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a b s t r a c t

A numerical study of the heat and mass transfer from an evaporating fuel droplet in oscillatory flow was
performed. The flow was assumed to be laminar and axisymmetric, and the droplet was assumed to
maintain its spherical shape during its lifetime. Based on these assumptions, the conservation equations
in a general curvilinear coordinate were solved numerically. The behaviors of droplet evaporation in the
oscillatory flow were investigated by analyzing the effects of flow oscillation on the evaporation process
of a n-heptane fuel droplet at high pressure.

The response of the time history of the square of droplet diameter and space-averaged Nusselt numbers
to the main flow oscillation were investigated in frequency band of 1–75 Hz with various oscillation
amplitudes. Results showed that, depending on the frequency and amplitude of the oscillation, there
are different modes of response of the evaporation process to the flow oscillation. One response mode
is synchronous with the main flow oscillation, and thus the quasi-steady condition is attained. Another
mode is asynchronous with the flow oscillation and is highly unsteady. As for the evaporation rate, how-
ever, in all conditions is more greatly enhanced in oscillatory flow than in quiescent air.

To quantify the conditions of the transition from quasi-steady to unsteady, the response of the bound-
ary layer around the droplet surface to the flow oscillation was investigated. The results led to including
the oscillation Strouhal number as a criteria for the transition. The numerical results showed that at a low
Strouhal number, a quasi-steady boundary layer is formed in response to the flow oscillation, whereas by
increasing the oscillation Strouhal number, the phenomena become unsteady.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Heat and mass transfer from a sphere in oscillatory flow has
been investigated since 1930 (Marthelli and Boelter, 1938). These
phenomena are interesting because of their application in practical
spray evaporation and combustion in the presence of oscillatory
waves (Sabnis and Lyman, 1982; Masahiro et al., 1996; Tanabea
et al., 2005) and drying (Lockwood, 1980). Analytical and numeri-
cal simulations of the flow oscillation effects on the rate of heat
and mass transfer from a sphere have been performed to investi-
gate the mechanism of the enhancement of the transport phenom-
ena due to flow oscillation. Burdukov and Nakoryakov (1965), Riley
(1966), Strahle (1965) have investigated these phenomena using
the perturbation method. However, this method is limited to cases
in which the displacement of an element of mass in the free stream
is much less than the sphere diameter. The development of com-
puters and numerical methods has enabled the numerical investi-
gation of these phenomena over a wide range of conditions.
Drummound (1990) has simulated the mass transfer from a sphere
in an oscillating flow using the pseudo spectral method and has
ll rights reserved.

rtment of Flow, Heat and
studied the phenomena with Rea of 1–150 Hz and Strouhal number
of 1–1000. Ha and Yavuzkurt (1993) have numerically investigated
the mechanism of the enhancement of the heat and mass transfer
from a sphere in acoustic oscillating flow. They have shown that
oscillation in the range of Rea of 10–100 with a frequency of
50–2000 Hz can enhance the rate of transport phenomena up to
290% compared with those in quiescent air.

Recently, it has been shown experimentally that turbulence can
affect the evaporation rate of a single droplet (Gökalp et al., 1992;
Hiromitsu and Kawaguchi, 1995; Birouk and Gökalp, 2002, 2006;
Wu et al., 2001, 2003; Abou AlSood and Birouk, 2007, 2008). It is
known that a turbulent flow field consists of many vortex tubes
over a wide range of length and time scales (Vincent and Men-
eguzzi, 1991; Gotoh et al., 2002). Masoudi and Sirignano (2000)
have studied numerically the interaction between a vortex and
an evaporating droplet. Their three-dimensional simulation of
the collision of a vortex with a vaporizing droplet led to proposing
an equation for modifying the averaged Nusselt number ðNuav Þ and
Sherwood number ðShav Þ of an axisymmetric system, for the case of
vortex–droplet collision. While the studies on the vortex–droplet
system performed by Gökalp et al. (1992), Hiromitsu and Kawagu-
chi (1995), Birouk and Gökalp (2002), Wu et al. (2001, 2003), Bir-
ouk and Gökalp (2006), Abou AlSood and Birouk (2007, 2008),
Masoudi and Sirignano (2000) have focused on the cases in which

mailto:mehdi.jangi@ugent.be
http://www.sciencedirect.com/science/journal/0142727X
http://www.elsevier.com/locate/ijhff


Nomenclature

dt time step
k thermal conductivity
l viscosity
/ variable
q density
v velocity vector
s 1� Tr

