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Abstract

The effects of ambient pressure, initial gas temperature and combustion re-

action on the evaporation of a single fuel droplet and multiple fuel droplets

are investigated by means of three-dimensional numerical simulation. The

ambient pressure, initial gas temperature and droplets’ mass loading ratio,

ML, are varied in the ranges of 0.1-2.0 MPa, 1000-2000 K and 0.027-0.36,

respectively, under the condition with or without combustion reaction. The

results show that both for the conditions with and without combustion reac-

tion, droplet lifetime increases with increasing the ambient pressure at low

initial gas temperature of 1000 K, but decreases at high initial gas tempera-

tures of 1500 K and 2000 K, although the droplet lifetime becomes shorter

due to combustion reaction. The increase of ML and the inhomogeneity of

droplet distribution due to turbulence generally make the droplet lifetime

longer, since the high droplets’ mass loading ratio at local locations causes

the decrease of gas temperature and the increase of the evaporated fuel mass
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fraction towards the vapor surface mass fraction.

Key words: Droplet evaporation, Spray combustion, High pressure,

Numerical simulation

1. Introduction

Spray combustion is utilized in many industrial devises such as gas tur-

bine engine, diesel engine and so on. Recently, the spray combustion behavior

has been studied by means of two- or three-dimensional direct numerical sim-

ulation (DNS) (e.g., [1–17]) or large-eddy simulation (LES) (e.g., [18–22]).

However, the mechanism of spray combustion has not been fully understood

yet. In particular, the effects of ambient pressure on the spray combustion

behavior have not been well clarified yet mainly because the combustion con-

ditions and the acquired properties are extremely limited due to the difficulty

of the measurements (e.g., [23–25]).

Droplet evaporation is one of the most important factors which strongly

depends on ambient pressure and therefore changes the spray combustion

behavior in high ambient pressure conditions. Miller et al. [26] examined

the validity of evaporation models by comparing them with experimental

results in detail. Also, Miller and Bellan [27] performed a three-dimensional

DNS and discussed the effects of the initial liquid mass loading ratio, initial

Stokes number, and initial droplet temperature on the droplet evaporation

in a turbulent mixing layer. In these studies, however the ambient pressure

was fixed at the atmospheric pressure of 0.1 MPa and therefore the effects of

the ambient pressure on the droplet evaporation were not studied.

The effects of the ambient pressure on the droplet evaporation have been
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investigated for a single droplet or an array of droplets. Nomura and Ujiie

[28] experimentally studied the evaporation rate of a single droplet at various

ambient pressures in the range of 0.1-5.0 MPa, and showed the pressure

dependence of droplet lifetime. Yang and Wong [29] performed a numerical

simulation of a flow around a single evaporating droplet under the same

conditions as the Nomura and Ujiie’s experiments. They suggested that

the heat conduction from a fiber used in the experiment to suspend the

droplet and the radiation from the furnace wall strongly affect the droplet

evaporation rate. Similarly, Harstad and Bellan [30] numerically investigated

the evaporation rate of a single droplet at various ambient pressures in the

range of 0.1-10.0 MPa, and validated the evaporation models in sub- and

supercritical conditions. They stated that precise estimation of Lewis number

is essential in supercritical conditions. On the other hand, Mikami et al. [31]

studied the burning lifetime of interacting two droplets at various ambient

pressures in the range of 0.1-6.0 MPa by experiments, and showed that the

pressure dependence of the burning lifetime for the interacting droplets is

similar to that of a single droplet. That is, the total interaction coefficient,

which is the ratio of the burning lifetime of the interacting droplets to that of

a single droplet, slightly changes. In these studies, however, the evaporation

characteristics of multiple droplets have not been discussed.

The purpose of this study is therefore to investigate the effects of ambient

pressure, initial gas temperature and combustion reaction on the evaporation

characteristics of both a single fuel droplet and multiple fuel droplets by

means of three-dimensional numerical simulation. The ambient pressure,

initial gas temperature and mass loading ratio are varied in the ranges of
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0.1-2.0 MPa, 1000-2000 K and 0.027-0.36, respectively.

