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Abstract

An axisymmetric numerical model has been developed to conduct a study of single droplet evaporation over a wide
range of ambient pressures both under normal and microgravity conditions. Results for droplet lifetime as a function of
ambient pressure and initial droplet diameter are presented. The enhancement in the droplet evaporation rate due to
natural convection is predicted. This enhancement becomes more dominant with increasing ambient pressure due to the
increase in the Grashof number. The higher the ambient pressure, the closer the Grashof number remains to its initial
value throughout most of the droplet lifetime because of the droplet swelling and the heat-up of the droplet interior.
Results should be particularly of interest to researchers conducting experiments on droplet evaporation at elevated
pressures within a normal gravity environment. The model developed is in good agreement with experimental data at
low pressures. Explanations have been provided for its deviation at high pressures.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Droplet evaporation is an important process in many
devices, such as diesel engines, liquid—fuel rocket en-
gines, aircraft jet engines and industrial furnaces. During
spray combustion in such devices, fuel droplets are in-
jected into the combustion chamber in liquid form and
most of the droplets evaporate before combustion takes
place. The concentration of the fuel vapor is determined
by the rate of evaporation of the droplets and it affects
the performance of the combustion system significantly
[1]. In order to improve thermal efficiency, the operating
pressures of these devices are in general near or above
the critical pressure of the fuel.

The literature on droplet evaporation at elevated
pressures has become quite extensive, especially over the
last decade. It has been recently reviewed by Givler and
Abraham [2], Sirignano [3] and Bellan [4]. These reviews
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indicate that only a few studies have attempted modeling
of droplets within convective flows under high pressure
conditions. Lee et al. [5] modeled dispersion of a vapor
fuel droplet that is suddenly set in motion in a gaseous
environment that has a density similar to that of the fuel
vapor. The objective of the study was to describe the
mixing and deformation process encountered by a su-
percritically preheated fuel droplet that is suddenly in-
jected in a gaseous environment that is well above the
thermodynamic critical temperature and pressure of the
fuel. Results obtained show that the initially spherical
gaseous fuel droplet is extensively distorted, adopting a
mushroom-like shape.

Litchford and Jeng [6], and Delplanque and Sirig-
nano [7] included convection in their models for liquid
oxygen (LOX) droplet vaporization at elevated pres-
sures by using film models. Delplanque and Sirignano [7]
showed that stripping (mass removal from the droplet
surface due to aerodynamic shearing) was likely to occur
in typical rocket engine environments. Delplanque and
Sirignano [8] developed an integral analysis of the cou-
pled gas-liquid boundary layer at the droplet interface
and obtained an expression for the mass removal rate
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Nomenclature

a, b parameters in Peng-Robinson equation of
state

specific heat capacity at constant pressure
diameter of the droplet

binary mass diffusion coefficient
gravitational acceleration

Grashof number (Gr = (p, — p..)R’g/
PocV2)

specific enthalpy

thermal conductivity

droplet evaporation constant

mass flux at the droplet interface
pressure

spherical radial coordinate

radius of the droplet

droplet surface regression rate

universal gas constant

Reynolds number

outer computational boundary

time

droplet lifetime

temperature

velocity vector

radial velocity

polar velocity

mass fraction of species
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z radial transformation coordinate

Greek symbols

thermal diffusivity
spherical polar coordinate
absolute viscosity
kinematic viscosity
azimuthal coordinate
density

stress tensor

AT Q== R

Subscripts

the liquid fuel species
the inert gas
motion pressure
gas phase

liquid phase
initial variable
radial variable
surface variable
ambient variable
polar variable
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Superscripts
- average value
! gas phase dimensionless parameter

" liquid phase dimensionless parameter

due to stripping, including blowing effects. The above
mentioned studies have provided invaluable insight on
convective effects, and secondary atomization [8], at el-
evated pressures. However, the lack of experimental
data under the strong convective conditions considered
in all these studies prevents a thorough validation of the
theories developed.

The goal of the present study is to develop an ex-
perimentally validated numerical model that can simu-
late droplets evaporating within convective flows under
high pressure conditions. Of particular relevance to this
study are well characterized experimental studies on
droplet evaporation at elevated pressures within a nor-
mal gravity environment. Matlosz et al. [9] investigated
the evaporation of a n-hexane single droplet over a wide
range of ambient pressures within a normal gravity en-
vironment. Their study showed that droplet lifetime
decreases with increasing ambient pressure. Recently,
Nomura et al. [10] conducted extensive experiments on
the evaporation of a n-heptane droplet at various am-
bient temperatures and pressures under normal and
under microgravity conditions. Their results clearly
show that the effect of natural convection is significant.
Admittedly, the convective fields due to buoyancy in

these experiments are weak compared to the significant
relative velocity between the gas and the droplet that
exists in practical environments [3]. However, an ex-
perimentally validated numerical model that includes an
environment that is both convective and at high pressure
is a significant first step.

