves 
into a hot air environment, based on the ambient 
temperature and other conditions, a flame is 
established over its surface. The time delay in the 
flame formation is one of the spray characteris-
tics. In this section, the literature reporting 
numerical results on single droplet combustion is 
presented.

Steady conservation equations including a 
single step kinetics  for fuel and oxidizer in spher-
ically symmetric coordinates were solved by 
Polymeropoulos and Peskin69 to determine the 
ignition and extinction conditions during the 
combustion of single fuel droplets. Dwyer and 

Droplet combustion: a liquid 
fuel droplet burning with a 
flame zone around its surface.

Liquid phase motion: 
fluid flow occurring inside a 
liquid fuel droplet while it is 
evaporating.

Single step kinetics: represen-
tation of the overall reaction 
between the fuel and oxidizer 
in one global step.

Sanders70 presented finite difference solution to 
steady conservation equations. They were able to 
predict two distinct flame regimes, namely, enve-
lope and wake flames. Dwyer and Sanders71 
extended their numerical model to include tran-
sient effects during the burning of an octane 
droplet. They were able to predict the movement 
of wake flame towards the front stagnation point 
of the droplet to become an envelope flame. 
Shaw72 considered liquid phase diffusion to study 
its influence on spherically symmetric combus-
tion of two-component droplets. Cho et al.73 
employed a transient one-dimensional numerical 
model with detailed chemical kinetics to predict 
the characteristics of droplets burning under 
microgravity environment. They were able to pre-
dict the extinction diameter, where the flame 
around the droplet suddenly vanishes. Chao 
et al.74 carried out multi-scale activation energy 
asymptotic analysis to establish the temperature 
sensitive nature of radiation heat transfer on the 
structure and extinction of diffusion flame estab-
lished over a droplet. They established the 
dependence of droplet size on radiative extinc-
tion. Madooglu and Karagozian75 developed a 
model based on boundary layer approach, con-
sidering one-step finite rate chemistry and prop-
erty variation as a function of temperature and 
composition, to study droplet combustion. Saitoh 
et al.76 used a transient model with variable prop-
erties and finite rate chemistry to study the effect 
of thermal radiation on the combustion charac-
teristics of a fuel droplet. It was shown that the 
inclusion of the radiation model resulted in the 
reduction of the maximum temperature by 
around 25%. Huang and Chen77 investigated the 
burning characteristics of liquid fuel droplets 
under forced convection in axisymmetric coordi-
nates using one-step global reaction kinetics. 
They reported the occurrence of rapid transition 
of envelope to wake flame under certain air veloc-
ity. They also reported that the d2-law was still 
valid for droplet combustion in wake flame mode. 
Jiang et al.78 reported multiple flame configura-
tions during quasi-steady combustion of fuel 
droplet using two-phase numerical model and 
one-step global kinetics. They used Reynolds 
number and Damköhler number to delineate 
regimes such as no flame, wake flame and enve-
lope flame. Marchese et al.79 used transient, 
bicomponent droplet combustion model to pre-
dict the burning features of methanol and metha-
nol–water droplets under microgravity 
conditions. However, they were not able to pre-
dict the non-linearity in the surface regression of 
the droplets with their model. Marchese and 

Dryer80 carried out transient simulations of 
methanol droplet combustion and concluded 
that their numerical results were consistent with 
the experimental results only when internal liq-
uid phase motion  was considered by reducing 
the effective liquid mass Peclet number to an 
order of one. Lee et al.81 used spectral element 
method to model transient droplet combustion 
in a non-quiescent environment. Detailed kinet-
ics for CO oxidation was used. Huang and Chen82 
modelled the ignition of n-heptane droplet in 
high-temperature convective stream. Both forced 
convection and gravity-driven natural convection 
were considered. They reported that an envelope 
flame forms after ignition and d2-law was valid in 
mixed (forced + natural) convective environment 
as well. Marchese and Dryer83 and Marchese 
et al.84 reported studies on radiative effects on 
droplet combustion using spherically symmetric 
transient model and concluded that radiation 
effects cannot be neglected for droplets with ini-
tial droplet diameter more than 3 mm. Dwyer 
et al.85 from their numerical simulations of com-
bustion of moving methanol droplets clearly 
showed that Marangoni convection and diffusion 
flame interaction exert strong forces on liquid 
droplets. The liquid phase dynamics are found to 
be extremely important as indicated by this study. 
Marangoni convection can induce internal 
motion within the droplet, which is burning even 
under quiescent condition, due to factors such as 
ignition and water absorption. Thus, this param-
eter is quite important for alcohol droplets, which 
are polar in nature like water.