2. Numerical Simulation

2.1. Governing equations

Present numerical simulation is performed based on the Euler-Lagrange

framework. The governing equations for the gas phase are the conservation

equations of mass, momentum, energy and mass of each species as

∂ρ

∂t
+∇ · (ρu) = Sρ, (1)

∂ρu

∂t
+∇ · (ρuu) = −∇P +∇ · σ + Sρu, (2)

∂ρh

∂t
+∇ · (ρhu) = ∂P

∂t
+ u · ∇P +∇ · (ρa∇h) + Sρh, (3)

∂ρYk

∂t
+∇ · (ρYku) = ∇ · (ρDk∇Yk) + Scomb,k + SρYk

, (4)

and the equation of state for ideal gas [2, 5–7]. Here ρ is the density, u

the gas phase velocity, P the pressure, σ the viscous stress tensor, h the

specific enthalpy, and a the gaseous thermal diffusivity given by ρa = λ/cp,

respectively. Here λ is the heat conductivity. Yk and Dk are the mass fraction

and the mass diffusion coefficient of the k-th species which is given under the

unity Lewis number assumption as ρDk = λ/cp, respectively.

The phase coupling between the gas and dispersed-droplets phases is cal-

culated by a Particle-Source-In-Cell (PSI-Cell) method [32], and the source

terms, Sρ, Sρu, Sρh, and SρYk
, are given as

Sρ = − 1

∆V

∑
N

dmd

dt
, (5)
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Sρu = − 1

∆V

∑
N

dmdud

dt
, (6)

Sρh = − 1

∆V

∑
N

dmdhd

dt
, (7)

SρYk
= − 1

∆V

∑
N

dmd

dt
for Yk = YF , (8)

where ∆V is the volume of the control volume for the gas phase calculation,

md the droplets’ mass, ud the droplet velocity, hd the specific enthalpy of a

fuel droplet, and N the number of fuel droplets in the control volume. Scomb,k

is the source term due to the combustion reaction, as described later.

Concerning the evaporation of fuel droplets, a non-equilibrium Langmuir-

Knudsen evaporation model [26, 27, 33] is employed. The governing equa-

tions for each droplet’s position, xd, velocity, ud, temperature, Td, and mass,

md, are given by
dxd

dt
= ud, (9)

dud

dt
=

f1
τd
(u− ud), (10)

dTd

dt
=

Nu

3Pr

(
cp
cp,d

)(
f2
τd

)
(T − Td) +

1

md

(
dmd

dt

)
LV

cp,d
, (11)

dmd

dt
= ṁd. (12)

Here T is the gas temperature, cp the specific heat of mixture gas, cp,d the

specific heat of the droplet, LV the latent heat of evaporation at Td, and τd

the particle response time defined by

τd =
ρdd

2
d

18µ
, (13)
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where ρd is the droplet density, µ the viscosity and dd the droplet diameter.

The Prandtl and Nusselt numbers in the gas phase are given by

Pr =
µ

ρa
, Nu = 2 + 0.552Re

1/2
sl Pr1/3. (14)

The droplet Reynolds number based on the slip velocity, Usl = |u − ud |, is

defined as

Resl =
ρUsldd

µ
. (15)

The corrections of the Stokes drag and heat transfer for an evaporating fuel

droplet, f1 and f2, are given as [2, 26, 34].

2.2. Evaporation model

Recently, various evaporation models have been proposed and validated

[26, 27, 33, 35–39]. In this study, a non-equilibrium Langmuir-Knudsen

evaporation model is used [26, 27, 33]. The effect of the temperature gradient

inside the droplet is neglected here due to its small effect [26]. As the liquid

fuel, n-heptane and n-decane are used. Evaporation rate in Eq.(12) is given

as

ṁd = −md

τd

(
Sh

3Sc

)
ln(1 +BM), (16)

[26, 27, 33], where Sc and Sh are the Schmidt and Sherwood numbers given

as

Sc =
µ

ρDk

, Sh = 2 + 0.552Re
1/2
sl Sc1/3, (17)

and BM is the mass transfer number given by

BM =
YF,s − YF

1− YF,s

. (18)

Here YF is the mass fraction of fuel vapor in the far-field condition for a fuel

droplet which is represented by the value in the cell where the fuel droplet is
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located (this condition is the same for u and T ), and YF,s is the vapor surface

mass fraction (i.e., saturated vapor mass fraction) given as

YF,s =
XF,s

XF,s + (1−XF,s)W/WF

, (19)

XF,s =
Psat

P
−
(
2Lk

dd

)
β, (20)

where XF,s is the mole fraction of fuel vapor at the droplet surface, Psat the

saturated vapor pressure discussed later, P the pressure of the carrier gas, and

W andWF the averaged molecular weight of the carrier gas and the molecular

weight of the fuel vapor, respectively. In Eq.(20), the non-equilibrium effect

is considered using the Langmuir-Knudsen evaporation law, in which the

non-dimensional evaporation parameter, β, is given by

β = −
(
ρdPr

8µ

)
dd2d
dt

. (21)

The value of the Knudsen layer thickness, Lk, is estimated by

Lk =
µ {2πTd(R/WF )}1/2

ScP
. (22)

Here R is the universal gas constant.