A comprehensive axisymmetric transient model
which includes high pressure effects, gas and liquid phase
variable properties, and liquid phase internal circulation
has been developed. Both experimental studies men-
tioned above have been used for model validation.
Furthermore, ambient pressure, initial droplet diameter
and gravitational acceleration are varied to determine
their effects on quantities of interest. Results should be
particularly of interest to researchers conducting exper-
iments on droplet evaporation at elevated pressures
within a normal gravity environment. Preliminary re-
sults have been discussed in [11,12].

2. Problem description

Consider a cold liquid fuel droplet of initial radius
(Ro) and temperature (7) evaporating into a hot and
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initially stagnant inert environment of infinite expanse.
The ambient pressure, temperature and mass fraction of
the fuel vapor are prescribed as P, T, and Y., re-
spectively. The droplet is stationary at all times and it
initially consists of a single chemical component.

Soon after the droplet is introduced into the hot
environment, a buoyancy-induced, downward moving,
external flow field is formed near the droplet surface due
to a density gradient which arises in response to the
temperature difference between the droplet surface and
the gaseous surroundings. The flow field is laminar,
axisymmetric and it is coupled with the radial flow field
that is induced by droplet evaporation. The shear stress
exerted by this buoyancy-induced external flow at the
liquid/gas interface causes an internal circulation in the
liquid phase.

The liquid droplet is initially at a uniform tempera-
ture. Energy is transferred from the gas phase to the
liquid phase. Part of the energy is used to heat-up the
interior of the liquid droplet, while the rest is used for
droplet evaporation. At high pressures, the ambient gas
dissolves into the liquid droplet. At the droplet interface,
thermodynamic vapor-liquid equilibrium is reached. The
evaporation of the fuel droplet results in a decrease of
droplet radius. The evaporating fuel is diffused and
convected away from the droplet surface and the gas
phase becomes a mixture of fuel vapor and ambient gas.

The physical geometry of the problem is illustrated in
Fig. 1 where ¥, is the radial velocity, ¥, is the polar ve-
locity, r is the radial coordinate starting from the center

of the droplet, and the polar coordinate 6 is measured
clockwise starting from the vertical axis.

In the present study, a n-hexane or n-heptane fuel
droplet evaporating in a nitrogen environment is con-
sidered. An axisymmetric numerical model has been
developed which includes high pressure effects, such as
non-ideal gas phase behavior, the real gas effect on the
heat of vaporization, the real gas effect on the vapor—
liquid equilibrium at the droplet interface, solubility of
ambient inert species into the liquid phase, the transient
character of the gas and the liquid phase, and gas and
liquid phase variable properties. The model also con-
siders the liquid phase internal circulation caused by the
shear stress at the droplet surface. Changes in the liquid
phase density due to both thermal expansion and change
in species composition contribute to the rate at which
the droplet surface is receding and are incorporated in
the model.

The assumptions employed in the current study are:

1. The droplet shape remains spherical, since the Weber
number is mostly small. However, at elevated ambi-
ent pressures, the droplet may experience consider-
able deformation as a result of the decreased
surface tension. This deformation is not considered
in the present study.

2. Viscous dissipation and compressibility effects in the
energy equation are neglected, since the relevant
Mach number is negligibly small.

3. Radiation is negligible.
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Fig. 1. A stationary cold liquid fuel droplet evaporating within a hot gas environment.
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4. Second order effects such as the Soret and Dufour ef-
fects are negligible.
5. There are no heat/mass sources or chemical activity.

3. Governing equations

The momentum, heat and mass transfer processes are
studied by solving the governing conservation equations
in the gas and liquid phase which are coupled via the
interface equations. Based on the above assumptions,
the governing equations for both the gas and liquid
phase in spherical coordinates are:

