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Abstract

A three-dimensional numerical model is developed to investigate the effect of turbulence on heat and mass transfer rates of a droplet
exposed to a hot airstream. The airstream turbulence, temperature and mean Reynolds number are varied to provide a wide range of test
conditions. The ambient pressure is kept atmospheric. In addition, variable thermophysical properties, transient gas and liquid phases,
and the effect of radiation are all considered in the numerical study. The turbulence terms in the conservation equations of the gas-phase
are modelled by using the shear-stress transport (SST) model. A Cartesian grid based blocked-off technique is used in conjunction with
the finite-volume method to solve numerically the governing equations of the gas and liquid phases. The numerical results indicate that
the effect of freestream turbulence is persistent although it weakens as the airstream temperature increases. The effect of radiation
becomes significantly important at elevated airstream temperatures. Comprehensive droplet heat and mass transfer correlations are pro-
posed, which take into consideration all the aforementioned variables.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The effect of freestream turbulence on sphere (or drop-
let) heat and mass transfer received great attention in the
past decades [1–22]. Recently, these studies are reviewed
extensively by Birouk and Gökalp [23]. The conclusion of
their review is that early studies prior to 1990s reported
mixed conclusions. The majority of these early studies
claimed an increase in sphere (or droplet) heat and mass
transfer rates due to turbulence [1,3,6–22]; whereas the
minority of these studies concluded that turbulence had a
negligible effect on sphere heat and mass transfer, especially
at low Reynolds numbers [2,4,5]. The review of Birouk and
Gökalp [23] reported that all recent studies, performed
after 1990s, supported the view that turbulence indeed
enhances droplet heat and mass transfer. Most of these
studies correlated the effect of turbulence on sphere (or
droplet) heat and mass transfer in terms of Nusselt (Nu)
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and Sherwood (Sh) numbers, respectively, which are
grouped as follows [23,24]:

Sh ¼ A0 þ B0Re1=2Sc1=3ðCTÞ ð1Þ
Nu ¼ A0 þ B0Re1=2Pr1=3ðCTÞ ð2Þ
where CT is a turbulent term and, A0 and B0 are constants.
The published turbulent Nusselt and Sherwood correla-
tions are tabulated in Table 1 along with the corresponding
values of the coefficients A0, B0 and CT. Note that for drop-
let heat and mass transfer, Eqs. (1) and (2) are corrected by
multiplying Nusselt and Sherwood numbers by (1 + BT)0.7

and (1 + BM)0.7, respectively [14,25]. The heat and mass

transfer numbers BM and BT are defined as BT ¼ cp;gðT1�
T sÞ=Levap;sð1� _Ql= _Qg þ _Qr= _QgÞ and BM = (YF,s � YF,1)/
(1 � YF,s), respectively.

Recent studies followed different approaches to evaluate
further the effect of turbulence on droplet evaporation
[16–21,24,26] due to its importance for spray combustion
modelling [27]. For example, Birouk et al. [18,19] and Ohta
et al. [28] developed a novel approach to verify whether
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Nomenclature

A area
BM Spalding mass transfer number
BT heat transfer number
CT a turbulence coefficient in Eqs. (1) and (2)
cp constant pressure specific heat
d droplet/sphere diameter
DAB mass diffusion coefficient
I turbulence intensity (u0/U1)
K evaporation rate
k turbulence kinetic energy
L latent heat of vaporization
_m mass flow rate
_m00 mass flux
Nu Nusselt number
Pr Prandtl number
p pressure
_Q rate of heat transfer
_q rate of heat transfer per unit area
Re Reynolds number
r droplet radius
_r regression rate of the droplet’s radius
Sc Schmidt number
Sh Sherwood number
SU source term (SU = SC + SPU)
T temperature
U1 mean freestream velocity
u velocity component in x-direction
v velocity component in y-direction
w velocity component in z-direction
YF fuel mass fraction

Greek symbols

l viscosity
rh turbulent Prandtl number
k thermal conductivity
x dissipation per unit turbulence kinetic energy,

e/k
U diffusion parameter (u, v, w, p, T, YF, k, and x)
q density
Dx control volume length in x-direction
Dy control volume length in y-direction
Dz control volume length in z-direction