2.3. Saturated vapor pressure

In many cases, the saturated vapor pressure, Psat, in Eq.(20) is calculated

by

Psat = P exp

{
LVWF

R

(
1

TB

− 1

Td

)}
. (23)

This equation is derived from the Clausius-Clapeyron equation;

dPsat

dT
=

LVWF

T (vg − vl)
, (24)
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under the assumptions of constant LV and ideal gas, where vg and vl are

the molar volumes of the gas and liquid phases, respectively. However, the

validity of these assumptions have not been fully examined. Here TB is the

boiling temperature which can be calculated from Sato’s expression for non-

polar substance [40] as

TB =

(
P 0.119 − C1

11.9

)1/0.119

, (25)

where C1 is the experimental constant. For n-decane and n-heptane, C1=−22.4066

and C1=−21.9011 are used, respectively. It should be noted that, the unit

of P is [mmHg] in this expression.

In order to exactly solve Eq.(24), it should be numerically integrated

using the exact LV , vg and vl. The variable LV is estimated by using the

Watson equation [41] as

LV = LV,B,atm

(
Tc − Td

Tc − TB,atm

)0.38

, (26)

where TB,atm is the normal boiling temperature, Tc the critical temperature,

and LV,B,atm the latent heat at TB,atm. On the other hand, vg and vl are

calculated using the equation of state for real gas and the equation of corre-

sponding states correlation, respectively. As these equations, Peng-Robinson

equation [42] and Gunn-Yamada equation [43] are used, respectively. The

Peng-Robinson equation is described as

vg =
RT

P
z, (27)

where z is the compressibility factor given by

z3 − (1− C3)z
2 + (C2 − 3C3

2 − 2C3)z − (C2C3 − C2
3 − C3

3) = 0, (28)
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C2 =
aP

R2T 2
, C3 =

bP

RT
,

where a and b are calculated as

a = 0.45724
R2T 2

c

Pc

α, (29)

α1/2 = 1 + (0.37464 + 1.54226ω − 0.26992ω2)(1− T 1/2
r ),

b = 0.07780
RTc

Pc

. (30)

Here Pc is the critical pressure and Tr = T/Tc the reduced temperature. The

values of acentric factor, ω, for n-decane and n-heptane are 0.488 and 0.349,

respectively [44]. The Gunn-Yamada equation is described as

vl = v(0)r (1− ωΓ )vsc, (31)

vsc =
RTc

Pc

(0.2920− 0.0967ω),

where v
(0)
r and Γ are calculated with Tr as

v(0)r =



0.33593− 0.33953Tr + 1.51941T 2
r − 2.02512T 3

r + 1.11422T 4
r

(0.2 ≤ Tr ≤ 0.8)

1.0 + 1.3(1− Tr)
1/2 log10(1− Tr)− 0.50879(1− Tr)

−0.91534(1− Tr)
2 (0.8 < Tr < 1.0),

(32)

Γ = 0.29607− 0.09045Tr − 0.04842T 2
r (0.2 ≤ Tr < 1.0). (33)

On the other hand, empirical expressions for Psat have been proposed

by Antoine [45] and Sato [40] based on the measurements. The Antoine’s

expression [45] is described as

log10 Psat = C4 −
C5

T + C6

, (34)
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where C4, C5 and C6 are the experimental constants. For n-decane, C4=4.07857,

C5=1501.268 and C6=−78.67 are used, and for n-heptane, C4=4.02832, C5=1268.636

and C6=−56.199 are used. It should be noted that, the unit of Psat is [bar] in

this expression. The Sato’s expression for non-polar substance [40] is descried

using Eq.(25) as

P 0.119
sat = 11.9T 0.119 + C1. (35)

It should be noted that, the unit of Psat is [mmHg] in this expression.