Conservation of mass

dp 10 0
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Conservation of momentum in radial direction
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In the above equations, ¢ refers to the temporal
variable, P, is the motion pressure, 7 is the temperature
and Y; is the fuel mass fraction. In the momentum
equations, 7 represents the viscous stress tensor where
T, Too and Ty, are the normal stresses in radial, polar
and azimuthal direction, respectively, 7,9 is the shear
stress, and V - ¥ is the divergence of the velocity vector.
The buoyancy force is introduced in the momentum
equations through g, and gy, where g, = gcosf and
go = gsin 0 are the gravitational acceleration in the ra-
dial and polar directions, respectively. The properties, p,
k, u and c, are the density, thermal conductivity, vis-
cosity and specific heat at constant pressure of the
mixture, D, is the binary mass diffusion coefficient and /
is the specific enthalpy. Subscript 1 indicates the va-
porizing fuel, subscript 2 indicates the inert gas, and
subscripts r and 0 refer to radial and polar variables,
respectively. The strength of the buoyancy effect is de-
fined by the Grashof number, Gr = ((p, — p..)R’g)/
psV2, where p, is the average density of the gaseous
mixture at the droplet surface, v is the kinematic vis-
cosity, and the subscript co denotes the gas phase vari-
ables evaluated at the ambient conditions. The Grashof
number is defined in terms of density difference rather
than temperature difference. The Boussinesq approxi-
mations, which are inaccurate for large temperature
differences [13], are not employed in this study.

The governing equations are subjected to the fol-
lowing initial and boundary conditions.

The initial conditions (¢ = 0) are:

(a) gas phase
T=T.; P=Py; p=p; Pa=h=V=V=0
(

(b) liquid phase
T=Ty; p=py P=0 hH=1

At t = 0, the initial conditions correspond to a sud-
den introduction of a cold droplet into a hot, and
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stagnant environment. There is no motion in both the
gas and the liquid phases initially. Temperature and
mass fraction of the fuel in the gas phase are defined by
the ambient conditions while the liquid phase is pre-
scribed with a temperature of 7; and fuel mass fraction
of unity. A step change in temperature and mass fraction
are imposed at the droplet surface. Initially, the prop-
erties in the entire gas phase are evaluated at 7., P,, and
Y1 =0 while in the liquid phase, the properties are
evaluated at 7 and ¥} = 1. In Eqgs. (8) and (9), p, is the
ambient density of the inert gas and p, is the initial
density of the liquid fuel.
The boundary conditions are:

(a) gas phase at the axis of symmetry (0 =0 or n)
o%, v _oT _ o _

=0 =% ~o0 o0 ° (10)

far from the droplet (r = r,.)

vy

—%_9 11
or ()

the radial velocity (V;) is extrapolated using the conti-
nuity equation.
for inflow conditions (V| <0)

=0 T=T,; P =0 (12)

and for outflow conditions (V| > 0)

ov, or op,
R R (13)

(b) liquid phase at the axis of symmetry (0 = 0 or )

ov, oy _or _oh_ (14

=% =20~ 0

The above equations indicate no transfer of energy or
mass across the axis of symmetry in both the gas and the
liquid phase. As a result, the gradients of velocity,
temperature, and mass fraction with respect to 0 are
equal to zero. At the gas phase free-stream boundary,
the polar velocity is specified to have a zero gradient
radially. Over the “inflow” portion of this boundary
(7|, <0), temperature and fuel mass fraction are pre-
scribed to have their ambient values, while at the “out-
flow” portion (¥;|,, > 0), a zero gradient with respect to
the radial coordinate is used for temperature and mass
fraction of the fuel.

At the droplet interface (» = R(¢)), a distinctive lig-
uid/gas interface exists. The radial and polar velocity
components, temperature and mass flux at the gas/liquid
interface are obtained by solving the following interface
equations:

(a) shear stress continuity

Trog = Tr0J (15)

(b) tangential velocity continuity

Vog = Vo (16)

(¢) temperature continuity

I,=1 (17)

(d) conservation of mass flux

i = py(Vie = R) = pi(Vy = R) (18)
(e) conservation of droplet mass

.11 "o 1.0p
R__Zﬁl {/Oms1n0d0+3Rat} (19)

(f) energy conservation
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In the above equations, subscripts g and 1 indicate
variables in the gas side and liquid side at the droplet
interface, respectively. R is the regression rate of the
droplet surface, R is the instantaneous radius of the fuel
droplet and m” is the mass flux at the droplet surface.
The mass fraction of fuel at the interface is obtained by
solving the vapor-liquid equilibrium relationships. The
formulation in Williams [14] is used to derive the inter-
face equations.

In addition to the above equations, the Peng-Rob-
inson equation of state [15] is employed to model the
real gas effects at high pressures and predict vapor—
liquid equilibrium composition at the droplet surface. It
has been shown by Jia and Gogos [16] and more recently
by Zhu and Aggarwal [17] that among cubic equations
of state, the Peng—Robinson equation predicts most
accurately vapor-liquid equilibrium experimental data
for hydrocarbons such as n-hexane [16] and n-heptane
[17]. The Peng-Robinson equation of state is given in
the form:

_ R, T B a
“v—b o(v+b)+bv—b)

(22)

where v is the specific volume of the gaseous mixture, R,
is the universal gas constant, and a and b are the com-
position dependent parameters which are obtained by
the mixing rules proposed in [15].
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The vapor-liquid equilibrium relationships, critical
state for binary systems and energy required for change
of phase are obtained as described in detail in Jia and
Gogos [16] and in Soh [18].

