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A numerical model was used to investigate gas-phase entropy generation during transient methanol
droplet combustion in a low-pressure, zero-gravity, air environment.A comprehensive formulation for
the entropy generation in a multi-component reacting flow is derived. Stationary methanol droplet
combustion in a low ambient temperature (300 K) and a nearly quiescent atmosphere was studied and
the effect of surface tension on entropy generation is discussed. Results show that the average entropy
generation rate over the droplet lifetime is higher for the case that neglects surface tension. Entropy
generation during the combustion of methanol droplets moving in a high-temperature environment
(1200 K), as seen in a typical spray combustion system, is also presented. Entropy generation due to
chemical reaction increases and entropy generation due to heat and mass transfer decreases with an
increase in initial Reynolds number over the range of initial Reynolds numbers (1e100) considered.
Contributions due to heat transfer and chemical reaction to the total entropy generation are greater than
the contribution due to mass transfer. Entropy generation due to coupling between heat and mass
transfer is negligible. For moving droplets, the lifetime averaged entropy generation rate presents
a minimum value at an initial Reynolds number of approximately 55.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Entropy generation is a measure of the inherent irreversibility of
a process. Single droplet combustion, which forms the basis for
spray combustion, is highly irreversible. Thus, a thorough knowl-
edge of entropy generation during single droplet combustion is
required to improve the efficiency of a spray combustion device.
Many experimental and numerical studies have been conducted in
order to explore various aspects of droplet combustion. Droplet
combustion experiments are well suited for determining bulk
parameters such as evaporation constants and droplet lifetimes.
More detailed information, such as the rate of entropy generation,
can only be obtained through the use of experimentally validated
numerical models.

Experimental studies on spherically symmetric fuel droplet
combustion have been conducted by several investigators [1e10].
These studies use several different fuels including methanol,
ethanol, n-heptane, and dodecanol. The use of methanol as a fuel in
droplet combustion experiments offers several advantages: meth-
anol does not produce soot, it has a simple chemical composition,
: þ1 218 726 8596.
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and its oxidation mechanism is well understood. An added
complicationwhen using methanol is the continuous absorption of
water into the droplet. The combined effects of increased water
content within the droplet and gas-phase convection eventually
leads to flame extinction. The one-dimensional analytical and
numerical studies of Marchese et al. [8], Shaw [11], Zhang et al. [12],
and Marchese and Dryer [13] have shown that considering only
diffusion transport of water into the methanol droplet leads to
extinction diameters that are much lower than the corresponding
experimental results [12,13]. In addition, diffusion alone cannot
account for the large quantities of water absorbed by a methanol
droplet [12]. Surface tension effects can account for the enhanced
transport into the droplet.

Axisymmetric numerical models for droplet combustion have
also been developed and reported in the literature. Quasi-steady
models have been used to simulate the low-pressure burning of
fuel droplets during the period following the initial ignition and
internal heating transients. These quasi-steady models are usually
validated using the porous sphere experimental technique [14,15].
Several authors have conducted quasi-steady simulations to study
the effect of a convective flow field on the burning rate of liquid
droplets [16e18]. Pope and Gogos [19] developed a quasi-steady
model with a new multi-component diffusion formulation. Pope
and Gogos [20] investigated the extinction of the flame in the front
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Nomenclature

cp specific heat capacity
Dij binary diffusion coefficient for the iej species pair
DT,i thermal diffusion coefficient for the ith species
D0 thermal diffusion coefficient
d droplet diameter
fi body force per unit mass
g gravitational acceleration
H enthalpy
h specific enthalpy
h0 specific heat of formation at temperature T 0

k thermal conductivity
M number of chemical reactions
m mass
N number of chemical species
n number of moles
P stress tensor
p pressure
p0 reference pressure
q heat-flux vector
qR radiant heat-flux vector
Ru universal gas constant
Re Reynolds number (dUN=nN)
r radial coordinate
S entropy generation rate (W/K)
S0 lifetime averaged entropy generation rate (W/K)
s entropy flux vector
s specific entropy
T temperature
T0 reference temperature
t time
td droplet lifetime
U unit tensor
UN freestream velocity
u specific internal energy
V i diffusion velocity of the ith species

V i component of V i caused by all effects except
temperature gradient

v mass-average velocity vector
W i component of V i caused by temperature gradient
W average molecular weight
W molecular weight
X mole fraction
Y mass fraction

Greek Symbols
dV i correction velocity for V i
m dynamic viscosity
mc specific chemical potential
mc molar chemical potential
n kinematic viscosity
F viscous dissipation
r density
r molar concentration
s rate of entropy generation per unit volume (W/m3 K)
q polarcoordinate
ui rate of species i mass production per unit volume

Subscripts
N freestream or outer computational boundary
m due to viscous dissipation
q polar direction
0 initial condition
c due to coupling between heat and mass transfer
h due to heat transfer
i ith species
m due to mass transfer
r due to chemical reaction
t total

Superscripts
T transpose
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portion of an n-heptane droplet and developed suitable correla-
tions for the Damköhler number as a function of Reynolds number
at extinction. Raghavan et al. [21] investigated the quasi-steady
burning of spherical methanol particles in a mixed convective
environment, for a wide range of Reynolds numbers. The burning
characteristics in the presence of an envelope flame, transition
flame, and a wake flame have been presented in detail. Transient
models have also been employed to investigate phenomena
present during methanol droplet combustion. Aharon and Shaw
[22], in their numerical investigation of a bi-component droplet
using an axisymmetric droplet evaporation model, have concluded
that the thermal Marangoni effect (surface tension gradient due to
temperature gradient) has a stabilizing effect and the solutal Mar-
angoni effect (surface tension gradient due to composition
gradient) has a destabilizing effect. Dwyer et al. [23e25] used an
axisymmetric model to investigate surface tension effects for both
vaporizing and combusting methanol droplets. Their results indi-
cate that thermal and solutal Marangoni effects can greatly influ-
ence the flow patterns within a liquid droplet. The influence of the
thermal Marangoni effect on droplet evaporation in a convective
environment was also studied by Shih and Megaridis [26]. Their
results show that surface tension gradients due to spatial variations
of temperature along the interface have a profound impact on
droplet dynamic behavior.
Pope et al. [27] developed a transient droplet combustion model
inorder to investigate the effect of forced convection on suspended as
well asmoving n-heptane droplets. Raghavan et al. [28]modified the
transient model [27] in order to includemethanol as the fuel and the
effect of surface tension gradients at the interface. In their transient
study within a nearly quiescent environment, they reported that
aweak liquid-phase circulation introduced as a perturbation through
aweak gas-phase convectiveflow (Re¼ 0.01) is greatly enhanced due
to surface tension effects. The inclusion of surface tension effects
creates complex flow patterns in the droplet, which aid the absorp-
tion of water by enhancing mixing within the droplet. If surface
tension effects are neglected, water absorption due to diffusion alone
produces an extinction diameter much smaller than obtained
experimentally. Recently, Raghavan et al. [29] have investigated the
effects of surface tension and forced convection on the combustion of
suspended and moving methanol droplets and have concluded that,
for moving methanol droplets, surface tension effects are important
regardless of the initial Reynolds number considered.