Fig.1 shows the comparison of saturated vapor pressure, Psat, against

droplet surface temperature, Td, calculated by Eqs.(23), (24), (34) and (35)

for n-decane and n-heptane. As the integration method of Eq.(24), the 3rd

oder Runge-Kutta method is used. While the exact prediction of Psat by

Eq.(24) are in good agreement with the empirical expressions by the Antonie

[45] and Sato [40], the assumed prediction by Eq.(23) overestimates them.

Accordingly, the Sato’s expression [40] is employed in the present computa-

tions.

2.4. Computational details

Fig.2 shows the schematic of the computational domain and initial droplet

distributions. The computational domain is a cube 5 mm on a side and is

divided into 50 uniform computational grid points in each direction. This

number of grid points was determined by comparing the computational re-

sults obtained by computations with 503 and 1003 grid points. The differ-

ences in droplet lifetime described later between them were less than 1.3

% for all cases. The computations are performed for the evaporation of a

single fuel droplet and for the evaporation/combustion reaction of multiple
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fuel droplets. Initially, the single fuel droplet and multiple fuel droplets are

allocated at the center of the computational domain and in the central region

as a spherical shape with 2 mm diameter, respectively. The initial droplet

diameters are set to 700 µm for a single fuel droplet and 7.5 µm for multiple

fuel droplets. These droplet sizes are decided to compare with the exper-

iments [28] and to meet the requirement associate with the grid size from

the point of view of numerical accuracy, respectively (the grid spacing needs

to be roughly 10 times larger than the droplet size to get enough accuracy

by using the PSI-Cell method [10]). The initial droplet temperature is 300

K. As the fuel, n-decane and n-heptane are used for the evaporation of a

single fuel droplet, whereas n-decane is used for the evaporation/combustion

reaction of multiple fuel droplets.

The combustion reaction of the evaporated n-decane (C10H22) with oxy-

gen is described using a one-step global reaction model [46] as

C10H22 +
31

2
O2 −→ 10CO2 + 11H2O, (36)

and the reaction rate is given by the Arrhenius formulation as

ρ

WF

ω̇ = AT n exp

(
−E

RT

)(
ρYF

WF

)a(
ρYO

WO

)b

. (37)

Here ω̇ is the combustion rate of the fuel, WF and WO are the molecular

weights of the fuel and oxidizer, respectively. A is the frequency factor, T

the gas temperature, E the activation energy, and a, b and n the parameters

depending on the fuel. In Eq.(4), the source term of the k-th species, Scomb,k,

is expressed using the combustion rate of the fuel, ω̇, as

Scomb,k = − nk

nF

Wk

WF

ρω̇, (38)
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where nk and nF are the molar stoichiometric coefficients of the k-th species

and the fuel in the one-step global reaction (positive for the productions),

respectively. Wk and WF are the molecular weights of the k-th species and

the fuel, respectively.

Table 1 lists the numerical conditions performed for the evaporation /

combustion reaction of the multiple fuel droplets in this study. The ambient

pressure, P , initial gas temperature, T0, and droplets’ mass loading ratio,

ML, are varied in the ranges of 0.1-2.0 MPa, 1000-2000 K, and 0.027-0.36,

respectively. Here ML is the ratio of the total mass of fuel droplets to the

mass of gas in the spherical region. In order to investigate the effects of com-

bustion reaction and inhomogeneity of droplet distribution, the computations

are carried out for different mediums of the ambient gas (i.e., nitrogen and

air) and the initial droplet distributions (i.e., random and inhomogeneous).

Here the inhomogeneous droplet distribution is obtained by the DNS data

for the droplet distributions in a isotropic turbulence in Matsuda et al. [47].

In order to increase ML of inhomogeneous droplet distributions, a parcel

model [2] in which one parcel represents two fuel droplets is applied. These

cases with the parcel model are indicated using superscription * as 4∗, 11∗,

17∗ and 19∗ in Table 1. In the table, G is the Group combustion number [48]

given as

G =
3

4
Le(2 + 0.552Re

1/2
sl Sc1/3)n

2/3
T (dd/l). (39)

Here Le is the Lewis number, nT the total number of the fuel droplets, and

l the mean distance between the fuel droplets.

For a numerical approximation of the gas phase, discretization of the

nonlinear terms of the momentum equations is derived from a second-order
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fully conservative finite difference scheme [49, 50], while those of the scalars

such as enthalpy and mass fractions are computed by the QUICK scheme

[51]. Other differentials are approximated by a second-order finite difference

method. The 3rd-order Runge-Kutta method is used as the time advance-

ment of the calculation of the convective terms. The fractional step method

[52] is used as the computational algorithm. On all six boundaries, the free

outflow condition is given.