Balakrishnan et al.86, 87 reported their porous 
sphere experiments and related quasi-steady 
simulations of diffusion (envelope) flames over 
the droplet (sphere) surface. They used the finite 
element method. Since such diffusion flames 
are transport controlled, they used infinite rate 
chemistry. They formulated their model based 
on Schvab–Zeldovich method. They were able 
to predict burning rate of the fuel through the 
porous sphere as a function of air velocity. They 
also analyzed the interference between the diffu-
sion flames from two adjacent burning spheres. 
Kazakov et al.88 studied ethanol droplet com-
bustion using detailed chemical kinetics and 
spherically symmetric model. They were able 
to predict the regression rate as well as extinc-
tion diameter. They took into account of water 
accumulation inside the ethanol droplet using 
liquid mass Peclet number. Auto-ignition and 
burning characteristics of isolated fuel droplets 
were studied using detailed chemical kinetics by 
Cuoci et al.89. They emphasized the influences of 
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radiative heat transfer and low-temperature oxi-
dation mechanisms on the prediction of extinc-
tion diameters of n-heptane droplets. Studies on 
n-heptane droplet under quiescent and convec-
tive environments have been reported by Pope 
and Gogos90 and Pope et al.91. Using finite vol-
ume method, they solved the governing equations 
in gas phase in an axisymmetric domain. They 
used one-step global kinetics and were able to 
predict the air velocity that caused flame extinc-
tion. They extended their model to include the 
solution of liquid phase transport processes and 
simulated the combustion of moving and sus-
pended droplets. Raghavan et al.92 conducted 
porous sphere experiments using methanol 
and measured the mass burning rate and the air 
velocity at which envelope flame transitioned to 
wake flame. They employed an axisymmetric 
quasi-steady model using one-step kinetics for 
methanol oxidation and variable thermophysical 
properties. Their model included the effects of 
forced and natural convection. They were able to 
predict the mass burning rates and the air veloc-
ity at which a wake flame was obtained. Dietrich 
et al.93 conducted microgravity experiments on 
decane droplet and modelled their experiments 
using a spherically symmetric transient model 
with constant properties. They emphasized the 
importance of fuel vapor accumulation through 
their transient results. Stauch et al.94 conducted a 
detailed numerical simulation of auto-ignition of 
n-heptane droplet burning in hot air. They var-
ied ambient pressure, initial droplet diameter and 
other initial conditions to study their effects on 
auto-ignition. The initial droplet size was seen to 
affect the auto-ignition characteristics more.

Raghavan et al.95 developed and used an 
axisymmetric model to predict the extinction 
diameters of methanol droplet in a quiescent 
microgravity environment. Their model included 
variable thermophysical properties calculated as 
a function of temperature and species concen-
tration, and surface tension gradient term added 
in the shear stress balance equation at the inter-
face. They used one-step global mechanism for 
imparting finite-rate chemistry. It was shown that 
the liquid phase motion was highly responsible 
for water absorption within the methanol droplet. 
Solutal and thermal Marangoni effects were able 
to induce complex, multi-cellular motion within 
the methanol droplet, which facilitated perfect 
mixing and realistic water absorption within the 
droplet. Raghavan et al.96 predicted the flame 
characteristics over methanol droplets under 
forced convection considering both suspended 
as well as moving droplets. For moving droplets, 

initially a wake flame appeared and as the droplet 
decelerated, an envelope flame was formed during 
some time instant of its life period, for all initial 
Reynolds number in the range of 1–100. Under 
this scenario, the surface tension effects were seen 
to be important for the entire range of Reyn-
olds number. On the other hand, for suspended 
droplets, the surface tension effects were seen to 
be important only when Re was less than around 
15. Raghavan et al.97 included optically thin 
approximation based radiation model in their 
axisymmetric numerical model and were able 
to predict the extinction diameters of methanol 
droplets having an initial diameter in the range of 
0.43–3 mm. It was shown that both surface ten-
sion and non-luminous thermal radiation were 
important in predicting the extinction diameter. 
Raghavan et al.98 investigated the interference 
effects during burning of porous spheres kept 
under tandem arrangement and fueled by meth-
anol. An axisymmetric quasi-steady numerical 
model was used in the simulations. Both forced 
as well as natural convection were included. One-
step global finite rate kinetics was employed along 
with variable thermophysical properties. Oxy-
gen starvation and heat flux increment between 
the flames were found to be the important con-
sequences as a result of interference between the 
flames over the porous spheres.