As was previously mentioned, during droplet combustion,
complex chemical and transport processes that are highly irrevers-
ible takeplace simultaneously. These processes result in the releaseof
chemical energy, a change in chemical composition, and the distri-
bution of energy and chemical species via convective and diffusive
transport mechanisms. The entire process is accompanied by an
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irreversible increase in entropy, which leads to a decrease in exergy
(available energy). The entropy generation rate should be as low as
possible to minimize the destruction of exergy, and therefore maxi-
mize the available energy. Thus, the analysis of entropy generation
rate becomes important [30e33]. For droplet combustion, the sour-
ces of entropy generation in flames must be identified and their
relative strengths evaluated at different conditions. An expression for
the entropy generation rate has been reported by Arpaci and Selamet
[34]. They accounted for dissipation of thermal, mechanical, and
other forms of energy on entropy generation in their study of pre-
mixed flames in a flat burner. Dash and Som [35] investigated the
transport processes and associated irreversibilities for droplet
combustion in a convective environment. They used results from
their transient, axisymmetric numerical model to determine the
instantaneous rate of entropy production and its variationwith time.
The relative influences of parameters such as the initial Reynolds
number, the ratioof the freestreamto initial droplet temperature, and
the ambient pressure on the entropy generation rate during droplet
combustion have been presented. Puri [36] conducted a second law
analysis for a single droplet burning in a convective environment. The
optimum transfer number for minimizing the entropy generation in
droplet combustion was found to be directly proportional to the
square of the relative velocity, and inversely proportional to the heat
release and the temperature difference between the droplet surface
and the surrounding gas. Hiwase et al. [37] modeled the entropy
balance and performed the subsequent exergy analysis for spheri-
cally symmetric droplet combustion. They suggest that the available
energy is best utilized when the initial Damköhler number is small
(as close as possible to its limiting value for initiation of ignition), and
ambient temperature is high. Datta and Som [38] performed a second
law analysis of the spray combustion process with varying inlet
pressure, temperature, and swirl. Nishida et al. [39] also analyzed
entropy generation and exergy loss during combustion. An extensive
parametric study of entropy generation during the quasi-steady
burning of spherical methanol particles was recently performed by
Raghavan et al. [40]. They have shown that entropy generation due to
body forces (gravity), viscous dissipation, and coupling between heat
andmass transfer are negligiblewhen compared to contributionsdue
to heat transfer, chemical reaction, and mass transfer. The process of
flame transitionhad a large effect on the entropygeneration rate [40].

The current study addresses the gas-phase entropy generation
during the transient combustion of suspended and moving meth-
anol droplets in a low-pressure, zero-gravity air environment.
Liquid-phase entropy generation is not included in the present
analysis because: 1) the droplet temperature is almost uniform
after a very short initial ignition transient during which the
temperature varies from 298 K at the center to 338 K (boiling pt. of
methanol) at the surface e thus entropy generation due to heat
transfer is negligible, and 2) only two non-reacting, perfectly
miscible species (methanol and water) are present in the droplet
and surface tension enhances mixing in the droplet resulting in an
almost uniform species distribution e thus entropy generation due
to both chemical reaction and mass transfer are negligible. A
detailed expression for entropy generation in multi-component
reacting mixtures is derived and compared to other formulations
presented in the literature. The specific form of the expression that
is used in the present study is also discussed. The velocity, pressure,
temperature, and species mass fraction fields are determined using
a predictive, transient, two-phase, axisymmetric model that
includes surface tension effects. Calculation of the entropy gener-
ation rate occurs during post processing. Results are presented for
a suspended droplet in a low-temperature, nearly quiescent envi-
ronment, and for a moving droplet in a high-temperature envi-
ronment. For the suspended droplet case, the results show that
neglecting surface tension effects produces a higher average rate of
entropy generation over the droplet lifetime. In the moving droplet
case, the average rate of entropy generation over the droplet life-
time is minimized when the initial Reynolds number is approxi-
mately 55.
2. Derivation of entropy generation

The governing equations for a multi-component, reacting
mixture as presented by Williams [41] are used in the following
derivation. The vector form of the energy equation is

r
vu
vt

þ rv$Vu ¼ �V$q� P : ðVvÞ þ r
XN
i¼1

Yi f i$V i

where

P ¼
�
pþ 2

3
mðV$vÞ

�
U � m

h
ðVvÞ þ ðVvÞT

i
is the stress tensor, the heat-flux vector is defined by

q ¼ �kVTþr
X

YiV ihiþRuT
X
i

X
j

 
XjDT;i

WiDij

!�
V i�V j

�þqR (1)

and the two dots (:) imply that the tensors are to be contracted
twice. The expression for the stress tensor can be rewritten as

P : ðVvÞ ¼ pðV$vÞ þ 2
3
mðV$vÞ2�m

h
ðVvÞ þ ðVvÞT

i
: ðVvÞ

¼ pðV$vÞ � F

where

F ¼ �2
3
mðV$vÞ2þm

h
ðVvÞ þ ðVvÞT

i
: ðVvÞ (2)

is the viscous dissipation. By introducing the definition for the
substantial derivative, the energy equation can be rewritten as

r
Du
Dt

¼ �V$q� pðV$vÞ þ Fþ r
XN
i¼1

Yi f i$V i (3)

Similar expressions can be written for both the continuity
equation

Dr
Dt

þ rV$v ¼ 0 (4)

and conservation of species [41].

r
DYi
Dt

¼ ui � V$ðrYiV iÞ (5)

The diffusion velocity Vi in the conservation of energy and
species equations is determined via solution of the following
equation [41].

VXi ¼
XN
j¼1

 
XiXj

Dij

!�
V j � V i

�þ ðYi � XiÞ
�
Vp
p

�
þ r

p

XN
j¼1

YiYj
�
f i � f j

	

þ
XN
j¼1

 
XiXj

rDij

! 
DT;j

Yj
� DT ;i

Yi

!�
VT
T

�
ð6Þ

Equation (6) states that mass diffusion consists of four compo-
nents: “ordinary” diffusion, which is mass diffusion due to
concentration gradients; mass diffusion due to pressure gradients;
mass diffusion due to variable body forces; and “thermal” diffusion
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(also known as the Soret effect), which is mass diffusion caused by
temperature gradients.
2.1. Entropy generation for an ideal gas mixture

The method described by Hirschfelder et al. [30] is employed to
derive the entropy generation term. The change in specific internal
energy (u) in J/kg can be related to the change in specific entropy (s)
in J/(kg K) via the Gibbs equation:

Tds ¼ duþ pd
�
1
r

�
�
X
i

mc;i d
�ni
m

	

where ni is the number of moles of the ith species in kmol,m is the
total mixture mass in kg, and mc;i is the molar chemical potential of
the ith species in units of J/kmol. The number of moles and the total
mass are related to themass fraction of the ith species Yi via ni=m ¼
Yi=Wi whereWi is the molecular weight of the ith species. Thus the
Gibbs equation can be rewritten as

Tds ¼ duþ pd
�
1
r

�
�
X
i

mc;i dYi

where mc;i ¼ mc;i=Wi is the specific chemical potential in units of
J/kg. The Gibbs equation applies for any differential change in the
applicable parameters, therefore one can write

T
Ds
Dt

¼ Du
Dt

� p
r2

Dr
Dt

�
X
i

mc;i
DYi
Dt

(7)

Substituting the conservation Eqs. (3)e(5) into Eq. (7), and
multiplying the result by r/T gives:

r
Ds
Dt

¼ �1
T
V$qþF

T
þ r

T

X
i

Yi f i$V i�
1
T

X
i

mc;i½ui�V$ðrYiV iÞ� (8)