Subscripts

a air
b boiling
d droplet
eff effective
evap. evaporated
f film condition
g gas
L laminar
l liquid
M modified
m mixture
nor normal
s surface
t turbulent
tan tangential
1 free stream
0 initial
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turbulence has really an effect on the gasification process of
a droplet. They isolated the flow mean velocity from its
fluctuating components and investigated only the effect of
the turbulence. Their results agreed with each other and
resulted in a new correlation [19] which is mainly a modifi-
cation of Frössling laminar correlation [29] to account for
turbulence. Gökalp et al. [16] developed a novel idea for
correlating the effect of turbulence on droplet mass transfer
in terms of an effective vaporization Damköhler number.
The approach developed by Gökalp et al. [16] was later
pursued by Hiromitsu and Kawaguchi [17] and Wu et al.
[20,21]. Wu et al. [21] employed a wide range for turbulent
flow and liquid properties and established a correlation in
terms of a vaporization Damköhler number, which is
expressed as follows: K=KL ¼ 0:771Da�0:111

v , where K and
KL are the droplet evaporation rates under turbulent and
laminar flow conditions, respectively. Dav is the vaporiza-
tion Damköhler number, which is defined as the ratio of
a turbulence characteristic time tt over an evaporation
characteristic time tv (Dav = tt/tv), where tt = (d0)2/3/e1/3

and tv = dM/Vr. dM and Vr are the vapour film thickness
around the droplet and vapour blowing velocity, respec-
tively [20,23]. Hiromitsu and Kawaguchi [17] claimed that
the concept of a correlation in terms of a vaporization
Damköhler number would not work at elevated tempera-
tures. Recently, Abou Al-Sood [30], and Abou Al-Sood
and Birouk [24] developed a numerical study to take part
of the aforementioned debate. It was found that the Dam-
köhler number in its current form could indeed correlate
the droplet turbulent evaporation rate but only at standard
airstream temperature conditions. Abou Al-Sood and
Birouk [24] adopted Eq. (1) to develop a correlation which
accounts for the effect of freestream turbulence on droplet
mass transfer. This correlation, which has a similar form to
Eq. (1), is expressed as follows [24,30]:

Shfð1þ BM;fÞ0:7 ¼ 2þ 0:914Re1=2
M Sc1=3

f ð1þ 1:235I0:372
1 Þ ð3Þ

where BM, Re, Sc and I are the mass transfer number, Rey-
nolds number, Schmidt number and turbulence intensity,
respectively. The subscripts f and 1 denote film and free
stream conditions. Although this correlation worked well



Table 1
Summary of published sphere (or droplet) heat and mass transfer correlations

Reference Nu or Sh A0 B0 CT Validity

Galloway and Sage [7] Nu or Sh 2 1.0 0:562þ 0:1807d1=2 þ 0:0672I1 � ðI1 þ 0:05ÞRe1=2
1 0.01 6 I1 6 0.15

2 6 Re1 6 1.33 � 106

0.0200 in 6 d 6 1200

Galloway and Sage [7] Nu 2 1.0 0:538þ 0:1807d1=2 þ 0:328I1ðI1 þ 0:0405ÞRe1=2
1 0.01 6 I1 6 0.15

2 6 Re1 6 1.33 � 106

Galloway and Sage [7] Sh 2 1.0 0:439þ 0:1807d1=2 þ 0:234I1ðI1 þ 0:0500ÞRe1=2
1 0.01 6 I1 6 0.15

2 6 Re1 6 1.33 � 106

Lavender and Pei [9] Nu 2 0.717 (ReI1)0.035 ReI1 < 1000
Nu 2 0.165 (ReI1)0.250 ReI1 > 1000

Yuge [4] correlated by Lavender and Pei
[9]

Nu 2 0.387 (ReI1)0.085 ReI1 < 7000

Gostkowski and Costello [11] Nu 0 1.431 (ReI1)0.0214 ReI1 < 7000
Nu 0 1.287 (ReI1)0.2838 ReI1 > 7000

Sandoval-Robles [13] Sh 0 0.549 (ReI1)0.066 12 < ReI1 < 600
Yearling [14] Nu(1 + BT)0.7 2 0.58 1þ 3:397I0:843

1 0.01 6 I1 6 0.11
Sh(1 + BM)0.7 2 0.52 1þ 3:397I0:843

1 50 < Re < 1500
Refai-Ahmed et al. [15] Nu 0 0.465 Re0:109I0:174

1 0.012 6 I1 6 0.049
5.6 � 104 < Re < 5.6 � 104

Abou Al-Sood and Birouk [24] Sh(1 + BM)0.7 2 0.914 1þ 1:235I0:372
1 0.01 6 I1 6 0.6

17 < Re < 186
Present study Nu(1 + BT)0.7 2 0.677 1þ 0:455I0:372

1 0.01 6 I1 6 0.6
17 < Re < 186
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Fig. 1. Schematic of the physical problem along with the initial and
boundary conditions of a droplet exposed to a turbulent freestream.
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for a wide range of turbulent flow and liquid fuel proper-
ties, the effect of radiation which can be important was ne-
glected. Therefore, the aim of the present study is to verify/
extend the applicability of this mass transfer correlation by
taking into consideration the effect of radiation. It is also
the aim of the present study to propose a droplet heat
transfer correlation in terms of Nusselt number based on
Eq. (2).