Cp specific heat at constant pressure
Cv specific heat at constant volume
d droplet diameter
Dim mixture mass diffusivity of ith species
f oscillation frequency
hi enthalpy of ith species
Hfg latent heat of vaporization
M fuel molecular weight
n direction normal to the droplet surface
Nuh local Nusselt number
Nuav space averaged Nusselt number
p pressure
Pc fuel critical pressure
Pv fuel vapor partial pressure
Pvpr reduced vapor pressure Pv=Pc

R droplet radius
r radial coordinate
Re1 droplet/sphere Reynolds number q1U1d0=l1
Rea oscillation Reynolds number q1Uad0=l1
Res/ residual of / variable
Sosc oscillation Strouhal number

Shh local Sherwood number
Shav space averaged Sherwood number
T temperature
t time
Tc fuel critical temperature
Tr reduced temperature T=Tc

U axial component of velocity
Ua oscillation velocity amplitude
V radial component of velocity
vh tangential velocity at interface
Vi diffusion velocity of ith species
vn velocity normal to interface
X mole fraction
x axial coordinate
Yi mass fraction of ith species

Subscripts
1 free stream
av space averaged
f fuel
g gas phase
i ith species
l liquid phase
s droplet interface
+ interface in gas phase side
� interface in liquid phase side
0 initial condition
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vortex diameters are smaller than the droplets (see Fig. 1b), Mits-
uya et al. (2005) have proposed another model of droplet–vortex
interaction considering the turbulence structure and have shown
that in a practical spray combustor, a significant portion of the
droplet–vortex interaction takes place in the region where the vor-
tex diameter is larger than droplet size as shown in Fig. 1a. Accord-
ing to Mitsuya et al. (2005), it is expected that the interaction
between the vortex tubes and droplet motion in a fuel spray pro-
duces an oscillatory relative velocity between the droplet and main
flow (Mitsuya et al., 2005). Since the dimension of droplets in prac-
tical sprays are much smaller (e.g. 50 lm) than what is required for
a droplet combustion experiment in microgravity (e.g. 1 mm), it is
necessary to render the phenomena in a much larger system, so
that the dimension of the droplet is large enough for performing
such experiments. Mistuya et al. then rescaled the system of drop-
let–vortex through introducing three non-dimensional parameters
of droplet time, initial Reynolds number and oscillatory Reynolds
number (Mitsuya et al., 2005). They have shown that the flow fre-
quency needed to simulate turbulent motion of the droplet is on
the order of 10 Hz if the oscillation Reynolds number is between
10 and 100 (Mitsuya et al., 2005) and droplet diameter is about
1 mm. The purpose of the present numerical study is to understand
the characteristics and mechanism of the evaporation of a fuel
droplet in the presence of flow oscillation with a frequency range
of 1–75 Hz and oscillation Reynolds number from 1 to 100 consis-
tent with the microgravity experiments that have been performed
previously (Mitsuya et al., 2005; Ogami et al., 2009; Jangi et al., in
press) based on the Mitsuya et al. model (Mitsuya et al., 2005).

2. Mathematical model

A schematic of the model under study is shown in Fig. 2.
The center of the droplet is fixed in space and oscillatory air
flows around it. Since the relative velocity between droplets and
the main flow is very small in practical combustors (Faeth,
1983), we are interested in investigating oscillatory flow, with
the maximum droplet Reynolds number Rea below 100. This range
is also consistent with the analysis by Mitsuya et al. (2005). In such
a small Rea, flow is laminar and axisymmetric (Clift et al., 1978;
Bagchi et al., 2001). For the liquid phase, it was assumed that the
droplet maintains a spherical shape. To include transient heating
up of the droplet and flow circulation inside a droplet with time
and space variables thermo-physical properties of the liquid phase
were considered (Appendix A). The transport properties for the gas
phase vary with time and space and are evaluated by linking the
CHEMKIN package to the code. Based on the above-mentioned
assumptions, the governing equations in the gas phase, liquid
phase and at the interface between the gas and liquid are as
follows:

Continuity:

@q
@t
þ $ � ðqvÞ ¼ 0; ð1Þ

momentum conservation:

q
@v
@t
þ qv � $v ¼ �$p� $

2
3
l $ � vð Þ

� �
þ $ � l $vð Þ þ $vð ÞT

h in o
;

ð2Þ

energy conservation:
@

@t
qCvTð Þ þ $ � qCpvT

� �
¼ $ � k$Tð Þ �

X
qYiVi � $hi; ð3Þ
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Fig. 1. Schematic illustration of the Mitsuya model of droplet–vortex interaction ((b) after Mitsuya et al. (2005)).
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Fig. 2. Schematic of single droplet in oscillatory flow.
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conservation of species:

@

@t
qYið Þ þ $ � qvYið Þ ¼ $ � qDim$Yið Þ: ð4Þ

In this study, the diffusion velocity Vi is defined as

Vi ¼ ð�Dim=YiÞ$Yi: ð5Þ

At the interface between gas and liquid, the following equations
are employed.