Transport and thermodynamic properties are calcu-
lated based on the methods recommended by Reid,
Prausnitz and Polling [19]. The gas phase properties vary
with temperature, pressure and composition while the
liquid phase properties vary with temperature and
composition only. Detailed presentation of transport
and thermodynamic properties used can also be found in
[16] and [18].

4. Numerical methods

The governing equations (both for the gas and the
liquid phase) are solved in dimensionless form. The basic
non-dimensionalization parameters used are initial
droplet radius (R), diffusion velocities of the gas phase
((veo/R0)v/Gry) and the liquid phase ((vo/Ro)v/Gry),
diffusion times of the gas phase ((R}/vs)(1/y/Grp)) and
the liquid phase ((R3/vo)(1/v/Gry)), and characteristic
pressures of the gas phase (Grop.,v2 /R3) and the liquid
phase (Grop,vi/R?2). The corresponding transport and
thermodynamic properties in these parameters are
evaluated at ambient conditions for the gas phase and at
initial conditions for the liquid phase. Gry is the initial
Grashof number defined as Gry = (p, 9 — poo)RIZ/ Poc Vs
where p, is the initial density of the gas phase at the
droplet surface.

The governing equations are discretized in a spatial
coordinate system given by »’ = /R in the liquid phase
and by a transformed coordinate system ' = r/R = &
in the gas phase, where 7' < 1 and 1 <7 <r,. The outer
boundary of the computational domain in the radial
direction is indicated as r... In view of the above coor-
dinate transformation, a constant step size Az’ in the gas
phase, results in the concentration of grid points near
the droplet surface where the gradients are steep. A
constant step size Ar” is used in the liquid phase and a
constant step size A0 is used along the polar coordinate
for both the gas and liquid phase. Typical step sizes used
in the present analysis are: AZ =3.2x 1072, A/ =
1.96 x 1072, AO = 2° and r. = 33. Obtained solutions
are independent of grid sizes.

The momentum, mass and heat transfer solutions of
droplet evaporation are obtained by solving the gov-
erning equations with the finite-volume (Patankar [20])
and SIMPLEC (Van Doormaal and Raithby [21])
methods. These methods are used to discretize the gov-
erning equations and boundary conditions in the com-
putational domain. The discretized equations are solved
by the ADI method with a TDMA solver being used
along radial and polar directions. To avoid a decoupled
or checkboard pressure field, the staggered mesh is also

employed in the domain. All variables are solved itera-
tively within each time step using the following proce-
dure. First, the transport and thermodynamic properties
of the gas and the liquid phase are calculated based on
the temperature, pressure and composition from the
previous time step or iteration. Then, the droplet surface
quantities V.o, Voo, Ty, R, Y\, and " are obtained by
solving Egs. (15)—(21). Next, the composition and tem-
perature of both phases are solved using Eqs. (6) and (7)
and the relevant boundary conditions given by Egs.
(10)—(14). The motion pressure, radial velocity and polar
velocity of the gas and liquid phase are then solved using
Egs. (1)~(3) and the SIMPLEC scheme with a staggered
mesh. All the calculations are performed iteratively
within a time step till the convergence criterion is ful-
filled. The convergence criterion is defined as |(Ye,—
Wed)/ (W) <1 x 107*, where  represents the surface
mass flux or temperature. Iterations within each time
step are terminated when both quantities satisfy the
convergence criterion. Subscripts new and old indicate
the variables at the current and previous iteration, re-
spectively. The calculations are terminated when the
square of the dimensionless droplet diameter (d/dy)” <
0.2, or when the critical state for the binary system is
reached.

For the gas phase, a step function is used as an initial
condition for temperature. Variable time steps are em-
ployed to improve the computing accuracy and effi-
ciency. Obtained solutions are independent of the sizes
of the time steps used. The total CPU time required for a
solution ranged from less than 12 h (for high P, and Gr)
to approximately 40 h (for low P, and Gr) on a Sun
Ultra Enterprise 3000 server.

5. Results and discussion

Table 1 shows all cases considered by Matlosz et al.
[9] in their experimental study of a m-hexane droplet
evaporating within a high pressure nitrogen environ-
ment. P, is the ambient pressure, 7j is the initial droplet
temperature and d, is the initial droplet diameter. The
experiment was conducted under normal gravity and the
ambient temperature 7, was maintained at 548 K at all
times.

Table 1
Conditions for droplet evaporation in the experiments of
Matlosz et al.