2. Mathematical model

2.1. Description of the physical model and assumptions

Consider a hydrocarbon fuel droplet, with an initial
radius of r0 and an initial uniform temperature T0,
immersed in a turbulent inert airstream of infinite expanse.
The gas-phase is prescribed by its freestream mean velocity,
U1, pressure, p1, temperature, T1, fuel mass fraction,
YF1, turbulence intensity, I1, and turbulence kinetic
energy, k1, and its dissipation per unit of turbulence
kinetic energy, x1. The droplet and its surrounding condi-
tions are schematically shown in Fig. 1.

The following assumptions are employed in the present
model: (i) the droplet is stationary and consists of a single
chemical component, (ii) the droplet shape remains spher-
ical because the droplet Weber number is much less than
unity, (iii) the droplet evaporates in an inert atmosphere,
(iv) the gas–liquid interface is at an equilibrium phase, (v)
Dufour (energy flux due to mass concentration) and Soret
effects (mass diffusion due to temperature) are assumed
negligible, and (iv) radiation is considered with the assump-
tion that the gas-phase between the droplet and the wall is
transparent and does not emit any radiation, and the wall,
which is chosen here as the boundary of the calculation
domain, is assumed as blackbody emitter with a tempera-
ture equals to that of the freestream.
2.2. Governing equations

The governing equations for the gas-phase are the Rey-
nolds-Averaged Navier–Stokes (RANS), energy and mass
species conservation equations. Details of these equations
with the adopted turbulence closure model, i.e. shear-stress
transport (SST) model of Menter [31], are reported in pre-
vious publications [24,26,30,32]. For the liquid phase (i.e.
droplet), the governing equations are basically the
unsteady continuity, momentum and energy equations,
which are given as
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where _qr is the radiative absorption rate per unit area.

2.3. Radiative heat transfer model

The radiation field inside a homogeneous liquid fuel
droplet can be modeled by either of the two following
methods; (i) the radiative transfer theory (geometrical
optics) [33,34], or (ii) the electromagnetic waves theory
[35]. While, the latter neglects the radiation losses, the for-
mer is not applicable for small droplet. For large droplet,
the radiation absorption by the liquid phase is limited to
a thin subsurface layer [33]. Since the study of radiation
is beyond the scope of the present investigation and the
droplet is large enough, an approximation of the radiation
absorption that occurs only at the droplet surface with an
effective surface absorptance aeff (as _qr ¼ aeffrðT 4

1 � T 4
s Þ) is

considered in this study for the sake of simplicity. The
value of the effective surface absorptance is based on the
data of Tseng and Viskanta [34], which is a function of
the droplet diameter and ambient temperature. In the pres-
ent study, the value of aeff for n-decane, which is not readily
available in the open literature, is assumed approximately
equal to that of diesel fuel.

2.4. Freestream and gas–liquid interface conditions

The freestream mean velocity components, pressure,
temperature, fuel mass fraction and turbulence quantities
at the inlet of the computational domain are taken as
u = U1, v = 0, w = 0, p = p1, T = T1, YF = 0, k = k1
and x = x1. The freestream k1 and x1 are estimated
by using the following relations as [31,36] k1 = 1.5(I1 �
U1)2 and x1 = q1(k1/l1)(lt1/l1)�1 where lt1 is the
freestream turbulent viscosity which is taken as lt1 ffi
(0.1 � 10)l1. A distinctive gas–liquid interface exists at
the droplet surface and conditions at this interface are
obtained by coupling the conservation equations (momen-
tum, energy and species equations) in the gas and the liquid
phases as follows [30]:

(a) Shear-stress continuity
sij;g ¼ sij;l ð7Þ
(b) Tangential velocity continuity
U tanjg ¼ U tanjl ¼ U s ð8Þ
(c) Normal velocity continuity
Unorjl ¼
qg

ql

� �
U norjg þ _r 1�

qg

ql

� �
ð9Þ
(d) Temperature continuity
T g ¼ T l ¼ T s ð10Þ

(e) Energy conservation� �
k
oT
oxi

���
l
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oT
oxi

���
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� _m00evaphevap þ _qr ð11Þ
(f) Species conservation
_m00evapðY F;g � 1Þ � qgDAB;g
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oxi
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(g) Droplet mass conservationP