Conservation of mass:

qþ vnþ �
dR
dt

� �
¼ q� vn� �

dR
dt

� �
; ð6Þ

conservation of species:

qþYiþ vnþ þ Viþ �
dR
dt

� �
¼ q�Yi� vn� þ Vi� �

dR
dt

� �
; ð7Þ

conservation of energy:

kþ
@T
@n

� �
þ
¼ k�

@T
@n

� �
�
þ qþHfg vnþ �

dR
dt

� �
; ð8Þ

continuity of tangential velocity:

vhþ ¼ vh�: ð9Þ

Assuming that the gas and liquid phases are in local dynamic
equilibrium, the mole fraction Xfþ of the fuel component in the
gas phase can be calculated according to Xfþ ¼ Pv=P. The vapor
pressure is computed based on an extension of the Calusius–Cla-
peyron equation (Poling et al., 2000; Ambrose and Ghiassee, 1987):

ln Pvpr ¼ ðC1sþ C2s1:5 þ C3s2:5 þ C4s5Þ=Tr ð10Þ

where Pc and Tc are the critical pressure and temperature, respec-
tively, Pvpr is Pv=Pc; Tr is T=Tc; s is 1� Tr and C1;C2;C3 and C4 are
constants for a given fuel (Poling et al., 2000). The mass fraction
of the fuel vapor Yf is then given by

Yf ¼
Mf XfP

MiXi
: ð11Þ

Since we consider a single component droplet, the evaporation
rate _mv

00 can be described according to Eq. (7) for i ¼ f :

_mv
00 ¼ _mv

00Yfþ þ qþYfþVfþ: ð12Þ

To obtain the solution even for Yfþ ¼ 1, an alternative equation for
Eq. (12) based on energy conservation Eq. (8) is needed as:

_mv
00 ¼ 1

Hfg
kþ

@T
@n

� �
þ
� k�

@T
@n

� �
�

� �
: ð13Þ

The surface regression rate dR=dt is then calculated by integrating
_mv
00 at the interface as below:

dR
dt
¼ � 1

4pR2ql

 !I
_mv
00dAþ R

3ql

dql

dt
: ð14Þ

According to Fig. 2, the governing equations (1)–(4) have the fol-
lowing boundary conditions:at r ¼ 0, symmetry conditions

@q
@r
¼ 0;

@u
@r
¼ 0;

@T
@r
¼ 0;

@ qYið Þ
@r

¼ 0; v ¼ 0: ð15Þ

and at r !1,

U ¼ Ua cosð2pftÞ;
V ¼ 0;
T ¼ T1; Yi ¼ Yi1; p ¼ p1:

ð16Þ

At the interface of liquid and gas phases ðr ¼ RÞ, the boundary
conditions have been described in Eqs. (6)–(13). The infinity
boundary conditions are assumed to be located at a distance of
ten times the initial diameter. Ha and Yavuzkurt assumed the same
position of the infinity boundary for the simulation of heat and
mass transfer from a sphere in the same oscillatory flows as those
analyzed in the present study (Ha and Yavuzkurt, 1993). They used
30 grids along the droplet surface and 50 grids in a radial direction.
For confirmation of the location of the infinity boundary condition
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and the minimum number of required grids, calculations at
p1 ¼ 0:5 MPa and T1 ¼ 749 K for the f ¼ 15 Hz and Rea ¼ 60 were
performed with various domain sizes from 5 to 25 times the initial
diameter and with a different number of grids. It was confirmed
that the responses of the instantaneous Nuh and Nuav and the time
history of the square of the droplet diameter are independent of
the grids and of the location of the infinity boundary condition
when an appropriate number of grids for a domain of larger than
16 times the initial droplet diameter (i.e., more than 80 in a radial
direction and 60 along the droplet surface for a domain that is 20
times the initial size of the droplet diameter) were used. This im-
plies that the distance of the infinity boundary condition is 8 times
the initial droplet diameter in oscillatory flows.
3. Numerical algorithm