Case # P, (atm) Ty (K) dy (um)
1 6.8 329 820
2 20.4 346 700
3 40.8 366 880
4 81.6 353 800
5 102.0 361 860
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Figs. 2 and 3 show the time histories of the dimen-
sionless droplet diameter squared and the corresponding
droplet temperature for cases 1, 2, 4, and 5 of Table 1.
Both numerical and experimental results are presented.
At ambient pressures of 6.8 atm (Fig. 2(a) and (b)) and
20.4 atm (Fig. 2(c) and (d)), the comparisons with the
experimental results of Matlosz et al. are very good. The
measured droplet wet-bulb temperature is about 10 °C
above the one predicted with the numerical model. Heat
conduction along the wire of the chromel-alumel ther-
mocouple (50 pm in diameter) that was used to support
the droplet and to measure its temperature may be the
main cause for the above difference between measured
and predicted droplet wet-bulb temperature. The lower
droplet lifetimes measured by Matlosz et al. compared
to the present predictions (see Fig. 2) may then be a
result of the energy pumped at the center of the droplet
through the thermocouple wire. At the high ambient
pressures of 81.6 atm (Fig. 3(a) and (b)) and 102.0 atm
(Fig. 3(c) and (d)), the experimentally measured droplet
lifetime and droplet temperature deviate significantly
from the numerical predictions. The surface tension
decreases with increasing pressure, causing the droplet
shape in the experiment to deviate from spherical and to

« .o ° experimental | |
—~ --- numerical
g \\O
- “No

Bosf

© Mo

S Ny

&g [SIAN

go.e» .

§ 0 ™

S N

D0k

2 0.4 o

f=

S

[7Z) o ~

G2} R

£

a

0
0 0.5 1 15 2 2.5

(a) Time, sec

14 o experimental | |
~o, --- numerical
o

o

I o o
S o ®
L L

Dimensionless diameter squared, (d/d )2
o
o

0 0.5 1 15 2
Time, sec

25

(c)

289

become increasingly more ellipsoidal with increasing
pressure (the present model assumes spherical droplet
shape). A change from a spherical to an ellipsoidal ge-
ometry increases both the droplet surface area and the
characteristic length resulting in a larger “experimental”
Grashof number. The increased droplet surface area and
the increased Grashof number both enhance the evap-
oration rate, leading to additional reasons (beyond heat
conduction through the thermocouple wire) for droplet
lifetime shortening.

The predicted temporal variation of the droplet di-
ameter squared, (d/d,)’, for cases 1 and 5 of Table 1 are
shown in Fig. 4 both for normal and microgravity.
Microgravity is simulated numerically by setting the
acceleration due to gravity negligibly small (g = 9.81 x
10~% m/s). Under microgravity conditions, the droplet
lifetimes predicted by the model are close to each other
for the two cases presented in Fig. 4, in spite of the
widely different pressures considered. This is in agree-
ment with Jia and Gogos [16] who have shown in their
numerical study that for ambient temperatures close
to the critical temperature of the fuel (7, = 507 K for
n-hexane) the droplet lifetime is insensitive to pressure
over a very wide range. This result was later confirmed
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Fig. 2. Comparison of the numerical results to the experimental measurements of Matlosz et al. [9]: temporal variation of dimen-
sionless droplet diameter squared and droplet temperature (7., = 548 K, cases 1 and 2). Case 1: P,, = 6.8 atm (a, b); case 2: P, = 20.4

atm (c,d).
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Fig. 3. Comparison of the numerical results to the experimental measurements of Matlosz et al. [9]: temporal variation of dimen-

sionless droplet diameter squared and droplet temperature (7, = 548 K, cases 4 and 5). Case 4: P, = 81.6 atm (a,b); case 5:
P, =102.0 atm (c,d).
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Fig. 4. Predicted temporal variation of the droplet diameter
squared for cases 1 and 5 of Table 1, both for normal and
microgravity.

experimentally by Nomura et al. [22] and numerically by
Zhu and Aggarwal [17]. Under normal gravity condi-
tions, however, natural convection causes a decrease in
the droplet lifetime, which becomes more dominant with
increasing ambient pressure.

Ambient pressure, atm

Fig. 5. Comparison of experimental (Matlosz et al. [9]) and
numerical (present study) results for droplet evaporation with
ambient pressure. Numbers on the curves indicate cases pre-
sented on Table 1.