The values of the droplet density, ρd, and the specific heat of the droplet,

cp,d, are calculated by the curve fit data from the NIST web book [44], and

other thermo physical properties and transport coefficients under various

pressures are obtained from CHEMKIN [53, 54]. Here the reference temper-

ature, Tref , and reference mass fraction, Yk,ref , are calculated by ”1/3 rule”

[26] as

Tref =
1

3
T +

2

3
Td, Yk,ref =

1

3
Yk +

2

3
Yk,s. (40)

Regarding the computations for the evaporation of a single droplet, the

droplet diameter of 700 µm is larger than the computational grid, so that

PSI-Cell method can not be used. Therefore, the evaporation rate of the sin-

gle droplet is calculated under the assumption that the variations of the gas

temperature and mass fraction of fuel gas caused by the droplet evaporation

are negligible small.

3. Results and discussion

3.1. Evaporation of a single fuel droplet without combustion reaction

In this section, the effects of ambient pressure and initial gas temperature

on the evaporation of a single fuel droplet are investigated by comparing
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with the experiments by Nomura and Ujiie [28]. In the previous numerical

study by Yang and Wong [29], they pointed out that radiation from the

furnace wall and heat conduction from a fiber used for suspending a fuel

droplet may enhance the droplet evaporation in the experiments. In addition,

we speculate that natural convection around the droplet surface affects the

droplet evaporation. This is because the gravity fluctuation with 1/100 of

normal gravity was measured in the experiments, although the experiments

were reported to be performed in a micro-gravity condition.

In Fig.3, the comparisons of time variation of normalized squared droplet

diameter, (d/d0)
2, between numerical simulations and experiments [28] with

and without radiation and natural convection is shown for n-heptane. Here

both axises are normalized by the square of the initial droplet diameter. The

left-hand side and right-hand side figures show the low-initial-gas-temperature

and high-initial-gas-temperature cases, respectively. The radiative heat ab-

sorption, Qrad, is calculated as

Qrad = πd2dσϵ(T
4 − T 4

d ), (41)

where σ is the Stephan-Boltzmann coefficient and ϵ the surface absorptance

given by 0.93 [29]. In order to take the effect of the natural convection into

account, gravity effect is introduced into the Nusselt and Sherwood numbers

as

Nu = 2 + 0.6(Gr1/2 +Resl)
1/2Pr1/3, (42)

Sh = 2 + 0.6(Gr1/2 +Resl)
1/2Sc1/3. (43)

Here Gr is Grashof number defines as

Gr =
gρ2(T − Td)d

3
d

Tµ2
, (44)
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[55, 56], where g is the gravity. The effect of heat conduction of a fiber used

for suspending a fuel droplet is neglected here because of the uncertainty

of its condition in the experiments [28]. It is observed that the predictions

of (d/d0)
2 monotonously decrease with increasing t/d20 and that their slopes

become gentle at low-initial-gas-temperature cases and steep at high-initial-

gas-temperature cases as the ambient pressure increases, and become steep as

the initial gas temperature increases. Also, the predictions become to be in

better agreement with the experiments [28] by taking the effects of the radi-

ation and natural convection into account. In the conditions of high ambient

pressure and initial gas temperature (see the right-hand side figure in Fig.3

(c)), however, the differences between the predictions and the experiments

are still marked even if the effects of the radiation and natural convection are

taken account of. In particular, the effect of the ambient pressure is quite

different. Compared to the experiments [28], the increase of droplet size due

to droplet expansion greatly surpasses the decrease of it due to droplet evap-

oration in these conditions in the numerical simulations. It is considered that

this is due to the fact that the effect of heat conduction from a fiber used for

suspending a fuel droplet, which could enhance the droplet evaporation, is

neglected in the numerical simulations. In addition, the difficulties in mea-

suring the droplet size in the experiments may deteriorate the accuracies of

the experimental data. The time variations of normalized squared droplet

diameter, (d/d0)
2, for n-decane are also shown in Fig.4. In all conditions,

the droplet expansion is more evident and the droplet evaporation proceeds

slower for n-decane than those for n-heptane.