The governing equations were solved numerically using the fi-
nite volume method. The power-law scheme was used for convec-
tion–diffusion modeling and the SIMPLE (Patankar, 1980)
algorithm was applied to solve the flow field. The generalized cur-
vilinear coordinate was adapted to the physical problem. The
structured boundary-fitted grids (Farrashkhalvat and Miles, 2003)
were generated using Thomas’ algorithm and the equations were
discretized in spatial collocated boundary-fitted grids. The discret-
ization equations were solved using the alternating direction im-
plicit method with the TDMA used on each line of the two
alternating directions. The computational grids toward the droplet
surface were concentrated using hyperbolic tangent stretching
functions (Vinokur, 1983). The numerical time step was chosen as

dt ¼ min 0:001s;
1

50f

� �
ð17Þ

Sixty grids along the droplet surface and 80 grids in a radial direc-
tion in the gas phase and 20 grids in a radial direction in liquid
phase were proven to be sufficient to obtain grid independent
numerical results in an oscillatory flow. For simulation in the quies-
cent atmosphere conditions at 0.5 MPa, the number of grids along
the droplet surface and in the radial direction was 80� 120. Itera-
tion at each time step was performed to achieve the converged
solution. The convergence during the iterative procedure was
0 50 1000
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Fig. 3. Comparison of the present numerical results w
checked by evaluating the imbalance in governing equations (1)–
(4). Thus, for variable /, residual Res/ was defined as

Res/ ¼
X

all nodes

ap/p �
X

nb

anb/nb � S/

 !2
0
@

1
A

0:5

; ð18Þ

the global convergence was defined as Res/ < 10�6 for the all vari-
ables. The calculations were continued until the droplet diameter
became less than 1/15 of its initial diameter. The validity of code
for solving the governing equations was first examined by compar-
ison of the numerical results with available numerical and
experimental data in the literature for flow over a sphere for
Re1 < 300:Re1 droplet/sphere Reynolds number q1U1d0=l1 Drag
coefficient, reattachment length, separation angle, Nusselt number
and Sherwood number were used to compare the numerical results
calculated by our code and data in the literature (Clift et al., 1978;
Frössling, 1938; Bagchi et al., 2001; Johnson and Patel, 1999).
Fig. 3 shows the calculated average Nusslet number Nuav and sepa-
ration angle hs at various Reynolds numbers, and compares those
values with the experimental data available in Frössling (1938),
Clift et al. (1978). The numerical results using our code were in very
good agreement with all of the tested cases. In the next section, the
validity of the code for calculation of the evaporating droplet is
shown first, and then the behavior of the evaporating droplet in
oscillatory flow is investigated by measuring the response of heat
and mass transfer to and from a single n-heptane droplet in the
oscillatory flow.

4. Results and discussion

4.1. Evaporating droplet in steady main flow

In order to check the validity of the numerical calculation, we
compared the results of the present simulation with the experi-
mental data reported by Nomura et al. (1996) and the numerical
analysis performed by Zhang (2004) for a vaporizing n-heptane
fuel droplet. Also comparison with the experimental data of Wong
and Lin (1992) for a n-decane fuel droplet and numerical analysis
performed by Abou AlSood and Birouk (2007), Megaridis (1993)
were made. These comparisons were performed for the time his-
tory of the square of droplet diameter for evaporation of an n-hep-
150 200 2500
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tane droplet in a quiescent hot atmosphere of T1 ¼ 741 K and n-
decane at Re1 ¼ 17 and hot airstream of temperature T1 ¼
1000 K. To simulate the quiescent atmosphere in numerical code,
a very small far-flow velocity U1 ¼ 10�5 m=s was used. Fig. 4a
shows the time history of the square of droplet diameter at
0.1 MPa. Although Nomura et al. attempted to provide data of
the droplet evaporation in quiescent air, in their experiment the
droplet was moved from the droplet generator to the test position
in 0.16 s at the beginning of the experiment (Nomura et al., 1996).
The effect was reported by Zhang (2004) as well. Comparison of
our numerical results with those of Zhang shows the excellent
agreement. Fig. 4b shows the time history of the square of droplet
diameter at 0.1 MPa and Re1 ¼ 17 ¼ 741 K. The deviation between
our results and those of Wong and Lin (1992) were due to radiation
effects at high temperature. Specifically the initial size of droplet
d0 ¼ 1:961 mm ¼ 741 K in this case was quite large and the radia-
tive heat transfer during the transient heating up of the droplet
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Fig. 4. Comparison of the present numerical results with experimental data of an
evaporating droplet: (a) n-heptane at ambient pressure 0.1 MPa and ambient
temperature 741 K for d0 ¼ 0:751 mm in quiescent air; (b) n-decane at ambient
pressure 0.1 MPa and ambient temperature 1000 K for d0 ¼ 1:961 mm and Re1 ¼
17.
plays an important role (Marchese and Dryer, 1997). A small devi-
ation between our results and those of Abou Alsood and Birouk
may be related to the effect of the specific heat of the liquid in
our simulation which is variable in time and space whereas Abou
Alsood and Birouk assumed a constant value for the liquid specific
heat. However, our results produced better values for the evapora-
tion rate and droplet lifetime compared with the experimental
data and calculations by Abou AlSood and Birouk (2007). This
can be readily observed by straight part of the d2