Fig. 5 presents droplet lifetime results and compares
numerical predictions (both normal and microgravity)
against the experimental data of Matlosz et al. [9]. The
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Fig. 6. Comparison of experimental (Nomura et al. [10]) and numerical (present study) results under both normal and microgravity
conditions. (a) T, =448 K, P, = 0.1 MPa, d, = 608 um (normal gravity), dy = 634 um (microgravity). (b) 7., =450 K, P, = 0.5
MPa, dy = 604 pm (normal gravity), dy = 748 pm (microgravity). (c) 7,, =474 K, P, = 1.0 MPa, dy = 607 um (normal gravity),
dy = 783 pm (microgravity). (d) 7., = 398 K, P,, = 5.0 MPa, dy = 698 um (normal gravity), dy = 710 pm (microgravity).

open circles (o) indicate the experimental data (obtained
under normal gravity conditions), the asterisks () show
the numerical predictions under normal gravity and the
crosses (+) represent the numerical predictions under
microgravity. As shown in the figure, the normal gravity
predictions are in good agreement with the experimental
data both at low and moderate pressures. The model
predictions deviate from the experimental data with in-
creasing pressure. At the highest ambient pressure con-
sidered (P, = 102 atm), the model overpredicts the
droplet lifetime by a factor of 2, for reasons that were
discussed earlier. Fig. 5 also presents microgravity pre-
dictions employing the present model. The effect of
natural convection on the droplet lifetime becomes more
dominant with increasing ambient pressure as the
Grashof number changes from ~O(10") at the lowest to
~0O(10%) at the highest pressure considered. At the
highest ambient pressure considered (P, = 102 atm),
natural convection decreases the droplet lifetime by a
factor of 3.

Numerical predictions using the present model are
also compared with results obtained in the recent ex-
periment conducted by Nomura et al. [10]. The experi-

ment involved the evaporation of a cold n-heptane
droplet in a hot air environment under normal or mi-
crogravity conditions. The initial droplet temperature is
300 K and the ambient temperature is below the critical
temperature of the fuel. The initial droplet diameter is in
the range of 0.6-0.8 mm.

Fig. 6 shows the dimensionless droplet diameter
squared as a function of time for P,, = 0.1, 0.5, 1.0 and
5.0 MPa. Numerical predictions are compared to the
experimental data of Nomura et al. [10], both for normal
and microgravity conditions. The numerical predictions
deviate from the experimental data with increasing
ambient pressure. It has been shown by Gogos and
Zhang [23] that the introduction of the droplet in the test
position is the main reason for the difference between the
numerical and the experimental results. ! The study by

! Nomura et al. [10] employed a silica fiber for droplet
suspension, whose thermal conductivity is almost two orders of
magnitude smaller than the chromel-alumel thermocouple
suspender used by Matlosz et al. [9]. Heat conduction through
the suspender in Nomura et al. [10] is therefore negligible.
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Table 2
Initial Reynolds numbers for microgravity cases in Fig. 6

dy (um)  To (K) P (MPa) g /p. (m%/s) Rey

634 448 0.1 3.127 x 107 7.60
748 450 0.5 6.314 x 107 44.4
783 474 1.0 3458 x 107¢  84.9
710 398 5.0 5329 x 1077 499.6

Nomura et al. [10] aimed to provide data for stationary
droplets evaporating within a stagnant microgravity or
within a normal gravity environment. However, as re-
ported in [10,24], the droplet was moved from the
droplet generator to the test position (a length of 60
mm) in 0.16 s within the hot nitrogen environment. This
process introduced droplet motion at an average veloc-
ity of 0.375 m/s for 0.16 s. During this period, the
droplet experienced considerable heat-up. In addition,
the shear stress at the liquid/gas interface introduced
circulation within the droplet interior. Table 2 presents
the initial Reynolds number Rey (Rey = p. U odo/ 1)
where U,y = 0.375 m/s, dj is the initial droplet diameter
and p,, and u, are the density and absolute viscosity
evaluated at ambient conditions. The experimental and
numerical results for microgravity are very close to each
other in Fig. 6(a), which corresponds to low pressure
(0.1 MPa). At this low pressure, as shown in Table 2, the
initial Reynolds number is only 7.60. With increasing
pressure, the gas phase becomes more dense and, mostly
due to this, the initial Reynolds number increases. The
increasing strength of convection is the cause for the in-
creasing deviation of the experimental data from the
numerical predictions with increasing ambient pressure.
The numerical model developed by Gogos and Zhang
[23] for moving droplets while evaporating within a high
pressure nitrogen environment can easily simulate the
droplet motion and associated internal circulation as
well as internal circulation that is sustained beyond the
initial 0.16 s. It has been shown by Gogos and Zhang
[23] ? that when this effect is included, the agreement
between the microgravity experimental data and the
numerical results is excellent. The same effect could be
the main reason for the difference shown in Fig. 6 be-
tween the experimental and numerical results at normal
gravity. Harstad and Bellan [25] have also reported
similar differences between their predictions for spheri-
cally symmetric droplet evaporation and the microgra-
vity experimental data of Nomura and his co-workers.