At this point, it is convenient to rewrite the preceding equation
using the identities

�1
T
V$q ¼ �V$

�q
T

	
� q
T2$VT (9)

and

1
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� 1
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�
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Substituting Eqs. (9) and (10) into Eq. (8) gives

r
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¼ � V$

"�q
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� 1
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The equation of change for entropy is given by Hirschfelder et al.
[30] as

r
Ds
Dt

¼ �V$sþ s (12)

where s is the specific entropy, s is the flux vector representing the
reversible flow of entropy, and s is the rate of irreversible
production of entropy per unit volume. Comparing Eqs. (11) and
(12) leads to the expressions

s ¼
�q
T

	
� 1
T

X
i

mc;irYiV i

and

s ¼ � q
T2$VT þ F

T
þ r

T
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i

Yif i$V i �
1
T
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mc;iui

þ 1
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X
i

�
mc;irYiV i

�
$VT � 1

T

X
i

rYiV i$V
�
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�

The preceding equation can be placed into a form similar to that
given by Carrington and Sun [33]:

s ¼ � q
T2$VT þ F

T
þ 1
T

X
i

rYiV i$

�
f i þ

mc;i
T
VT � Vmc;i

�

� 1
T

X
i

mc;iui ð13Þ

The terms on the right-hand side of Eq. (13) represent the
irreversibilities due to heat transfer, viscous dissipation, mass
transfer, and chemical reactions, respectively. We are primarily
concerned with entropy generation and therefore we will focus on
Eq. (13). In particular, let us redefine the heat flux given by Eq. (1) as
being composed of two parts:

q ¼ q0 þ r
X

YiV ihi (14)

where the expression

q0 ¼ �kVT þ RuT
X
i

X
j

 
XjDT ;i

WiDij

!�
V i � V j

�þ qR (15)

contains the components due to heat conduction, the Dufour effect,
and radiation, respectively. Thus the entropy generation becomes:

s ¼ � q0

T2
$VT þ F

T
þ 1
T

X
i

rYiV i$

�
f i þ

�
mc;i � hi

�
T

VT � Vmc;i

�

� 1
T

X
i

mc;iui ð16Þ

For a mixture of ideal gases, the term ðhi � mc;iÞ in the above
equation is related to the partial specific entropy of the ith species (si)
via Tsi ¼ ðhi � mc;iÞ. The resulting equation for entropy generation is

s¼�q0

T2
$VTþF

T
þ1
T

X
i

rYiV i$


f i�siVT�Vmc;i

��1
T

X
i

mc;iui (17)

According to Carrington and Sun [33], the temperature gradient
in the diffusion term of the above equation does not indicate
coupling between heat and mass transfer. The chemical potential is
defined by mc;i ¼hi�Tsi and thus, the gradient can be expressed as

Vmc;i ¼ Vhi � TVsi � siVT (18)

Substituting Eq. (18) into Eq. (17) yields:

s¼�q0

T2
$VTþF

T
þ1
T

X
i

rYiV i$
h
f i�VhiþTVsi

i
�1
T

X
i

mc;iui (19)

The specific enthalpy hi for an ideal gas is calculated using

hi ¼ h0i þ
ZT
T0

cp;idT
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where h0i is the heat of formation of the ith species per unit mass
evaluated at the reference temperature T0, and cp;i is the specific
heat capacity of the ith species. The partial specific entropy si for an
ideal gas is given by

si¼ s0i þ
ZT
T0

cp;i
T

dT�Ri ln
�
pi
p0

�
¼ s0i þ

ZT
T0

cp;i
T

dT�Ri ln
�
p
p0

�
�Ri lnXi

where s0i is the specific entropy of the ith species evaluated at the
reference temperature T0 and pressure p0, Ri ¼Ru=Wi is the specific
gas constant of the ith species, and pi¼Xip is the partial pressure of
the ith species. If the ideal-gas equation of state is also employed,
the gradients in the diffusion term of the entropy generation
Eq. (19) can be written as

�Vhi þ TVsi ¼ �1
ri
ðpVXi þ XiVpÞ (20)

Substituting the above into the entropy generation equation
gives:

s ¼ � q0

T2
$VT þ F

T
þ 1
T

X
i

rYiV i$

�
f i �

1
ri
ðpVXi þ XiVpÞ

�

� 1
T

X
i

mc;iui ð21Þ

Equation (21) may be used to calculate the rate of entropy
generation per unit volume in a mixture of ideal gases. The terms
on the right-hand side of the equation result from heat transfer
(conduction, Dufour effect, and radiation), viscous dissipation, mass
transfer, and chemical reactions, respectively. It should be noted
here that portions of the heat and mass transfer terms express the
coupling between these two phenomena.

2.2. Heat-mass transfer coupling

The total rate of entropy generation per unit volume s for
a multi-component, reacting mixture of ideal gases can be divided
into five different generation terms: a heat transfer term sh, a mass
transfer term sm, a heat-mass transfer coupling term sc, a viscous
dissipation term sm, and a chemical reaction term sr.

s ¼ sh þ sm þ sc þ sm þ sr (22)

The coupling between heat and mass transfer is given via the
Dufour and Soret effects. The Dufour effect, which is contained in
the q0 term of the entropy generation equation, represents the heat
flux generated by mass diffusion. The Soret effect, which is con-
tained in the diffusion velocity Eq. (6), represents mass diffusion
caused by temperature gradients. Pope and Gogos [19] showed
that, when diffusion due to pressure gradients and variable body
forces is negligible, the total diffusion velocity of the ith species V i
may be written as

V i ¼ Vi þW i (23)

where W i is the component due to “thermal” diffusion (Soret
effect), and V i is the component due to “ordinary” diffusion. For the
present discussion, the effect of pressure gradients and variable
body forces may be lumped with the “ordinary” diffusion velocity
without any loss of generality. The resulting equations for
calculating V i would differ slightly from those given by Pope and
Gogos [19]. The thermal diffusion velocity is given by

W i ¼ �DT;i

rYi

VT
T

(24)

which satisfies the constraint

XN
i¼1

YiW i ¼ 0 (25)

The sum of the “ordinary”, pressure gradient, and body force
diffusion velocities are subject to the constraint

XN
i¼1

YiVi ¼ 0 (26)

Substituting Eq. (23) into the diffusion flux (rYiV i) in Eq. (21)
and separating the terms involving the Dufour and Soret effects
yields the following definitions for the entropy generation terms:

sh ¼ 1
T2ðkVT � qRÞ$VT

m ¼ 1
T

X
i

rYiVi$

�
f i �

1
ri
ðpVXi þ XiVpÞ

�

sc ¼ 1
T

X
i

rYiW i$

�
f i �

1
ri
ðpVXi þ XiVpÞ

�
� Ru

T

X
i

X
j

 
XjDT ;i

WiDij

!

��V i � V j
�
$VT

sm ¼ F

T

sr ¼ �1
T

X
i

mc;iui (27)

2.3. Simplifying assumptions

The cumulative effects of the application of various assumptions
on the entropy generation terms is discussed in this section. The
first commonly applied assumption is that gravity (g) is the only
external body force per unit mass (fi ¼ g). The effect of variable
body force is therefore removed from the diffusion velocity Eq. (6),
which becomes

VXi ¼
XN
j¼1

 
XiXj

Dij

!�
V j � V i

�þ ðYi � XiÞ
�
Vp
p

�
þ
XN
j¼1

 
XiXj

rDij

!