=d2
0 time history

curve in our results and those of Abou AlSood and Birouk (2007).
The verifications of the numerical procedures and the mathemati-
cal model were examined by calculation of an evaporating droplet
in a steady main flow and the flow characteristics over a non-evap-
orating sphere. These verifications were satisfactory to confirm the
validity of the numerical code and mathematical model for inves-
tigating droplet evaporation in an oscillatory flow. In the remain-
der of this paper, we discuss the evaporation of a droplet in
oscillatory flow.

4.2. Evaporating droplet in oscillatory flow

4.2.1. The response of evaporation to the frequency of oscillation
To determine the effect of the frequency of oscillatory flow on

droplet evaporation, calculation of the flow at several frequencies
was performed. In all cases, the ambiance was at 0.5 MPa and
749 K, and two oscillation Reynolds numbers, Rea ¼ 15 and 60,
were considered. Fig. 5a and b shows the calculated time history
of the square of droplet diameter at Rea ¼ 15 and Rea ¼ 60 at var-
ious frequencies. In the all cases the droplet evaporation rate, i.e,
the gradient of d2

=d2
0 for t=d2

0, in oscillatory flow increases signifi-
cantly compared to that in quiescent air. According to Fig. 5a for
a small oscillation amplitude of Rea ¼ 15 at the low frequency of
5 Hz, the evaporation rate is maximum; however, with increasing
frequency of oscillation, the droplet lifetime increases, indicating
a lower evaporation rate at higher frequencies. The behavior at
higher oscillation amplitude is different. At Rea ¼ 60, the increase
of the flow frequency up to 15 Hz does not change the lifetime,
but at frequencies higher than 15 Hz, the lifetime depends on the
frequency as shown in Fig. 5b. This feature of the response of the
d2
=d2

0 time history to the oscillatory flow implies that at the higher
Rea ¼ 60, the droplet responds to the flow oscillation in two differ-
ent modes, depending on the oscillation frequency. The rate of heat
and mass transfer from the droplet can be discussed based on the
response of Nusselt and Sherwood numbers to the flow oscillation.
The local Nusselt number Nuh and local Sherwood number Shh are
written as

Nuh ¼
2R

ðT1 � TsÞ
@T
@n

����
r¼R

; ð19Þ

Shh ¼
2R

Yf1 � Yfs

� � @Yf

@n

����
r¼R

; ð20Þ

The space-averaged Nusselt number is then defined as

Nuav ¼
1
p

Z p

0
Nuhdh; ð21Þ

and the space-averaged Sherwood number is

Shav ¼
1
p

Z p

0
Shhdh: ð22Þ

The trend of mass transfer is very similar to the heat transfer. Thus,
in this paper, we show only the graphs of the Nusselt number. The
same feature was observed for the Sherwood number. Fig. 6a and b
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Fig. 5. Effects of the oscillation frequency on the time history of the square of the
droplet diameter at ambient pressure 0.5 MPa and ambient temperature 749 K: (a)
Rea ¼ 15; (b) Rea ¼ 60.
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shows the space-averaged Nusselt number Nuav in a quiescent
atmosphere and oscillatory flow at Rea ¼ 15 and 60 and at various
frequencies. Since the droplet was introduced to the main flow at
t ¼ 0 in the numerical simulation, the thickness of the boundary
layer at the beginning is very thin and consequently the Nuav is
quite large. With development of the flow field around the droplet,
the Nuav decreases rapidly, and after the establishment of the
boundary layer, the graph of Nuav variation tends to be horizontal.
It has already been shown in Fig. 5a and b that the lifetime of the
droplet in oscillatory flow is less than that in quiescent air; there-
fore, a higher rate of heat transfer and a, respectively, larger value
of Nuav are expected in oscillatory flow. Fig. 6a and b clearly shown
this. As was mentioned before, two modes of the time history of the
square of droplet diameter were observed at Rea ¼ 60; therefore,
two modes of the response of Nuav at Rea ¼ 60 are anticipated. At
Rea ¼ 60 and up to a frequency 15 Hz, the maximum and minimum
values of Nuav are the same, while for frequencies higher than
15 Hz, the response of Nuav returns to what it was at Rea ¼ 15. At
Rea ¼ 60 and at frequencies higher than 15 Hz, the minimum of
Nuav remains equal, and by increasing the frequency, its maximum
decreases. It is presumed that the two modes in the time history of
d2
=d2

0 are related to these differences in Nuav variation, depending
on Rea.