_r ¼ � evaporated surfaces _m00evap;iAs

4pqr2
þ r

3q
dq
dt

ð13Þ
where the subscripts g and l denote any variable in the gas
and liquid sides at the droplet-gas interface, respectively.
The parameter _r denotes the regression rate of the droplet
radius, r is the instantaneous droplet radius, and As is the
surface area of the nodes subjected to the flow. The last
term in Eq. (13) is due to the swelling of the droplet during
its warming-up period. The effect of turbulence on droplet
heat and mass transfer processes is accounted for in the
energy and species equations (Eqs. (11) and (12)) via the
effective thermal diffusivity, keff, and the effective molecular
mass diffusion, DAB,g, respectively. These two parameters
are defined as [30] keff = (l/Pr) + (lt/rh) and DAB,g =
DAB + (lt/Sct). Note that in the case of laminar flow, both
turbulent terms (second term from the right hand side) can-
cel out.
3. Numerical approach

To solve the complex nonlinear and strongly coupled set
of governing transport equations, a finite-volume approach
[37] was employed. The governing differential equations
were integrated over discrete volumes resulting in a set of
algebraic equations having the following general form

ðaE þ aW þ aN þ aS þ aTUT þ aB � SPDxDyDzÞUP

¼ aEUE þ aWUW þ aNUN þ aSUS þ aTUT þ aB/B

þ SCDxDyDz ð14Þ

where aP, aE, aW, aN, aS, aT, aB, and bU are coefficients and
their expressions are reported in [26,30]. SP and SC are the
two terms of the linearized source term SU. Dx, Dy, and Dz

are the control volume lengths in the direction of x, y, and z
coordinates, respectively. The absence of an explicit equa-
tion for pressure is dealt with by using the SIMPLEC ap-
proach [38] in which an expression in the form of Eq.
(14) is derived for the pressure through a combination of
the continuity and momentum equations. The aim is to de-
velop a pressure field such that the resulting velocity field
satisfies the continuity equation for every control volume
in the calculation domain.
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The spherical liquid droplet in the Cartesian grid is trea-
ted by using a blocking-off technique. Details about the
block-off technique can be found in [24,26,30,32]. The cal-
culation domain, which is a cube of 32r � 32r � 32r, where
r is the droplet radius, is divided into several control vol-
umes and the droplet is fixed at the center of the cube
[24]. Fig. 1 summarizes the computational domain and
boundary conditions where the left and right faces are
inflow and outflow boundary conditions, respectively,
whereas the remaining faces are taken as the wall boundary
conditions. In the present analysis, the Cartesian grid in the
calculation domain consists of 60 � 60 � 60. Since the gra-
dients around the sphere are large, a very fine grid,
40 � 40 � 40 is used in the domain of 4r, i.e., 2r from the
droplet center in all directions. This number of grids is
found to be the optimum number that provides stable
results with an acceptable computational time. More infor-
mation about the sensitivity of the results to the chosen
grid is reported in [30].

The solution of the set of linearized algebraic equations
is accomplished by using three-dimensional vectorized ver-
sion of SIP (Strongly Implicit Procedure) developed by
Leister and Peric [39]. The iterative solution of the govern-
ing equations is performed for each time step until one of
the two imposed conditions is achieved, i.e. either the
assigned maximum number of iterations is exceeded or
the range-normalized relative errors of the diffusion param-
eter (u, v, w, p, T, YF, k, and x) expressed as j(Un+1 � Un)/
(Umax � Umin)j 6 eU are satisfied for each node. Note that
Umax and Umin are the maximum and minimum values
for the entire Un+1 field and eU is taken equal 10�4 for all
quantities. The calculations are terminated when the drop-
let diameter is less than 1/10 of its initial value (i.e.
d < 0.1d0), where d and d0 are the droplet instantaneous
and initial diameters, respectively.
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4. Results and discussion

The test conditions are given in Table 2 and the formula
employed to calculate the thermodynamic properties of
n-heptane and n-decane droplets, as well as those of the
vapour–air mixture in the droplet surface vicinity are
reported in previous publications of the present authors
[24,30].
0 10 20 30 40 50 60
Turbulence intensity, I  (%)

0n- 0 n-n-d ecane (Present predictions)

Fig. 2. Variation of the evaporation rates of n-heptane and n-decane
droplets versus freestream turbulence intensity.
4.1. Validation of the numerical model