�
 
DT;j

Yj
� DT ;i

Yi

!�
VT
T

�

Application of the constraint Eqs. (25) and (26), shows that the
effect of body forces is removed from both the mass diffusion

sm ¼ �1
T

X
i

V i$ðpVXi þ XiVpÞ

and coupling

sc ¼ � 1
T

X
i

W i$ðpVXi þ XiVpÞ �
Ru
T

X
i

X
j

 
XjDT ;i

WiDij

!

� �V i � V j
�
$VT

terms of the entropy generation equation.
The pressure gradient is also commonly assumed to have

negligible effect on the mass diffusion. The addition of this
assumption results in the following diffusion velocity equation:
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VXi ¼
XN
j¼1

 
XiXj

Dij

!�
V j � V i

�þXN
j¼1

 
XiXj

rDij

! 
DT;j

Yj
� DT ;i

Yi

!�
VT
T

�

which is identical to the formulation presented by Pope and Gogos
[19]. In this case, the mass diffusion and coupling terms for the
entropy generation equation become

sm ¼ �1
T

X
i

Vi$pVXi

and

sc ¼ �1
T

X
i

W i$pVXi �
Ru
T

X
i

X
j

 
XjDT ;i

WiDij

!�
V i � V j

�
$VT_

The gradients of the species mole fractions may be removed
through the use of the identity Xi ¼ YiW=Wi, where W is the
average molecular weight which is given by

W ¼
2
4X

j

Yj
Wj

3
5�1

¼
X
j

XjWj

This substitution is not performed here as it results in a rather
complicated expression for the entropy generation equation.
Additionally, the ideal-gas equation of state may be used to obtain

sm ¼ �rRu
W

X
i

Vi$VXi

and

sc ¼ �rRu
W

X
i

W i$VXi �
Ru
T

X
i

X
j

 
XjDT;i

WiDij

!�
V i � V j

�
$VT :

The thermal diffusion velocity is given by Eq. (24) and the
“ordinary” diffusion velocity may be calculated using

Vi ¼ �Dim

Yi
VYi þ dVi (28)

where Dim is the effective diffusion coefficient for the ith species
into the mixture of all other species, and dVi is a correction velocity
[19]. As discussed by Williams [41] (p. 644), the Dufour effect is
usually negligible even when thermal diffusion (Soret effect) is not
negligible. Neglecting the Dufour effect simplifies the coupling
term of the entropy generation equation.

sc ¼ �rRu
W

X
i

W i$VXi

2.4. Comparison to literature

Carrington and Sun [33] presented a derivation of the entropy
generation under two separate sets of assumptions. Both of the cases
they presentedwere for an ideal solutionwith no chemical reactions
(ui ¼ 0) and negligible radiation heat transfer (qRz0). Since
a mixture of ideal gases is a special case of an ideal solution, simpli-
fication of the current formulation under the same assumptions as
employed by Carrington and Sun [33] should yield the same equation
for entropy generation. The assumptions common to both cases
result in an entropy generation term due to chemical reaction of

sr ¼ 0

and an entropy generation term due to heat transfer of
sh ¼ k
T2

ðVTÞ2

2.4.1. Case 1
The first case demonstrates the use of Fick’s law and involves the

following assumptions [33]: the Dufour and Soret effects are
negligible, the pressure gradient (and thus pressure diffusion) is
negligible, external body forces are negligible, and the molar
concentration (r ¼ r=W) is constant. Neglecting both the Dufour
and Soret effects removes the coupling term: sc ¼ 0. Since thermal
diffusion, pressure diffusion, and diffusion due to external forces
are negligible, the diffusion velocity is a function of concentration
gradients only. This “ordinary” diffusion velocity was defined in ref.
[33] by

Vi ¼ �Dim

Xi
VXi

When the external body forces and pressure gradient are
neglected, substituting the preceding equation into the mass
diffusion entropy generation term in Eq. (27) gives

sm ¼ �p
T

X
i

Vi$VXi ¼ rRu
X
i

Dim

Xi
ðVXiÞ2

If the molar concentration is constant, sm can be rewritten as

sm ¼ Ru
X
i

Dim

ri
ðVriÞ2

Thus the current formulation, under the given assumptions,
yields a total volumetric rate of entropy generation of

s ¼ k
T2

ðVTÞ2þRu
X
i

Dim

ri
ðVriÞ2þ

F

T

which is equivalent to Eq. (45) in ref. [33] given the difference in
nomenclature.

2.4.2. Case 2
The second case demonstrates heat-mass transfer coupling and

involves the following assumptions [33]: a binary fluid, viscous
dissipation is negligible (Fz0), no external forces, uniform
(constant) pressure (thus there is no pressure diffusion), and uniform
(constant) density. Neglecting viscous dissipation results in sm ¼ 0.
In this case, the Dufour and Soret effects are retained. Fick’s law is
used to describe the “ordinary” diffusion velocity for a binary fluid

V1 ¼ �D12

Y1
VY1 and V2 ¼ �D21

Y2
VY2 (29)

where D12 ¼ D21 is the binary diffusion coefficient. The thermal
diffusion velocity is defined by Eq. (24) as

W1 ¼ �DT;1

rY1

VT
T

and W2 ¼ �DT ;2

rY2

VT
T

(30)

where DT ;2 ¼ �DT ;1 are the thermal diffusion coefficients. The
mass diffusion and coupling terms for uniform pressure and no
external body forces are given by

sm ¼ �rRu
W

X
i

Vi$VXi

and

sc ¼ �rRu
W

X
i

W i$VXi �
Ru
T

X
i

X
j

 
XjDT ;i

WiDij

!�
V i � V j

�
$VT;
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respectively, where the Dufour effect in the coupling term contains
the total diffusion velocity. For a binary fluid, the mass diffusion
term becomes

sm ¼ �rRu
W

ðV1$VX1 þ V2$VX2Þ (31)

Using the identities Y1V1 þ Y2V2 ¼ 0, Y1 þ Y2 ¼ 1,
X1 þ X2 ¼ 1, X1 ¼ Y1ðW=W1Þ, and W ¼ W1W2=ðY1W2 þ Y2W1Þ,
the mass diffusion term can be rewritten as

sm ¼ � rRu
W1Y2

�
W
W2

�
V1$VY1 (32)

Substituting the “ordinary” diffusion velocity given by Eq. (29)
and the identity W ¼ r=r into Eq. (32) gives

sm ¼ r2RuD12

W1W2Y1Y2r
ðVY1Þ2

which is identical to the mass diffusion term in Eq. (61) of ref. [33].
The coupling term may be expressed as

sc ¼ s1c þ s2c

where

s1c ¼ �rRu
W

ðW1$VX1 þW2$VX2Þ (33)

and

s2c ¼�Ru
T

�
DT ;1

W1

�
X2

D12
ðV1�V2Þ

�
þDT ;2

W2

�
X1

D21
ðV2�V1Þ

�

$VT (34)

Equation (33) is similar to the mass diffusion term shown in
Eq. (31) and the constraint Y1W1þY2W2 ¼ 0 is satisfied. Thus, we
can immediately write

s1c ¼ � rRu
W1Y2

�
W
W2

�
W1$VY1 (35)

Substituting the “thermal” diffusion velocity given by Eq. (30)
and the identity W ¼ r=r into Eq. (35) gives

s1c ¼ rRuDT ;1

TW1W2Y1Y2r
VT$VY1 (36)