Jin and Shaw99 used a commercial soft-
ware to study the combustion and extinc-
tion of n-heptane droplet in air added with 
carbon-dioxide, helium and xenon. They used 
VOF method with one-step chemical kinetics 
and variable thermophysical properties. They 
reported the importance of Soret effect in pre-
dicting droplet combustion characteristics. Sahu 
and Raghavan100 presented simulations of steady 
burning of ethanol over porous spheres using a 
numerical model that included variable proper-
ties, non-luminous thermal radiation and global 
one-step chemistry. The effect of air velocity on 
flame behavior was presented in detail. They pre-
sented criteria for flame extinction due to forced 
air flow in terms of Damköhler number and 
momentum ratio near the front stagnation point 
of the sphere. Sahu et al.101 simulated steady 
burning of spherical ethanol particles in a spray 
environment, which was modeled as a high-tem-
perature oxidizer stream, where the major prod-
ucts of combustion were present. They reported 
that the ambient temperature affects the burning 
rate only when oxygen content in the oxidizer 
had reduced below a given value. The variation 
of normalized Damköhler number was presented 
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to delineate the occurrences of combustion and 
pure evaporation.

Farouk and Dryer102 simulated tethered 
methanol droplet combustion in  CO2 environ-
ment under microgravity conditions using a 
spherically symmetric transient numerical model 
with detailed chemical kinetics. They were able 
to predict the extinction diameters as well as 
enhancement in the burning rate, when thick 
quartz fibers were used. Farouk et al.103 presented 
the predictions from their spherically symmet-
ric numerical model along with the results from 
microgravity experiments on methyl butanoate 
droplet combustion. Awasthi et al.104 reported 
the combustion characteristics of methanol drop-
let in nearly quiescent and hot environment, and 
analyzed the effects of initial droplet diameter. 
The model parameters were almost similar to that 
of Raghavan et al.97. They reported the effects of 
kinetics, surface tension and radiation for differ-
ent droplet initial diameters. Awasthi et al.105 car-
ried out similar investigation on the combustion 
characteristics of n-heptane droplets, where the 
effects of initial droplet size as well as ambient 
temperature were revealed.

Cuoci et al.106 numerically investigated the 
auto-ignition of isolated n-heptane, n-decane 
and n-dodecane droplets in air under micro-
gravity conditions, considering pressure in the 
range of 1–20 bar. They emphasized the impor-
tance of low-temperature chemical kinetics 
from their predictions. Alam et al.107 and Cheng 
et al.108 reported the combustion characteristics 
of n-butanol and butanol isomers. Their transient 
models included complex combustion chemistry, 
radiative heat transfer and temperature depend-
ent variable properties. They also made a com-
parative assessment between two kinetic models. 
Farouk et al.109 carried out transient spherically 
symmetric droplet combustion modeling using 
detailed chemistry to understand the cool flame 
burning regime in large diameter droplets under 
microgravity. Several factors that influenced the 
dual stage hot flame to cool flame transition or 
direct establishment of a cool flame were ana-
lyzed and discussed. Cuoci et al.110 employed a 
detailed mechanism (with 450 species and 17,000 
reactions) to simulate low-temperature combus-
tion regime. They were able to predict the experi-
mental results quite well and were able to explain 
the physics behind low-temperature combustion 
and flame extinction.

Ashna et al.111 employed a two-phase lattice-
Boltzmann formulation for simulating com-
bustion of n-heptane and n-butanol droplets. 
Appropriate source terms were used to account 

for the heat release from combustion as well as 
the radiative heat loss. Single step global reaction 
was considered. Their predictions were validated 
against the experimental data. Giusti et al.112, 

113 carried out simulations of droplet combus-
tion under gas turbine conditions and high-alti-
tude relight conditions. The effects of increased 
dilution of product mixture were reported. A 
regime diagram for droplet evaporation and 
auto-ignition was presented as a function of ini-
tial droplet size and air dilution. In high-altitude 
conditions, the ignition phenomenon was stud-
ied. Stagni et al.114 used heterogeneous chemical 
kinetics mechanism, describing aerosol and par-
ticle behavior, in their one-dimensional model 
that accounted for non-luminous and luminous 
radiative heat losses, to study the soot formation 
from isolated n-heptane droplet flames. Chen 
et al.115 reported evaporation and combustion 
characteristics of liquid hydrogen droplet using 
one-dimensional (radial coordinate) diffusive 
equations. They reported about the existence of 
a critical radius, where the conductive and radia-
tion heat become equal. A front-tracking method 
was developed for particle-resolved simulations 
of droplet evaporation and combustion by Irfan 
and Muradoglu116. They used finite-difference 
front-tracking method to solve the two-phase sys-
tem. Many benchmark results have been reported 
in their study. Combustion of n-heptane drop-
let has been simulated using detailed chemical 
kinetics.