The numerical model developed in the present study is
verified by comparing its predictions with their published
Table 2
Test conditions

d0 (mm) U1 (m/s) I1 (%

Stagnant 0.7 0 0
Laminar 1.96, 1.50 0.6, 1, 2 0
Turbulent 1.50 0.6, 2 5–60
numerical and experimental counterparts. Fig. 2 exhibits
a comparison of the evaporation rate of n-heptane and
n-decane droplets between the present predictions and pub-
lished experimental data. Note that the numerical data
shown in Fig. 2 are similar to those presented in Ref. [26]
except that the effect of radiation is considered in the pres-
ent predictions, but it is neglected in Ref. [26]. Neverthe-
less, the effect of radiation is appeared negligible at
standard room temperature where only an increase of
0.5% and 0.1% in the evaporation rate of n-heptane and
n-decane, respectively, is noticed due to radiation. The
present numerical model has been validated for predicting
the droplet turbulent vaporization under standard pressure
and temperature conditions [26]. Fig. 2 demonstrates
clearly that the predictions are in excellent agreement with
published experimental data. Published data for droplet
evaporation in turbulent flow at elevated ambient temper-
atures are not available. Thus, validation of the present
numerical model is performed by comparing the present
predictions with their counterparts published numerical
and experimental published data under only laminar flow
conditions. Fig. 3 presents the time-history of the squared
normalized diameter of n-decane droplet as predicted by
the present numerical model. The same figure shows a com-
parison of the present predictions against the laminar
numerical data of Abou Al-Sood and Birouk [24] and
Megaridis [40], and the laminar experimental data of Wong
and Lin [41]. The data presented in Fig. 3 are obtained for
a Reynolds number of 17 and a typical freestream temper-
ature T1 = 1000 K. Fig. 3 exhibits two major distinct
) P1 (atm) T1 (K) Re1

1 474, 555, 741
1 300–1273 17–186
1 300–1273 17–186
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Table 3
n-Heptane droplet evaporation rate calculated from Fig. 4 (the percent
error in this table is calculated with respect to the experimental data of
Nomura et al. [43]).

Evaporation rate, K (mm2/s)

T1 (K) Present data Yang and Wang [33] Nomura et al. [43]

471 0.1161 (27.2%) 0.1163 (27.1%) 0.1595
555 0.1672 (25.9%) 0.1753 (22.3%) 0.2255
741 0.3384 (15.9%) 0.3122 (22.4%) 0.4024

1318 M.M. Abou Al-Sood, M. Birouk / International Journal of Heat and Mass Transfer 51 (2008) 1313–1324
zones. The first one concerns the transient phase (i.e., the
heating-up period) of the droplet. During this phase, the
present predictions exhibit reasonably comparable drop-
let’s swelling and heating period compared to those
observed in [41]. The slight difference is attributed to the
effect of the droplet support/fiber used in the experiment
[41], which enhances the droplet heat transfer by conduc-
tion. However, no droplet’ swelling is present in the predic-
tions of Ref. [40] and also the droplet heating period is
much shorter compared to the present predictions. This
noticeable difference is due mostly to the assumption of
constant droplet density, and to some extent the effect of
radiation which is neglected in Ref. [40]. Recall that the
effect of radiation is more pronounced during this phase,
as the droplet is at its largest volume (i.e. largest surface
area as the liquid density varies with temperature) where
the effective absorptance is directly proportional to the
droplet diameter [34,42]. The second remarkable zone of
the evolution of (d/d0)2 concerns the droplet steady-state
evaporation phase. It appears in Fig. 3 that during this
phase, the linear variation of (d/d0)2 versus the normalized
droplet evaporation time (i.e. the droplet evaporation rate)
is identical for all numerical studies (i.e. [24,40]) including
the present predictions. However, the slop of the experi-
ment of Ref. [41] deviates slightly from the numerical pre-
dictions which is due to the effect of the droplet supporting
material as discussed below in Fig. 4. It is clear thus that
overall the present numerical predictions with the effect
of radiation considered are in much better agreement with
the experimental data throughout the droplet life-time. To
evaluate further the radiation model adopted in the present
study, a comparison of the variation of n-heptane droplet
lifetime between the present predictions and their published
counterparts is plotted in Fig. 4 for various ambient tem-
peratures. The corresponding droplet evaporation rates
are tabulated in Table 3. The plots in Fig. 4 and the data
presented in Table 3 show that the radiation model
adopted in the present study produces approximately sim-
ilar results to the numerical data of Yang and Wang [33].
However, both studies (i.e. the present study and that in
Ref. [33]) predict lower droplet vaporization rate (i.e.
longer droplet lifetime) when compared with their experi-
mental counterparts [43]. The discrepancy between the
numerical predictions and experimental data, shown in
Fig. 4, is attributed to the effect of the fiber onto which
the droplet is suspended, which is found to enhance signif-
icantly the droplet heat transfer and hence mass transfer
[33]. In addition, a comparison of the instantaneous drop-
let surface temperature between the present predictions and
those of Sazhin et al. [44] are plotted in Fig. 5 for several
ambient temperatures. This figure shows that the droplet
surface temperature increases until it reaches a maximum
value, which is higher than the wet bulb temperatures, after
which it decreases towards the droplet wet bulb tempera-
ture. This trend in the variation of the droplet surface tem-
perature, which is related to the effect of thermal radiation,
is discussed in Ref. [42]. The difference between both
predictions, which is less than 3%, is due to the difference
in the value of the effective surface absorptance, aeff,
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lence intensities (d0 = 1.5 mm and Td,0 = 253 K).
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employed in both studies. In the present study the value of
aeff is in the range between 0.40 and 0.60 depending on T1
as suggested in Ref. [34], whereas it is constant, 0.93, in
Ref. [44].
4.2. Turbulence effect on droplet heat and mass transfer