Carrington and Sun [33] introduce the thermal diffusion coef-
ficient (D0) which can be written as

D0 ¼ DT ;1

Y1Y2rT
(37)

Substituting Eq. (37) into Eq. (36) yields

s1c ¼ r2RuD0

W1W2r
VT$VY1

The identities DT ;2 ¼ �DT ;1, D21 ¼ D12, Y1V1 þ Y2V2 ¼ 0,
Y1 þ Y2 ¼ 1, and W ¼ X1W1 þ X2W2, can be used with Eq. (34) to
obtain the following for the second coupling term.

s2c ¼ �RuDT ;1

TD12

W
W1W2Y2

V1$VT

Substituting the sum of the “ordinary” and “thermal” diffusion
velocities defined by Eqs. (23)e(30), the identityW ¼ r=r, and the
thermal diffusion coefficient from Eq. (37) into the preceding
equation gives
s2c ¼ r2RuD0

W1W2r
VT$

�
VY1 þ

�
DT ;1

rD12

�
VT
T

�

The total coupling term obtained for the second case is therefore

sc ¼ r2RuD0

W1W2r
VT$

�
2VY1 þ

�
DT ;1

rD12

�
VT
T

�
(38)

The coupling term in Eq. (61) of ref. [33] for this case contains
only the first term shown in Eq. (38). The second term in Eq. (38)
arises from the contribution of thermal diffusion (Soret effect) to
the total diffusion velocity in the heat flux caused by the Dufour
effect. Carrington and Sun [33] used only the “ordinary” diffusion
velocity in their formulation for the heat flux (see Eq. (59) in ref.
[33]). The neglect of this additional term does not change their
order of magnitude analysis [33]. As discussed by Williams [41]
(p. 637), the ratio DT ;1=ðrD12Þ is usually less than one-tenth for
gases and slightly higher for condensed phases. Thus, when the
temperature gradient is not steep, the second term in Eq. (38) is
negligible compared to the first term and the formulation of Car-
rington and Sun [33] results. Additional insight can be obtained by
noting that for the constant pressure and density assumed for the
present case, the assumption of an ideal-gas mixture gives

VT ¼ p
rRu

VW ¼ T
�
W
W2

� W
W1

�
VY1 (39)

Substituting Eq. (39) into Eq. (38) results in

sc ¼ r2RuD0

W1W2r
VT$

�
2VY1 þ

�
DT ;1

rD12

��
W
W2

� W
W1

�
VY1

�
(40)

Equation (40) indicates that, unless the molecular weights of the
species differ greatly, the second term (due to thermal diffusion)
contributes negligibly to the coupling term.

Using the current formulation, the total volumetric rate of
entropy generation for the second case obtained is

s ¼ k
T2

ðVTÞ2þ r2RuD12

W1W2Y1Y2r
ðVY1Þ2þ

r2RuD0

W1W2r
VT$

�
2VY1

þ
�
DT ;1

rD12

�
VT
T

�
ð41Þ

As previously discussed, Eq. (41) differs only in the coupling
(last) term when compared to Eq. (61) of ref. [33].
3. Numerical model

The axisymmetric, transient numerical model used in this work
has been described elsewhere in detail [27e29]. The model solves
the conservation of mass, momentum, species, and energy equa-
tions in both the gas and liquid phase. It includes multi-component
diffusion in both phases, a comprehensive method to deal with the
interface (including surface tension effects), and variation of
thermo-physical properties as a function of temperature and
species concentration in both phases. The numerical model has
been extensively validated for both n-heptane [27], and methanol
[28,29] droplet combustion. Calculation of the gas-phase entropy
generation rate was added to the numerical code as a post pro-
cessing step to generate results for the current work.

The problem considered is the combustion of a liquid methanol
droplet in a low-pressure, zero-gravity environment of infinite
expanse (Fig. 1). For a suspended droplet, the r � q coordinate
system is inertial, whereas for a moving droplet, it is non-inertial.
The acceleration of the non-inertial coordinate system (dUN/dt) has
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been included in the momentum equations. The freestream pres-
sure (pN) and the freestream temperature (TN) are held constant.
The effect of the suspension fiber is neglected when simulating
suspended droplets. Other assumptions include: (1) axisymmetric,
laminar flow, (2) spherical droplet shape (uniform surface regres-
sion as a result of surface-averaged vaporization and surface-
averaged drag force estimates have been used in order to maintain
spherical droplet shape), (3) zero coefficient of bulk viscosity, and
(4) thermal radiation, pressure diffusion, Dufour effect, Soret effect
in the liquid phase, viscous dissipation, and pressure work are
negligible. A brief description of the numerical model is given in
Appendix A.

Application of the aforementioned assumptions results in the
following expression for the rate of entropy generation in the gas
phase per unit volume

s ¼ sh þ sm þ sc þ sr (42)

where the individual terms are defined by

sh ¼ k
T2

ðVTÞ2

sm ¼ �rRu
W

X
i

Vi$VXi

sc ¼ �rRu
W

X
i

W i$VXi

sr ¼ �1
T

X
i

mc;iui

(43)

The “ordinary” diffusion velocity and the thermal diffusion
velocity are defined by Eqs. (28) and (24), respectively. Substituting
these into the mass diffusion and coupling terms in Eq. (43) gives

sm ¼ rRu
W

X
i

�
Dim

Yi
VYi � dVi

�
$VXi

sc ¼ Ru
WT

X
i

DT ;i

Yi
VT$VXi

(44)

The solution for the gas-phase temperature, velocity, and
species mass fraction fields is used in Eqs. (42)e(44) to calculate the
rate of entropy generation per unit volume. At any instant in time,
the entropy generation rate is given by

S ¼
ZZ

s2pdrdq (45)

The individual components of the rate of entropy generation per
unit volume, as shown in Eq. (42), can be substituted into Eq. (45) to
obtain the corresponding entropy generation rates.
Fig. 1. Problem schematic.
The droplet lifetime (td) is defined in the present study as the
time it takes the droplet to reach one-tenth of its initial diameter.
The average entropy generation rate over the lifetime of the droplet
(S0) is obtained using the following expression.

S0 ¼ 1
td

Ztd
0

Sdt (46)

The individual contributions due to heat transfer, mass transfer,
chemical reaction, and coupling between heat and mass transfer
can be evaluated using Eq. (46).

4. Results and discussion

The numerical model was used to investigate the rate of entropy
generation during the combustion ofmethanol droplets in dry air at
atmospheric pressure. Two separate situations are discussed: A)
a suspended droplet with d0 ¼ 0.43 mm, TN ¼ 300 K, and
Re0 ¼ d0UN,0/nN ¼ 0.01, and B) a moving droplet with d0 ¼ 0.5 mm,
TN ¼ 1200 K, and initial Reynolds numbers in the range 1e100. This
range of initial Reynolds numbers is typical for droplets in practical
spray combustion devices such as diesel engines and gas turbines.
The initial droplet diameters used for the suspended and moving
droplet cases correspond to the diameters used in references [28]
and [29], respectively. The freestream velocity is held constant for
a suspended droplet, and the low initial Reynolds number (0.01)
simulates the nearly quiescent conditions present during “spheri-
cally symmetric” microgravity droplet combustion experiments.
For a moving droplet, the droplet velocity decreases with time due
to the drag force [27].