4.2.2. The response of evaporation to the amplitude of oscillation
Fig. 7a and b shows the time history of the square of droplet

diameter at 15 Hz and 75 Hz for five Rea. As is expected, by increas-
ing the amplitude of oscillation the evaporation rate increases,
leading to a decrease of droplet lifetime. According to our results
at a frequency of 15 Hz and Rea ¼ 2:5, 15, 25, 37.5, 60, 80 the life-
time decreases 7%, 42.5%, 54%, 61%, 69% and 73%, respectively,
compared to that in quicsent air. The decrease of droplet lifetime
at a high frequency of 75 Hz is 5%, 28.5%, 42%, 53%, 64.5% and
70.5%, respectively. Fig. 8 shows the Nuav time history at 15 Hz
and 75 Hz, respectively. At 15 Hz, shown in Fig. 8a, the increase
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of oscillation amplitude from Rea ¼ 2:5 to 15 results in an increase
of both the minimum of Nuav from 1.6 to 2.2 and its maximum
from 1.78 to 3.2. This increase of the peaks occurs when the oscil-
lation amplitude increases upto Rea ¼ 60. However, the increase of
the amplitude from Rea ¼ 60 to 80 does not result in a similar
behavior. In this case, by increasing the amplitude, the maximum
of Nuav increases while its minimum remains constant at the value
the Nuav ¼ 3. Similar behavior as it was for 15 Hz ar Rea < 60 is
seen at 75 Hz, as shown in Fig. 8b. Namely, the maximum and min-
imum of Nuav increases with increasing amplitude. In this study,
other oscillation frequencies were examined, and it was confirmed
that the increase of the Rea led to an increase in the maximum Nuav

in all cases. The minimum Nuav , however, increased first with
increasing amplitude of the oscillation and then remains constant
at the Nuav ¼ 3. Thus, it is clear that two modes of the response to
the oscillation amplitude exist, which is the same phenomena as
detected in the response of the evaporation process to the fre-
quency of oscillation.
F
a

4.3. Oscillatory boundary layer around an evaporating droplet

As explained in the previous sections, there are particular fea-
tures of Nuav variation which depend on flow frequency and Rea,
and they may cause differences in the time history of d2

=d2
0 varia-

tion and thus the droplet lifetime. That is, as for the frequency re-
sponse, at constant amplitude, the evaporation rate is high and
independent of the frequency up to a certain value. When the fre-
quency further increases, however, the evaporation rate decreases
as shown in Fig. 5b. As for the response of the amplitude, it was
found that at a given frequency there is a certain Rea above which
the minimum of Nuav is 3 and the maximum Nuav increases due to
the increase of the Rea (Fig. 8a). However, for an oscillation ampli-
tude less than that, both the maximum and minimum peaks of the
Nuav increase due to increase of oscillation amplitude. To explore
the mechanism of these phenomena which affects the droplet
evaporation in flow oscillation, the response of the boundary layer
around the droplet was investigated. Two cases are presented here,
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i.e., at the frequency of 5 Hz and Rea ¼ 60, and at the frequency of
75 Hz and Rea ¼ 60. As already mentioned, at 5 Hz the minimum
Nuav is almost equal to that in quiescent air (Fig. 6b). Furthermore,
the evaporation rate is almost independent of the frequency
change up to 15 Hz (Fig. 5b). This means that the phenomena are
in a quasi-steady condition. Contrary to the case of 5 Hz, the evap-
oration rate is sensitive to the variation of the frequency at 75 Hz,
as shown in Fig. 5b, and the minimum Nuav is much larger than
that in quiescent air (Fig. 6b), meaning that the phenomena in this
condition are highly unsteady. Figs. 9 and 10 show three instances
of the velocity vectors and temperature contours at 5 Hz and
75 Hz, respectively. At 5 Hz, when the main flow is from the right
to left (Fig. 10a), the downstream heat transfer is controlled by the
vortex flow while the main flow dominates upstream. At this mo-
ment, very dense temperature contours upstream clearly implies a
much larger gradient of the temperature at the boundary layer up-
stream, meaning that a strong contribution of the heat transfer ex-
r
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Fig. 9. Velocity vectors and temperature contours at Rea ¼ 60; f ¼ 5 Hz, ambient pressu
streamtraces in liquid phase; (d–f) temperature contours.
ist upstream (Fig. 9d). It can be seen in Fig. 9b, c, e and f at 5 Hz that
the pattern of the boundary layer clearly follows the oscillation of
the main flow, which means that the phenomena are in quasi-stea-
dy condition. For example, when the main flow velocity becomes
zero, the value of the velocity adjacent to the droplet at all degrees
has a very small value. Furthermore, the temperature contours as
symmetrical as those in quiescent air (Fig. 9b and e). When the
direction of the velocity changes, the boundary layer responds just
as it does in the first half period (Fig. 9c and f). However, the behav-
ior at the high frequency of 75 Hz is different. Fig. 10a shows veloc-
ity vectors at the moment that flow is from the right to the left. The
scale of velocity vectors in Fig. 9 is equal to that in Fig. 10. Fig. 10b
and e are at the moment that the main flow velocity becomes zero.
As significant differences in the velocity vectors and temperature
contours from those at 5 Hz (Fig. 9b and e) are seen. Dense temper-
ature contours exist on the left-hand side due to the residual vor-
tex motion there. Fig. 11a and b shows the variation of local
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Nusselt number Nuh with time at 5 Hz and 75 Hz, respectively. The
synchronizing response of the boundary layer to the flow oscilla-
tion at 5 Hz clearly apparent (Fig. 11a ). From this figure, we can
see that with increasing velocity, the thickness of the boundary
layer upstream decreases and Nuh increases. Decreasing velocity
led to a simultaneously decrease of the Nuh at all degrees. For
example, at the zero main flow velocity, ( i.e. t=d2