The experimentally validated axisymmetric numeri-
cal model has been used to conduct a parametric study

2 The present model in the limit of negligibly small gravity is
in excellent agreement with the axisymmetric model of Gogos
and Zhang [23] in the limit of negligibly small Reynolds
number.

to further examine the effect of natural convection and
ambient pressure on droplet evaporation. Ambient
pressures are varied from 1 to 100 atm for normal or
microgravity conditions for a n-heptane droplet evapo-
rating within a nitrogen environment. The initial droplet
diameter is 800 pum (unless otherwise indicated), the
initial droplet temperature is 300 K, and the ambient
temperature is 800 K.

The gas phase temperature, streamline and fuel mass
fraction contours at different times are shown in Figs. 7—
9 for a “typical” solution under normal gravity condi-
tions (P, =60 atm, 7,, =800 K, 7, =300 K and
dyp = 800 pm). Results are presented for 7= 0.0079,
0.058, 0.11, 0.21, 0.40 and 0.61 s and the predicted
droplet lifetime is 0.75 s. Initially, there is no relative
motion between the cold fuel droplet and the hot am-
bient gas. Therefore, very early in the droplet lifetime
the temperature contours are radially symmetric
(t=10.0079 s, Fig. 7), since conduction is the dominant
mode of heat transfer, and the fuel mass fraction con-
tours are radially symmetric (¢ = 0.0079 s, Fig. 9) as the
fuel diffuses radially outward from the droplet surface.
However, even at this early time, a weak axisymmetric
vortex is formed near the droplet (¢ = 0.0079 s, Fig. 8).
As time progresses, the buoyancy-induced motion in-
tensifies and the vortex moves downward and eventually
out of the computational domain (Fig. 8). Similarly,
both the fuel mass fraction contours (Fig. 9) and the
temperature contours (Fig. 7) change from radially
symmetric, to an ‘“‘egg” shape, and eventually to a
downward moving plume.

o

t=0.0079sec t=0.21sec

t=0.058 sec t=0.40 sec
t=0.11sec t=0.61 sec

Fig. 7. Gas phase temperature contours under normal gravity
conditions at different times (P, =60 atm, T, =800 K,
To = 300 K and dy = 800 pm).
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i

Fig. 8. Gas phase stream function contours under normal
gravity conditions at different times (P,, = 60 atm, 7., = 800 K,
To = 300 K and dy = 800 pm).

==

t=0.0079sec t=0.21sec

®

=

t=0.058 sec t=0.40 sec
t=0.11sec t=0.61 sec

Fig. 9. Gas phase fuel mass fraction contours under normal
gravity conditions at different times (P, = 60 atm, 7., = 800 K,
To = 300 K and dy = 800 pm).

Fig. 10(a) shows the temporal variation of dimen-
sionless droplet diameter squared for ambient pressures
of 10, 30, 60 and 100 atm. During the early period of
evaporation, the droplet swells due to the initial heat-up
of the droplet interior, and the dimensionless droplet

—-— P_ =100 atm
o — 60 atm ||
. - 30 atm
el —- 10 atm
o
® ]
<
=}
o
(2}
8 |
@
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0 . . . . .
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3 T
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- 60 atm ||
- 30 atm
- - 10 atm
microgravity
- . . . . .
0 0.5 1 1.5 2 2.5 3

(b) Time, sec

Fig. 10. Temporal variation of (a) dimensionless droplet di-
ameter squared and (b) droplet evaporation constant at normal
and microgravity for various ambient pressures.

diameter squared assumes values above unity. The
droplet swelling and the heat-up period are more dom-
inant in the absence of gravity. The lifetime of the
droplet decreases with increasing ambient pressure.
Comparison of normal gravity and microgravity results
indicates that the effect of natural convection on droplet
evaporation is very important in the cases considered.
The enhancement in the rate of droplet evaporation by
natural convection becomes more significant as ambient
pressure increases. The droplet lifetime under normal
gravity conditions decreases with ambient pressure more
significantly than it decreases under microgravity.

Fig. 10(b) presents the time histories of the droplet
evaporation constant (K), defined as K = —(d/d¢)(d?).
It is shown that K increases with time throughout the
droplet lifetime. The higher the ambient pressure, the
steeper the change in K. Under normal gravity condi-
tions, the higher the ambient pressure, the stronger the
buoyancy-induced flow, causing a steeper increase in the
evaporation constant with time. This, for example, leads
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Fig. 11. Temporal variation of Grashof number under normal
gravity conditions for various ambient pressures.

to a very steep increase in K with time for the highest
pressure considered (P, = 100 atm).