4.1. Suspended droplet

The rate of entropy generation for suspended droplet combus-
tion with a fixed droplet diameter (0.43 mm), an ambient
temperature of 300 K, and an initial Reynolds number of 0.01 is
presented. Simulations that include and neglect surface tension
effects have been performed and detailed discussions of the
numerical results (without studying entropy generation) are
available in the literature [28]. Fig. 2 shows the temporal variation
of the entropy generation rate due to heat transfer (Sh) (Fig. 2a) and
due to chemical reaction (Sr) (Fig. 2b). The entropy generation rate
increases sharply till a flame completely envelops the droplet
(envelope flame); this takes place around t ¼ 19.2 ms and
t ¼ 17.4 ms when surface tension effects are included and neglec-
ted, respectively [28]. The envelope flame becomes nearly spheri-
cally symmetric at approximately t ¼ 40 ms for both the cases [28].
For the case that includes surface tension effects, the entropy
generation rate due to heat transfer (Fig. 2a) reaches a maximum
around t ¼ 70 ms, and after that it decreases with time. A similar
trend is seen for the case without surface tension however, the
maximum value of Sh is lower. Surface tension affects the variation
of surface water mass fraction as well as surface temperature
during the initial stages of combustion [28], which eventually
affects the overall gas-phase heat and mass transfer rates, resulting
in an increase in the entropy generation rate when surface tension
is included. The entropy generation rate due to chemical reaction
(Fig. 2b) exhibits a spike and reaches a maximum value around the
time when an envelope flame is formed. This spike is caused by the
initiation of chemical reactions surrounding the droplet and
the subsequent rapid rise in gas-phase temperature. After the spike,
Sr decreases with time in a manner similar to Sh. The maximum
value of Sh is higher than that of Sr, which is consistent with the
literature [37,40].



Fig. 2. Entropy generation rate versus time: due to (a) heat transfer, and (b) chemical
reaction for suspended droplet.

Fig. 3. Entropy generation rate versus time: due to mass transfer (Sm), and the total
rate (St) for suspended droplet.

Table 1
Average entropy generation rate (W/K) for suspended droplets with and without
surface tension effects.

Surface Tension S0h S0r S0m S0t

Average over droplet lifetime
Yes 0.0020 4.23E-04 2.13E-04 0.0026
No 0.0045 0.0011 4.62E-04 0.0061
Average over extinction time
Yes 0.0051 0.0013 5.44E-04 0.0070
No 0.0045 0.0011 4.73E-04 0.0061
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Fig. 3 shows the temporal variations of the entropy generation
rate due to mass transfer (Sm) and the total value (St). The entropy
generation rate due to mass transfer initially exhibits a sharp
increase followed by a gradual decrease. The same trend is
observed in the total entropy generation rate as well. The
maximum value of Sm (Fig. 3) is much less than that of Sh and Sr
(Fig. 2). The results indicate that the entropy generation rate due to
coupling between heat and mass transfer (Sc) is approximately
three orders of magnitude less than Sh. Thus, Sc can be neglected in
the present workwhich is in agreementwith available quasi-steady
numerical results [40].

The enhanced internal mixing for the case with surface tension
results in greater absorption of water into the droplet [28], which
causes the flame to extinguish at an earlier time (see vertical lines in
Fig. 2). Extinction occurs at approximately t ¼ 290 ms for the case
with surface tension, and at approximately t¼ 320mswhen surface
tension effects are neglected. After extinction, pure evaporation
takes place. The value of Sr is essentially zero after extinction
(Fig. 2b), and Sh (Fig. 2a), Sm, and St (Fig. 3) decrease with time at
a slower rate. Table 1 shows the time-averaged entropy generation
rates S0h, S0r, S0m, and S0t. When the time average is taken over the
extinction time, the values are higher for the case that includes
surface tension effects. The increase in irreversibilities associated
with surface tension effects, along with the decrease in the time to
extinction, leads to the higher time-averaged values. The droplet
diameter at extinction is much higher for the case with surface
tension (0.11mm)when compared to that without (0.054mm) [28].
After extinction, the droplet diameter slowly decreases due to
evaporation in the low-temperature environment (300 K). The
droplet lifetime is defined in the presentwork as the time it takes for
the droplet to reach one-tenth of its initial diameter [28], at which
time the droplet mass is reduced to 1/1000th of its initial value.
The larger extinction diameter leads to a longer droplet lifetime for
the case with surface tension (920 ms) when compared to the case
without surface tension (340 ms). Thus, as shown in Table 1, the
average entropy generation rates over the droplet lifetime aremuch
lower for the case with surface tension than without.

Fig. 4 shows the temporal variations of the ratios Sr/(St�Sr)
(Fig. 4a) and Sh/(St�Sh) (Fig. 4b). The ratio Sr/(St�Sr) (Fig. 4a)
gradually decreases with time after the initial spike, where it rea-
ches around 0.5, when surface tension effects are both included and
neglected. A similar trend in the ratio Sr/(St�Sr) is predicted by
Hiwase et al. [37] in their one-dimensional simulations for spher-
ically symmetric droplet combustion. The results for the ratio
Sh/(St�Sh) (Fig. 4b) exhibit a spike to a maximum value of 35 early
in the simulations. The large spike in this ratio at the beginning of
the simulations is due to the modeling of the external ignition
source [27,28]. Unlike the ratio of Sr to (St�Sr), the ratio of Sh to
(St�Sh) gradually increases after the spike until the onset of flame
extinction. The ratio Sh/(St�Sh) (Fig. 4b) sharply increases during
the extinction process, suggesting the increasing importance of
irreversibility due to heat transfer during that period. After
extinction, the ratio gradually decreases with time.
4.2. Moving droplet

The rate of entropy generation for a moving droplet with a fixed
droplet diameter (0.5 mm), and ambient temperature (1200 K) was



Fig. 4. Temporal variation of (a) Sr/(St-Sr) and (b) Sh/(St-Sh) for suspended droplet.

Fig. 5. Entropy generation rate due to heat transfer versus time for Re0 in the range
(a) 1e20, and (b) 30e100 e moving droplet.
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also investigated. The initial Reynolds number was varied from 1 to
100, and surface tension effects have been included in the results.
Detailed discussions of the combustion characteristics for these
simulations (without studying entropy generation) are available in
the literature [29]. As in the suspended droplet case, the results for
moving droplets indicate that Sc is smaller than Sh by several orders
of magnitude.

For the moving droplet simulations, the initial Reynolds number
affects the position and shape of the flame formed after the ignition
transient and the subsequent behavior of the flame after ignition
[29]. The ignition transient occurs over a very short time (compared
with the droplet lifetime) at the beginning of the simulations. It
consists of the following sequence of events: 1) evaporation and
mixing of the fuel vapor and oxidizer, 2) ignition of the fuel vapor/
oxidizer mixture downstream of the droplet, and 3) rapid estab-
lishment of the flame from the wake region to a size and type
(envelope, transition, or wake). At low initial Reynolds numbers,
the convective time scale (d/UN) is much larger than the chemical
reaction time scale, and the flame completely engulfs the droplet
(envelope flame). For higher Reynolds numbers, the convective
time scale is smaller and the flame may partially surround the
droplet (transition flame) or stabilize in the wake of the droplet
(wake flame) at the end of the ignition transient. The moving
droplet decelerates due to the drag force and its diameter decreases
with time. The overall effect is a reduction in the convective time
scale which promotes the formation of an envelope flame at some
point during the droplet lifetime [27,29]. Once an envelope flame is
formed, it remains until extinction.