Figs. 6 and 7 show the time-history of the normalized
squared diameter of n-heptane and n-decane droplet,
respectively, for a typical freestream mean velocity of
2 m/s, a wide range of freestream turbulence intensity
and a freestream temperature of 1273 K. For both fuel
types, these figures show that the droplet heating period
becomes shorter as the freestream turbulence intensity
increases. In addition, the droplet lifetime decreases with
increasing turbulence intensity. Furthermore, it is interest-
ing to note that the freestream turbulence still has an effect
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Fig. 6. Time-history of the normalized squared diameter of n-heptane
droplet at T1 = 1273 K and U1 = 2 m/s for various freestream turbu-
lence intensities (d0 = 1.5 mm and Td,0 = 253 K).
on the droplet’s evaporation rate even at elevated free-
stream temperatures. More interestingly, Figs. 6 and 7
demonstrate that the d2-law holds during the majority of
the droplet evaporation phase (which is preceded by the
heating period). However, the d2-law departs during the
very end portion of the droplet lifetime. For example, it
occurs after about 70% of the n-decane droplet mass is
evaporated (i.e. in the region where d < 0.3d0). The non-lin-
earity of this portion of the d2, in which the droplet evap-
oration slows down, is mainly caused by a decrease in the
heat transfer by radiation as a result of a decrease in the
droplet surface area. It is important to mention that
according to the present predictions, the d2-law departure
occurs only at ambient temperatures exceeding approxi-
mately 800 K. The observation that d2-law holds at ele-
vated ambient temperatures appears to contradict that of
Sazhin et al. [44] who claim that the d2-law does not hold
for ambient temperatures T1 > 700 K when considering
the effect of radiation. Conversely, the present predictions
with the effect of radiation considered are in agreement
with those of Yang and Wong [33] who showed numeri-
cally that the d2-law holds at similar ambient gas tempera-
tures. Recall that the effect of thermal radiation is also
considered by Yang and Wong [33]. The discrepancy
between the present predictions and those of Yang and
Wong [33] with the predictions of Sazhin et al. [44] might
be caused by the variation of the droplet surface tempera-
ture. As shown in Fig. 5, Sazhin et al. [44] predict that the
droplet surface temperature decreases sharply after reach-
ing a maximum value, whereas in the present study, the
droplet surface temperature decreases almost unnoticeably.

Fig. 8 presents the time-history of the surface tempera-
tures of n-heptane and n-decane droplets for different
turbulence intensities at typical values of the ambient tem-
perature and freestream mean velocity. This figure shows
that for a given fuel type, the droplet surface temperature
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increases until it reaches a maximum value higher than
the corresponding wet bulb temperature which is then
followed by a slight decrease towards the wet-bulb value.
This trend of the droplet surface temperature is related to
the effect of thermal radiation as discussed in Abramzon
and Sazhin [42]. Fig. 8 reveals also another interesting
observation in which an increase in turbulence intensity
decreases the maximum droplet surface temperature. This
might be due to the increase in the heat transfer from the
gas-phase by convection, q00g, which accelerates the droplet
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evaporation. Note that a decrease in the droplet’s diameter
leads to a less heat transfer by radiation, as q00r / d2:5 [42].
Lifetime of n-heptane and n-decane droplets as a function
of freestream turbulence intensity for various freestream
temperatures is presented in Fig. 9. Several distinct obser-
vations can be noticed in Fig. 9. The effect of radiation is
more pronounced for the least volatile fuel (i.e., n-decane).
This is because the droplet evaporation rate, which corre-
sponds to a decrease in the droplet diameter, is much
slower for the least volatile fuel (i.e. n-decane). Also, the
effect of radiation is higher for weak turbulence intensities.
For instance, n-heptane droplet lifetime at 1273 K is
reduced (as compared to that with neglected radiation)
by 27% and 23.1% for turbulence intensities of 0% and
60%, respectively. These observations can be explained as
follows. The droplet evaporation rate, which engenders a
decrease in the droplet diameter, is much slower for weak
turbulence, and hence the heat transfer by radiation is rel-
atively higher under these conditions ðq00r / d2:5Þ as d