0 ¼ 0:642
s=mm2), Nuh at all degrees is almost equal to Nuav ¼ 2:2. Contrary
to the case of 5 Hz, the variation of Nuh at the high frequency of
75 Hz is asynchronous with the main flow oscillation. The Nuh at
75 Hz is shown in Fig. 11b at various moments. As can be seen in
this figure, the contribution of heat transfer downstream at
75 Hz is larger than that at 5 Hz downstream, even though at
75 Hz the downstream dominates for some interval. This is the
key mechanism of the different responses of the evaporation pro-
cess to the flow oscillation at 5 Hz and 75 Hz, that is, a strong resid-
ual wake flow at high frequency produces an asynchronous
evaporation response to the flow oscillation. One of the interesting
findings in this study was that the two phenomena that acting in
opposite ways cause residual vortex flow motion at 75 Hz. At high
frequency, before there is sufficient time for the main flow to de-
velop around the droplet, the direction of the flow changes and,
thus, the average of the velocity upstream at high frequency is less
than that at low frequency. The larger velocity upstream at the
lower frequency of 5 Hz produces dense temperature contours up-
stream of the droplet (Fig. 9d) compared to the situation at 75 Hz
(Fig. 10d). The higher convection rate upstream of the droplet at
5 Hz can also be seen in the Nuh in Fig. 11a and b, as well. The lesser
rate of heat transfer means a lower evaporation rate. Therefore, the
blowing velocity of evaporated fuel at 75 Hz generated by Stefan
flow must be smaller than that at 5 Hz. This reduction of the blow-
ing mass to the boundary layer itself provokes another phenome-
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non which acts in the opposite way. It is well known that blowing
mass to the boundary layer causes a delay of boundary layer sep-
aration and weakens vortex motion in the wake flow. At a high fre-
quency of 75 Hz, the blowing mass to the boundary layer is
weaker. Therefore, the separation occurs at a larger angle from
the forefront compared with that at 5 Hz. The larger separation re-
gion at 75 Hz means a stronger vortex motion in the wake flow,
which can be clearly seen by comparison of Fig. 9a with 10a. Such
a stronger wake flow generates a larger Nuh at 75 Hz (Fig. 11b)
downstream compared with that at 5 Hz (Fig. 11a). The large,
strong vortex in the wake region at 75 Hz is at especially high pres-
sure. Therefore, as seen in Fig. 10b, the vortex motion remains even
at the moment that the main flow velocity is zero, whereas at 5 Hz,
the vortex has vanished (Fig. 9b). The effect of the residual wake
flow can also be seen in the temperature contours (Fig. 9b and
10b). The existence of a strong, long lifetime vortex near the drop-
let at 75 Hz leads to enhancement of the rate of heat transfer. The
interaction between the main flow variation and evaporating
boundary layer in the second half period is repeated with the same
features as in the first half period. Comparison between the two
cases at 5 Hz and 75 Hz elucidated that the response of heat trans-
fer in forefront and in the wake flow act in opposite ways. At high
frequency, heat transfer and thus evaporation rate decrease due to
the lack of the time for development of the flow around the drop-
let. Simultaneously, downstream enhancement of the heat transfer
occurs due to the enhancement of vortex motion in the wake re-
gion and the evaporation rate is increased. It is reasonable to sum-
marize these phenomena by defining the oscillation Strouhal
number. The convection time scale of the boundary layer is