Fig. 5 shows the variation of Sh with time for the range of initial
Reynolds numbers considered. When Re0 is in the range 1e10
(Fig. 5a), an envelope flame is established very early (at the end of
the ignition transient), and themaximumvalue of Sh increases with
Re0. For Re0 greater than 10, the maximum value of Sh decreases
with an increase in Re0 (Fig. 5a and b). As Re0 increases, the droplet
must decelerate before an envelope flame is formed, and the time
at which an envelope flame is formed also increases [29]. The time
it takes to reach the maximum value of Sh also increases with Re0
(Fig. 5a, corresponding to Re0¼ 20 and Fig. 5b), because it is directly
related to the time at which an envelope flame is formed [29]. The
average value of Sh over the droplet lifetime (S0h, presented later) is
affected by both the maximum value of Sh, and the time it takes to
reach that maximum value; a decrease in the maximum value and
an increase in the time causes a decrease in S0h.

Fig. 6 shows the variation of Sr with time for the initial Reynolds
numbers considered. The maximum value of Sr increases with Re0
when Re0 is less than approximately 10, in a manner similar to Sh
(Fig. 5). When Re0 is increased above 10, the maximum value of Sr
decreases slightly and the time it takes to reach the maximum
increases (Fig. 6a). For Re0 greater than approximately 20, there are
2 local maximums in the Sr versus time curves (Fig. 6a and b). At
Re0 ¼ 20, the first maximum is lower than the second (Fig. 6a).



Fig. 6. Entropy generation rate due to chemical reaction versus time for Re0 in the
range (a) 1e20, and (b) 30e100 e moving droplet.

Fig. 7. Entropy generation rate due to mass transfer versus time for Re0 in the range
(a) 1e20, and (b) 30e100 e moving droplet.
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The first maximum occurs at the end of the ignition transient,
which results in the formation of a wake flame behind the droplet,
and its value increases with an increase in Re0. The first maximum
occurs at almost same time (w20 ms) regardless of the initial
Reynolds number. However, the second maximum, which occurs
during the formation of an envelope flame (different times for
different Re0), has a value that decreases with increasing Re0. At Re0
of about 30 (Fig. 6b), the magnitudes of the two local maximums
are almost equal. For Re0 greater than approximately 30, the first of
the 2 local maximums has the greater magnitude (Fig. 6b). A
comparison of Figs. 5 and 6 shows that the maximum values for Sh
are greater than those for Sr at low Re0, and the maximum values
for Sr are greater than those for Sh at high Re0. Also, in contrast to
the results for Sh, the maximumvalue of Sr increases with Re0 when
Re0 is between 30 and 100 (Fig. 6b). An increase in the maximum
value of Sr, and a decrease in the time it takes to reach that
maximumvalue, would tend to increase the average value of Sr over
the droplet lifetime (S0r, presented later).

Fig. 7 shows the variation of Smwith time for the initial Reynolds
numbers considered. The results are qualitatively similar to those
obtained for Sh (Fig. 5). Thus, the discussion regarding the average
value over the droplet lifetime associatedwith Fig. 5 is applicable to
Fig. 7. The maximum values for Sm are much lower than the
maximum values for Sh. A similar result was obtained for the low
ambient temperature (300 K) suspended droplet case presented
earlier; predicted maximum values for Sm were much lower than
the values for Sh (compare Figs. 2a and 3, averaged values in
Table 1). As the ambient temperature increases, the entropy
generation due to mass transfer also increases (presented later)
because of the larger values for diffusion coefficients. This is
consistent with results available in the literature [40]. The
maximum values for Sm in Fig. 7 correspond to the formation of an
envelope flame.

Fig. 8 shows the variation of the St with time for the initial
Reynolds numbers considered. The temporal variation of St (Fig. 8a)
is similar to Sh (Fig. 5a), Sr (Fig. 6a), and Sm (Fig. 7a) when Re0 is less
than or equal to 10.When Re0 is increased beyond 10, themaximum
value of St decreases slightly (Fig. 8a, corresponding to Re0¼ 20) and
the time taken to reach the maximum also increases as observed in
Sh, Sm and Sr. For Re0 greater than 20, St (Fig. 8b) exhibits the 2 local
maximums associated with Sr (Fig. 6b). The change in St between
Re0 ¼ 20 and 30 indicates that the entropy generation rate due to
chemical reaction begins to dominate the total entropy generation
rate in this range of initial Reynolds number. Thus, unlike the low
ambient temperature (300 K) and low Re0 (0.01) case considered
earlier, Sr is more important than Sh in contributing to St in these
high ambient temperature and high Re0 cases.

As mentioned in the discussions of Figs. 5, 6 and 7 themaximum
entropy generation rate, and the time it takes to reach themaximum,
both have an effect on the average entropy generation rate over the
droplet lifetime. The droplet lifetime also affects the average entropy
generation rate; an increase in td tends to cause a decrease in S0. The
droplet lifetimes for the moving droplet cases used in the present



Fig. 8. Total entropy generation versus time for Re0 in the range (a) 1e20, and
(b) 20e100 e moving droplet.

Fig. 10. Average entropy generation rate versus Re0 e moving droplet.
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work have been presented by Raghavan et al. [29]. They identified
three distinct ranges of Re0 to describe the trends in droplet lifetime.
As Re0 increases, the droplet lifetime first decreases when Re0 < 10,
then td increases in the range 10 < Re0 < 15, and finally, td decreases
for Re0 > 15 [29]. A comparison of the trends in droplet lifetimewith
Fig. 9. Average entropy generation rate due to heat transfer, mass transfer, and
chemical reaction versus Re0 e moving droplet.
the trends in Figs. 5, 6 and 7 shows that the three factors (maximum
value, time to maximum value, and droplet lifetime) compete with
each other to produce a net effect on the average entropy generation
rate.

Fig. 9 shows the average entropy generation rates S0h, S0m and S0r
as a function of Re0. The values for S0h and S0m are practically
constant when Re0 is less than or equal to 10 due to the formation of
an envelope flame early in the droplet lifetime. When Re0 is greater
than 10, S0h and S0m both decrease as Re0 increases. The value for S0r
increases with Re0, and for Re0 greater than approximately 20, S0r
becomes greater than S0h. Fig. 9 also indicates that S0m is the
smallest of the three contributors to S0t over the entire range of
initial Reynolds numbers considered.

Fig. 10 shows the variation of the average entropy generation
rate (S0t) with Re0. The variation between the minimum and
maximumvalues of S0t shown in the figure is less than 20%. There is
an increasing trend in S0t with Re0 until Re0 is approximately equal
to 10. At low Re0, the values for S0h and S0m are almost constant and
S0r increases resulting in an increase in S0t. The value of S0t decreases
with an increase in Re0 in the range Re0 ¼ 10 to 50 due to the
decrease in S0h and S0m. For Re0 greater than 60, S0t increases with
Re0 due to the increase in S0r. The numerical predictions presented
in Fig. 10 clearly indicate that, for the combustion of moving
methanol droplets, an initial Reynolds number of approximately 55
results in a minimum average entropy generation rate.
5. Conclusions

A detailed derivation for the volumetric rate of entropy gener-
ation in a multi-component reacting mixture of ideal gases has
been presented. The gas-phase entropy generation rate during
methanol droplet combustion in a low-pressure, zero-gravity
environment was studied using a transient, axisymmetric numer-
ical model. Results for a suspended droplet with a low ambient
temperature (300 K) and a low initial Reynolds number (0.01), and
a moving droplet with a high ambient temperature (1200 K) and
a range of initial Reynolds numbers (1e100) were presented. The
effect of surface tension on the entropy generation rate was
investigated for the suspended droplet case.