It is clear that several authors have used 
quasi-steady models to predict the steady burn-
ing characteristics of liquid fuels. Here, the liquid 
phase transport processes are not included. Gas 
phase simulations are made as comprehensive 
as required. These studies mimic the conditions 
of porous sphere experiments, where the liquid 
fuel is supplied to the porous sphere uniformly 
at the rate at which it burns. Burning rates, con-
vective extinction and transition of envelope to 
wake flames under different ambient conditions 
were reported in these studies. Figure 7 presents 
the variation of predicted mass burning rates as 
a function of air velocity for different sizes of 
porous spheres. The quasi-steady model is able to 
predict the increasing trends in the mass burning 
rate with an increase in air velocity as well as the 
sphere diameter.

Several researchers have used spherically sym-
metric droplet combustion model to predict the 
combustion characteristics under microgravity 
conditions. All comprehensive features such as 
time dependency, variable thermophysical prop-
erties, radiation sub-model and detailed chemical 
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kinetics have been considered in many of these 
models. They were able to predict the drop-
let burning characteristics under micro-gravity 
environment when fuel oils such as n-heptane, 
n-decane and n-dodecane were employed. How-
ever, when combustion of alcohol droplets, espe-
cially the methanol droplet, was simulated, liquid 
phase transport becomes quite important. At 
least an axisymmetric model was required for 
predictive simulation alcohol droplet combus-
tion. Here, the inclusion of surface tension effects 
triggers Marangoni convection. For such a com-
prehensive axisymmetric model that includes 
two-phase time-dependent transport, variable 
thermophysical properties, multi-component 
diffusion including the Soret effect and radia-
tion sub-model, several researchers restricted 
their kinetics model to global single step reaction. 
Apart from droplet surface regression, transi-
tion from wake to envelope flame and vice versa, 
flame extinction due to convection and radiation, 
and auto-ignition of droplets under hot ambi-
ent conditions were predicted close to experi-
ments. Table 1 presents the extinction diameters 
of methanol droplet as predicted by a model that 
neglects surface tension and flame radiation, a 
model that includes surface tension, but neglects 
flame radiation and the model that includes both. 
It is clear that the model that includes both the 
effects is able to predict higher extinction diam-
eter, comparable to the reported experimental 
results.

For moving droplets with initial Reynolds 
numbers greater than 10, an envelope flame is 
not readily formed over the droplet surface and 
the moving droplet must decelerate sufficiently 
before an envelope flame is formed. The evapora-
tion constant sharply increases after the envelope 
flame is formed. Figure 8 presents the variation of 
droplet lifetime and time for which an envelope 
flame is present over a moving methanol droplet 
at different initial Reynolds numbers (Raghavan 
et al.96). When the initial Re is increased from 10 
to approximately 30, the droplet lifetime increases 
and time for which an envelope flame is present 
decreases sharply. When initial Re is increased 
beyond 30, the droplet lifetime remains almost 
a constant and the time for which an enve-
lope flame is present decreases gradually. Flame 
extinction due to water absorption occurs for 
moving methanol droplets, and this is predicted 
only when surface tension effects are included.

Few studies report the usage of techniques 
such as VOF method and lattice Boltzmann 
method to simulate droplet combustion. Few 
studies report simulation of isolated droplet 

combustion in gas turbine and high-altitude con-
ditions. Soot formation in droplet combustion 
has also been modeled.

5  Summary
In this review, numerical models employed for 
simulating evaporation and combustion pro-
cesses of isolated liquid fuel droplets have been 
presented. A general numerical formulation 
detailing the conservation of mass, momen-
tum, species and energy in gas and liquid phases, 
along with interface coupling conditions has been 
presented.