tcov ¼
d

Ua
ð23Þ

and then the oscillation Strouhal number can be defined as

Sosc ¼
tcov

tmain
¼ fd

Ua
: ð24Þ

Sosc determines whether the main flow time scale is sufficiently
long for development of the boundary layer over the droplet or not.
Therefore, for a small Sosc , the quasi-steady condition is expected to
be attained. As is shown in Fig. 5b, at Rea ¼ 60 and a frequency
smaller than 15 Hz, the evaporation rate is independent of the
oscillation frequency. Considering Sosc defined by Eq. (24) and using
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values of d0 ¼ 0:751 mm, f ¼ 15 Hz and Ua ¼ 1 m=s, which are,
respectively, the values of initial droplet diameter, oscillation fre-
quency and velocity amplitude used for simulation at Rea ¼ 60
and frequency 15 Hz, the evaporation rate is expected to be inde-
pendent of the frequency variation for Sosc < 0:01. Under such con-
ditions, at Rea ¼ 15 and a frequency less than 3.75 Hz, the
evaporation is not sensitive to the frequency variation. Fig. 12a
shows the time history of the square of the droplet diameter at
Rea ¼ 15 with frequencies no more than 15 Hz. The response of
Nuav at Rea ¼ 15 is shown in Fig. 12b. As is shown in these figures,
The evaporation rate at Rea ¼ 15 for a frequency less than 3.75 Hz
is independent of frequency, and furthermore, the minimum Nuav

at Rea ¼ 15 for frequencies less than 3.75 Hz meets the quiescent
air line. These features of the evaporation process are very similar
to those for the case of Rea ¼ 60 for frequencies less than 15 Hz.

5. Conclusions

Oscillatory convective flow was performed. Excellent agree-
ment between present numerical results and those in the literature
confirmed the validity of the code. The value of the Nusselt and
Sherwood numbers, the reattachment length in wake region and
separation angle in the case of flow over a sphere as well as the
time history of the square of the droplet diameter in the case of
evaporating fuel droplet in hot airstream were the parameters con-
sidered for comparisons.

After examination of the validity of the code, the response of an
evaporating droplet to the flow oscillation was investigated
numerically. The numerical results showed that with increasing
amplitude of oscillation, the evaporation rate increased. As for
the response of the evaporation to the frequency of oscillation, it
was found that the response occurred in different modes depend-
ing on the frequency and amplitude of the oscillation. One mode of
response was synchronous with the main flow oscillation and was
not sensitive to the changing of the oscillation frequency. The qua-
si-steady condition was attained contrary to what occurred in the
other mode in which the response was asynchronous with the
main flow oscillation and was unsteady. However, the evaporation
rate at all conditions was shown to be enhanced in oscillatory flow
compared with that in quiescent air. To quantify the conditions of
the transition from the quasi-steady to unsteady response, use of
the oscillation Strouhal number Sosc was proposed in this study.
This number showed whether the time scale of the oscillation com-
pared with the flow time scale was sufficiently long to let the
boundary layer around the droplet reach the quasi-steady condi-
tion or not. The numerical results showed that at a low Sosc , a qua-
si-steady boundary layer was formed, whereas by increasing the
Sosc , the quasi-steady condition could not be attained.
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Appendix A

The following expressions were used for evaluating the thermo-
physical properties of liquid n-heptane and n-decane droplets (Pol-
ing et al., 2000).

n-Heptane (liquid phase)

ql ¼ 233:644� 0:26�ð1:�T=540:2Þ0:286

½kg=m3�;
ll ¼ 1:57� 10�5 expð962:1=TÞ ½kg=ms�;
kl ¼ 0:101 ½W=mK�;
cpl ¼ 1905� 14:491� 10�1T þ 8:993� 10�3T2 ½J=kg K�:

n-Decane (liquid phase)

ql ¼ 227:564� 0:247�ð1:�T=617:6Þ0:286

½kg=m3�;
ll ¼ 1:16� 10�5 expð1286:2=TÞ ½kg=ms�;
kl ¼ 0:129 ½W=mK�;
cpl ¼ 1760:566þ 1:406� 10�1T þ 7:285� 10�3T2 ½J=kg K�:
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