The suspended droplet results show that the average entropy
generation rate over the droplet lifetime is higher for the case that
neglects surface tension effects. Neglecting surface tension effects
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produces a smaller extinction diameter, and therefore a shorter
droplet lifetime and higher average entropy generation rate. The
low ambient temperature employed results in a lower mass
transfer contribution to the average entropy generation rate. Heat
transfer is the highest contributor to the entropy generation rate,
followed by chemical reaction, and finally mass transfer. Both the
suspended and the moving droplet results indicated that coupling
between heat andmass transfer has a negligible contribution to the
entropy generation rate.

In the moving droplet case, entropy generation due to both heat
transfer and mass transfer decreases, and entropy generation due
to chemical reaction increases, with an increase in initial Reynolds
number. The heat transfer and chemical reaction contributions to
the entropy generation rate were greater than the contribution of
mass transfer over the entire range of initial Reynolds numbers
considered. Chemical reactions have a smaller effect on the entropy
generation rate than heat transfer at low initial Reynolds numbers
and a larger effect at high initial Reynolds numbers. For moving
droplets, the average entropy generation rate over the droplet
lifetime presents a minimumvalue at an initial Reynolds number of
approximately 55.
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Appendix A

The governing equations for the gas and liquid phases are the
transient axisymmetric equations for continuity, conservation of
species, conservation of energy and conservation of momentum, in
r � q spherical coordinates. In the liquid phase, which consists of
a binary methanol-water system, there is no production or
destruction of species. A set of interfacial conservation equations
couple the gas and the liquid phases.

The gas-phase energy conservation equation employed in the
present study is given below:

v

vt
ðrTÞ þ V$ðrvTÞ ¼ V$

�
k
cp
VT
�
þ k
c2p
VT$Vcp

� 1
cp

XN
i¼1

uihi �
r

cp

XN
i¼1

YiV i$Vhi (A1)

The gas phase and the liquid phase are coupled at the interface.
The gas and liquid phases are constrained to have the same temper-
ature at the interface (Tg,s¼ Tl,s), and theno-slip condition is employed
to relate the tangential velocities at the interface (vq,g,s ¼ vq,l,s).
Conservation of mass at the interface yields the radial velocity
component (vr), given as follows:

rg;s

�
vr;g;s � dR

dt

�
¼ rl;s

�
vr;l;s �

dR
dt

�
(A2)

In the above equation (dR/dt) represents the droplet regression
rate. Conservation of species at the interface is given by the
following expressions.

Fuel : m00
qYf ;g;sþ rg;sYf ;g;sVr;f ;g;s ¼ m00

qYf ;l;sþ rl;sYf ;l;sVr;f ;l;s (A3)
Water : m00
qYw;g;s þ rg;sYw;g;sVr;w;g;s ¼ m00

qYw;l;s þ rl;sYw;l;sVr;w;l;s

(A4)

For other species : m00
qYi;g;s þ rg;sYi;g;sVr;i;g;s ¼ 0 (A5)

Conservation of energy at the interface is given by

m00
q

�
Yf ;l;sLf þ Yw;l;sLw

	
þ rl;s

�
Yf Vr;f Lf þ YwVr;wLw

	
l;s

�
�
kg;s

dT
dr

�����g;s
�

¼ �kl;s
dT
dr

����l;s ðA6Þ

The equation for continuity of shear stress at the interface is of
particular interest for the present study and includes surface
tension effects. It is given by,

mg;s

�
vvq
vr

þ1
r
vvr
vq

� vq
r

�
g;s
þ1
r
vsT
vq

����s ¼ ml;s

�
vvq
vr

þ1
r
vvr
vq

� vq
r

�
l;s

(A7)

where the second term on the left-hand side is the surface tension
gradient along the droplet surface. The gas-phase diffusion veloci-
ties, which depend upon concentration and temperature gradients
for all N species, are solved according to the method presented by
Pope andGogos [19]. The liquid phase consists of a binarymixture of
methanol andwater, and the diffusion velocities are calculated using
Fick’s Law for ordinary diffusion alone. The binary diffusion coeffi-
cient is calculated as a function of mutual binary diffusion coeffi-
cients at very low concentrations, mole fractions of the species and
a thermodynamic correction factor that depends upon composition
and temperature for a binary mixture. The interface composition is
determined using a low-pressure binary vaporeliquid equilibrium
equation based upon the activity coefficients. The activity coeffi-
cients are calculated using the Wilson correlation [42]. Variable
thermo-physical properties in the gas phase are calculated using
correlations from Reid et al. [43] and McBride et al. [44]. The liquid-
phase properties are calculated using correlations from Reid et al.
[43] as well as Teja [45] and Teja and Rice [46]. Surface tension for a
pure component (methanol or water) is calculated from a tempera-
ture dependent curve-fit of experimental data [47]. A mixing rule
based on composition [43] is used to yield a temperature and
composition dependent surface tension. Thus, both the droplet
surface composition and the droplet surface temperature play a role
in determining surface tension. The experimental results of Santos
et al. [48] for water/methanol mixtures in thermodynamic equilib-
rium with air at 303.15 K along with results from the code used in
this study compare well.

A one-step overall reaction is used to model the combustion of
methanol in air and is given below:

CH3OHþ1:5ðO2þ3:77N2Þ/CO2þ2H2Oþ1:5ð3:77N2Þ (A8)

The resulting expression for the mass-based rate of production/
destruction of species i per unit volume, given by ui, is written as:

ui ¼ Wiðv00i � v0iÞA
 
rYf
Wf

!a�
rYo
Wo

�b

exp
��Ea
RuT

�
(A9)

The pre-exponential factor (A), activation energy (Ea) and the
fuel and oxygen concentration exponents (a and b) used in the
simulation have been taken from Westbrook and Dryer [49].

The governing equations are discretized using the finite volume
[50] and SIMPLEC [51] methods. Convection-diffusion is modeled
using the power-law scheme [50]. A collocated grid is used with
hyperbolic tangent stretching functions [52] used to cluster the grid
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points near the droplet surface in both the gas and the liquid
phases. The discretized equations are solved using the Alternating
Direction Implicit (ADI) method with the Tri-Diagonal Matrix
Algorithm (TDMA). Iterations are performed within each time step
until desired convergence is achieved. An adaptive time step has
also been employed. Grid and domain independence studies have
been carried out to ensure that the solution is independent of grid
and domain size. The minimum and maximum time steps have
been fixed so as to capture the physics during the entire evapora-
tion and combustion processes.

Additional Nomenclature for Appendix A

A pre-exponential factor
a fuel concentration exponent in reaction equation
b oxygen concentration exponent in reaction equation
Ea activation energy
L latent heat of vaporization
m00

q local mass flux at the droplet surface
R droplet radius
V diffusion velocity (scalar component)
v velocity (scalar component)

Greek Symbols
n0i stoichiometric coefficient of the ith species as a reactant
n00i stoichiometric coefficient of the ith species as a product
sT surface tension

Subscripts
f fuel
g gas-phase
l liquid-phase
r radial direction
s droplet surface
w water
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