Numerical models for isolated drop-
let evaporation are categorized as models for 
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Figure 7: Variation of predicted mass burning 
rates of porous spheres fueled by ethanol (plotted 
from data reported in Sahu and Raghavan100).

Table 1: Effects of surface tension and non-
luminous radiation on extinction diameters 
of methanol droplet burning under micrograv-
ity conditions; case 1 is without surface tension 
and radiation sub-model, case 2 is with surface 
tension but without radiation sub-model and case 
3 is with surface tension and radiation sub-model 
(data from Raghavan et al.97).

Initial diameter (microns)

Extinction diameter (microns)

Case 1 Case 2 Case 3

430 74.85 120.17 130

860 86.85 214.3 228

1720 174 376.05 505

2200 – 476 701

3000 – 661 1123
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low–moderate pressures and those for high pres-
sures. In the former, ideal gas equation of state is 
generally valid and in the latter, a real gas equa-
tion of state is employed. A comprehensive model 
includes temperature and pressure dependent 
evaluation of thermophysical properties for each 
species, an appropriate mixing rule to arrive at 
the mixture properties at a given temperature, 
pressure and composition, and multi-component 
diffusion. Under high pressures, the ambient gas 
dissolves into the liquid droplet. This effect has 
to be added in the numerical model. Most of the 
reported works assume that the droplet remains 
spherical during its evaporation and have vali-
dated their predictions against experimental 
results available under several ambient and con-
vective conditions. Numerical models employing 
interface tracking schemes such as VOF method, 
are also available in the literature. Numerical 
models simulating the evaporation process of 
multi-component fuel droplet are also reviewed. 
Liquid phase transport becomes quite important 
in these simulations. Complex recirculation pat-
terns within the vaporizing droplet have been 
revealed by the researchers. The models used for 
predicting these features include surface tension 
effects to induce Marangoni convection. Prefer-
ential vaporization of higher volatile component 
has been predicted. In the case of multi-compo-
nent droplet evaporation under high-pressure 
conditions, the phase equilibrium, which is gov-
erned by equating fugacity of each species in liq-
uid and gas phases, has to be solved iteratively.

Numerical models for isolated droplet com-
bustion include quasi-steady and transient 

models. Quasi-steady models are often used to 
simulate the steady burning behavior of droplets 
and liquid fuel fed porous spheres. Here, the gas 
phase is solved in a comprehensive manner along 
with interface coupling conditions. Liquid phase 
is not solved. Axisymmetric models are com-
monly employed in these. There are several mod-
els that use constant properties (calculated at an 
average temperature) and many others use vari-
able properties. Most of these models use global 
single step reaction for implementing finite rate 
kinetics and a few those simulate diffusion flames 
around the liquid fuel particles, use infinite rate 
chemistry. The main purpose of these models is 
to predict the mass burning rate, flame transi-
tion from envelope to wake flame and convective 
extinction.

Transient numerical models for droplet com-
bustion have been used to predict extinction 
diameter, which is the instantaneous diameter 
when the flame around a fuel droplet extinguishes 
under quiescent microgravity conditions. Several 
authors have used one-dimensional (spherically 
symmetric) model along with detailed chemical 
kinetics mechanism. An appropriate radiation 
sub-model has also been employed by several 
authors. Many others, who have used the axisym-
metric model to simulated droplet combustion 
under quiescent microgravity conditions, have 
used global single-step kinetics. However, in 
these axisymmetric models, liquid phase trans-
port model is quite comprehensive and includes 
surface tension effects. Combustion in a forced 
convective environment of suspended and mov-
ing droplets can be simulated using axisymmet-
ric model. Combustion in a mixed convective 
(forced and natural convection) condition can 
be simulated using the axisymmetric model 
when the relative gas flow is aligned to the gravity 
induced flow. Auto-ignition of the droplet in hot 
gas environment has also been reported by several 
authors. Ignition and extinction can be predicted 
only when finite rate chemistry is employed in the 
gas phase. Several authors have simulated alcohol 
droplet combustion quite comprehensively. The 
droplet flame extinction and the complex liquid 
phase motion are revealed in detail when water 
absorption into the droplet is modelled accu-
rately by including Marangoni convection in an 
axisymmetric model.

Authors have revealed a cool flame phenom-
enon during droplet combustion. The effects of 
the presence of gases of combustion and flight 
conditions have also been studied by a few. 
Some have studied soot formation during drop-
let combustion. Few studies report the usage of 
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techniques such as VOF method and lattice Boltz-
mann method to simulate droplet combustion.
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