decreases slowly. Another observation in Fig. 9 is that
the droplet lifetime is much shortened as the freestream
turbulence increases. For example, the n-decane droplet
lifetime is reduced due to an increase of freestream turbu-
lence from 0% to 60% by 53.3%, 41.8%, and 36.5% at
300 K, 773 K and 1273 K, respectively. In addition,
Fig. 9 indicates that the effect of radiation is nearly negligi-
ble for temperature less than around 773 K, where its effect
is found less than 6% regardless of the fuel type. Fig. 10
illustrates the variation of the n-heptane and n-decane
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droplets’ turbulent evaporation rates normalized by their
corresponding laminar values, K/KL, for three typical
ambient temperatures, i.e. 300 K, 773 K and 1273 K. The
solid and dashed lines presented in Fig. 10 are calculated,
respectively, by neglecting and taking into consideration
the effect of radiation. Fig. 10 demonstrates that the effect
of turbulence is much more pronounced at low to moderate
turbulence intensities (i.e. I1 � <20). The same figure
shows that the effect of radiation becomes significant as
the ambient temperature increases, and hence cannot be
neglected.

Fig. 11 presents a comparison of the turbulent mass
transfer correlation which is proposed previously [24,30]
with the present predictions, which are obtained under sim-
ilar test conditions but with the effect of radiation is consid-
ered in the present calculations. This figure shows that
there is a slight deviation of less than 5%, which occurs
especially at relatively lower Reynolds numbers (i.e. at rel-
atively high temperatures). As the droplet mass transfer is
very much coupled with droplet heat transfer, it is also
important to develop a correlation for droplet heat trans-
fer, which is also essential for modeling more complex
spray flows. Thus, the data presented above are employed
to develop a correlation for heat transfer of a droplet evap-
orating in a turbulent hot airstream. The test conditions,
which are employed here, are the same as for the droplet
mass transfer correlation presented in Fig. 11, which are
summarized in Table 2. The conventional form of droplet
heat transfer correlation, that is Eq. (2), is adopted. Note
that the Nusselt number is calculated as discussed in
Appendix A. Since the droplet surface temperature does
not approach a constant value at higher freestram temper-
atures due to radiation (as shown in Figs. 5 and 8), the
Nusselt number of the droplet steady-state evaporation
phase is calculated as the average value of the temporal
Nusselt number which corresponds to the steady-state
region where the d2-law holds, as shown in Figs. 6 and 7.
0 10 20 30 40
ReM

1/2(1+1.235 I 0.372)

0

10

20

30

40

[S
h f(1

+
B

M
)0.

7 -
2]

/S
c f1/

3

n-heptane (present predictions)
n-decane (present predictions)
Previous correlation [24, 30]
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and n-decane droplets with the correlation proposed in [24,30].
Fig. 12 presents the variation of the steady-state average
Nusselt number versus Reynolds number. This figure
shows that although the predicted steady-state laminar
Nusselt number has exactly similar trend to that of Ren-
ksizbulut and Yuen [25], the present predictions manifest
slightly higher values. It is important to mention that the
same radiation model is employed in [25] and in the present
numerical study ð _qr ¼ aeffrðT 4