Fig. 11 examines the effect of ambient pressure on
Grashof number under normal gravity conditions. The
strength of natural convection over an 800 pm evapo-
rating droplet increases as Grashof number changes
from ~O(10") at P,, = 10 atm to ~O(10%) at P,, = 100
atm. The higher the ambient pressure, the closer the
Grashof number remains to its initial value throughout
most of the droplet lifetime because of the droplet
swelling and heat-up of the droplet interior.

The droplet lifetime as a function of ambient pres-
sure, for droplets of various sizes, is plotted in Fig. 12,
both under microgravity and normal gravity conditions.
Under microgravity, the droplet lifetime (r./d7) de-
creases gradually with increasing pressure. The initial

d, =100 um
3.5+ -0 200 um |
400 um
800 um |1
1600 um

microgravity
o (for all diameters)

t /d?, s/mm?
e o

Pressure, F’M/Pc (Pc= 27.4 bar)

Fig. 12. Droplet lifetime (¢,/d2) at different ambient pressures
for five different initial droplet diameters.

10 ‘
d_ =100 um
. —— 200 um
10° £ | — 400 um | -
800 um
N - 1600 um

Grashof number, Gr(t)

0 0.5 1 1.5 2 25 3

t/di, s/mm?®

Fig. 13. Temporal variation of Grashof number under normal
gravity conditions for different initial droplet diameters and
P,/P.=22.

droplet size, dy, is eliminated from the problem on
scaling time with respect to d2. Hubbard et al. [26]
showed this to be true at low ambient pressures (1-10
atm). The present work extends this result to ambient
pressures about 3.5 times the critical pressure of the fuel.
Under normal gravity conditions, the droplet lifetime
decreases with increasing ambient pressure, however, as
expected, the initial droplet size is not eliminated from
the problem on scaling time with respect to d3. The
larger the droplet diameter, the more significant the re-
duction in droplet lifetime with increasing ambient
pressure, especially at relatively small pressures (P.,/
P. < 0.5). Fig. 12 also shows that, for a spray-droplet of
typical size (say, dp = 100 pm), natural convection is
negligible at the lowest ambient pressures considered,
and remains insignificant even at the highest pressures
considered.

Fig. 13 examines the effect of initial droplet diameter
on Grashof number under normal gravity conditions for
P, /P. = 2.2. The strength of natural convection over an
evaporating droplet increases as Grashof number
changes from ~O(10°) for dy = 100 um to ~O(10°) for
dy = 1600 um. For the droplet sizes considered, Grashof
number remains very close to its initial value throughout
most of the droplet lifetime because of the droplet
swelling and the droplet interior heat-up.

6. Conclusions

An axisymmetric numerical model has been devel-
oped to study fuel droplet evaporation in a normal or a
microgravity environment over a wide range of ambient
pressures. Variable properties in the gas and liquid



G. Gogos et al. | International Journal of Heat and Mass Transfer 46 (2003) 283-296 295

phase, real gas effects on the heat of vaporization and
the vapor-liquid equilibrium condition at the droplet
interface, solubility of the inert species into the liquid
phase and liquid phase internal circulation are all con-
sidered. The transient gas and liquid phase equations of
mass, species, momentum and energy conservation are
solved using the finite volume and SIMPLEC methods.
Predicted results are in good agreement with low pres-
sure experimental data available in the literature. Ex-
planations have been provided for the deviation between
experimental data and numerical predictions at high
pressures. The model predictions show that: (a) Under
microgravity conditions, the initial droplet size, dy, is
eliminated from the problem on scaling time with re-
spect to d3 over the entire pressure range considered (1-
100 atm). (b) The droplet lifetime under normal gravity
conditions decreases with ambient pressure more sig-
nificantly than it decreases under microgravity. (¢) Un-
der normal gravity conditions, the larger the droplet
diameter, the more significant the reduction in droplet
lifetime with increasing ambient pressure, especially at
relatively small pressures (P, /P. < 0.5). (d) Under nor-
mal gravity conditions, the higher the ambient pressure,
the stronger the effect of natural convection, causing a
steeper increase in the droplet surface temperature and
the evaporation constant with time. (e¢) For a spray-
droplet of typical size (say, dy = 100 pm), natural con-
vection is negligible at the lowest ambient pressures
considered, and remains insignificant even at the highest
pressures considered. (f) The higher the ambient pres-
sure, the closer the Grashof number remains to its initial
value throughout most of the droplet lifetime because of
the droplet swelling and the heat-up of the droplet in-
terior.
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