1 � T 4
s ÞÞ. The difference is

that a constant value for effective surface absorptance
(i.e. aeff = 0.95) for all droplets and flow conditions is
employed in Ref. [25]; whereas it is varied in the present
investigation (i.e. 0.42 < aeff < 0.89) as its value depends
very much on the droplet and flow conditions [34]. There-
fore, the higher value of aeff which is used by Renksizbulut
and Yen [25] yields higher radiative heat transfer, and con-
sequently lower convective heat transfer which results in a
lower Nusselt number (see Eqs. (A1) and (A2), assuming
both the other two terms in Eq. (A2) vary similarly in both
studies, i.e. the present and Ref. [25]). Another possible
contributing factor to the discrepancy shown in Fig. 12
could be due to the reference conditions for calculating
the thermodynamics properties; where 1/3 and 1/2 rules
are, respectively, employed in the present study and Ren-
ksizbulut and Yen [25]. The variation of the predicted
steady-state Nusselt number versus Reynolds number for
different freestream turbulence intensities and ambient tem-
peratures, which range between 0% and 60% and, from
300 K to 1273 K, respectively, are presented in Fig. 13.
Reynolds numbers are calculated based on three mean
velocities, i.e. 0.6 m/s, 1m/s and 2 m/s. Fig. 13 shows that
for the same Reynolds number, Nusselt number increases
with increasing freestream turbulence intensity. The con-
ventional form of droplet heat transfer, i.e. Eq. (2), is found
applicable to correlate the variation of the droplet steady-
state Nusselt number versus the freestream turbulence
intensity. The best fit for the present predicted data is
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found to have the following expression (with a standard
deviation of 99.5%).

Nufð1þ BTÞ0:7 ¼ 2þ 0:677Re1=2
M Pr1=3

f ð1þ 0:455I0:372
1 Þ ð15Þ

This correlation, which is displayed in Fig. 14, contains the
predicted data for n-heptane and n-decane droplets at
ambient temperatures in the range between 300 K and
1273 K, freestream mean velocity of 0.6 m/s, 1 m/s
and 2 m/s, and turbulence intensity ranging between 0%
and 60%. The proposed correlation (Eq. (15)) is compared
with previously published data as shown in Fig. 15. This
Figure indicates that the present predictions show a reason-
able agreement with the correlation of Galloway and Sage
[7], as well as with the experimental data of Yearling [14],
although Yearling’s data are quite scatted around the pro-
posed correlation, and Galloway and Sage’s correlation
deviates slightly at high turbulent coefficient, CT.
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Fig. 14. Predicted turbulent Nusselt numbers for n-heptane and n-decane
versus Reynolds number.
5. Conclusions

A three-dimensional numerical model is developed to
assess the effect of freestream turbulence intensity on heat
and mass transfer of a droplet exposed to a turbulent,
hot airstream. The ambient flow conditions and liquid
properties are varied to provide a wide range of test condi-
tions. The major findings of the present study are as fol-
lows. The effect of freestream turbulence on droplet
evaporation is apparent even at very high ambient temper-
atures, although it weakens when compared to low and
moderate turbulence intensity levels. In addition, the effect
of radiation which is negligible at relatively low ambient
temperatures becomes significant as the freestream temper-
ature approaches approximately 1000 �C. Also, radiation is
more pronounced for the less volatile fuel. The effect of
radiation on the previously proposed droplet mass transfer
correlation is assessed and found that radiation causes a
slight deviation (i.e. less that 5%), which occurs especially
at low Reynolds numbers (i.e. at relatively high-tempera-
tures). Finally, the effect of turbulence on droplet heat
transfer is correlated in terms of Nusselt number. A com-
parison of the present droplet heat transfer correlation
shows a satisfactory agreement with published data.
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Appendix A

Sherwood number is calculated by the same method
mentioned in [25,24,30]. Nusselt number is calculated by
using the gas-phase convective heat transfer rate _Qg, drop-
let diameter d, mixture thermal conductivity, freestream
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temperature T1, and droplet surface temperatures Ts as
follows:

Nu ¼ _Qg=½pdkfðT1 � T sÞ� ðA1Þ
where the convective heat transfer rate is calculated as

_Qg ¼ _mevapLevap þ _Ql � _Qr ðA2Þ
where Levap is the latent heat of evaporation at surface tem-
perature, and it is calculated by Watson equation
Levap,s = Levap,b[(Tc � Ts)/(Tc � Tb)]0.38. BT is the modified
heat transfer number and is defined as BT ¼ cp;gðT1 � Y sÞ=
Levap;sð1� _Ql= _Qg þ _Qr= _QgÞ. All mixture’s properties are
calculated at reference conditions of temperature and fuel
mass fraction which are expressed as

T f ¼ T s þ ðT1 � T sÞ=3 ðA3Þ
ðY F;sÞf ¼ Y F;s þ ðY F;1 � Y F;sÞ=3 ðA4Þ

Prandtl and Reynolds numbers of gas mixture are calcu-
lated as Prf = lfcp,f/kf, and Rem = q1dU1/lf, respectively.
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