In the computations for the evaporation and combustion reaction of mul-
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tiple fuel droplets, whose results are shown in the following sections, the

effects of radiation and natural convection are neglected. This is because

small droplets with diameter of 7.5 µm are used so that their evaporation

time are very short of a few dozens of µs.

3.2. Evaporation of multiple fuel droplets without combustion reaction

Figs.5 and 6 show the time variations of total droplets’ mass, m/m0, in

nitrogen at initial gas temperatures of T0 = 1000, 1500 and 2000 K for ML =

0.027 and 0.12, respectively. As the ambient pressure increases, the start-up

of droplet evaporation is delayed and the evaporation rate is enhanced once

the evaporation starts. This is because as the ambient pressure increases,

droplet evaporation is suppressed by higher boiling temperature because the

heat from the ambient gas is used not for evaporation but for raising the

droplet temperature, whereas it is enhanced by lower latent heat (see Eq.

(26)) and larger droplet surface area due to greater liquid expansion (i.e.,

lower liquid density) caused by the increase of droplet temperature. The

former and latter factors affect the droplet evaporation rate in the early

and subsequent evaporation periods, respectively. Also, since only the latter

factor is influenced by the ambient gas temperature, the slope of m/m0 be-

comes steep with increasing the initial gas temperature, T0. The comparison

of Figs.5 and 6 suggests that this tendency is not influenced by ML.

In order to understand the general effects of the ambient pressure, initial

gas temperature and mass loading ratio, ML, on the droplet evaporation,

droplet lifetime which is defined as the time when m/m0 becomes 1% is in-

troduced. Fig.7 shows the effects of ambient pressure, P , and ML on droplet

lifetime in nitrogen at initial gas temperatures of T0 = 1000, 1500 and 2000 K.
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The droplet lifetime is found to increase with increasing the ambient pressure

at lower initial gas temperature of T0=1000 K, but decrease at higher initial

gas temperatures of T0=1500 and 2000 K. This is attributed to a balance of

the increase and decrease of the droplet evaporation rate in higher ambient

pressure conditions, as mentioned earlier on Figs. 5 and 6. This tendency is

not influenced by ML, but the droplet lifetime quantitatively becomes longer

with increasing ML. This is explained by Fig.8 in which the time variations

of gas temperature, T , and ratio of mass fraction of evaporated fuel to va-

por surface mass fraction, YF/YF,s, in nitrogen at initial gas temperature of

T0=2000 K and ambient pressure of P=2.0 MPa (see Fig.7(c)) are shown.

Compared to in the case of ML=0.027, the decrease of T and the increase

of YF/YF,s with time in the case of ML=0.12 are remarkable, which act to

suppress the droplet evaporation and therefore enlarge the droplet lifetime.

Fig.9 shows the effect of inhomogeneity of droplet distribution on droplet

lifetime in nitrogen at initial gas temperature of T0=2000 K for ML=0.027

(without parcel model) and ML=0.054 (with parcel model). In both cases of

ML=0.027 and 0.054, the inhomogeneity of droplet distribution is found to

make the droplet lifetime longer regardless of the ambient pressure. In order

to elucidate the mechanism, probability density function (PDF) of local mass

loading ratio, MLlocal, which is calculated by counting the number of fuel

droplets in a cube 0.5 mm on a side, is evaluated at ambient pressure of P=2.0

MPa as shown in Fig.10. Compared to the random droplet distribution,

the PDF of the inhomogeneous droplet distribution widely distributes in the

higher MLlocal region, which is considered to contribute to the longer droplet

lifetime.
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3.3. Evaporation of multiple fuel droplets with combustion reaction

Figs.11 and 12 show the time variations of distributions of instantaneous

gas temperature, T , mass fraction of O2, YO2 , and mass fraction of fuel

gas, YF , in air at initial gas temperature of T0=2000 K, ambient pressure

of P=0.1 MPa, and ML=0.12 and 0.36, respectively. These conditions are

ones in Cases 14 and 15 and indicate the Group combustion number (see Eq.

(39)) of G=6.8 and 20.4, respectively. It is observed that although the ten-

dencies that YO2 and YF decreases and increases, respectively, in the central

region with time are similar between the cases of ML=0.12 and 0.36, the

distributions of T are considerably different. This difference is considered to

be in the combustion form, as known as ”droplet group combustion”. Ac-

cording to Chiu and Liu [57] and Chiu et al. [58], there are four modes in the

droplet group combustion of spray flames, i.e., (1) single droplet combustion

mode in which all droplets burn with envelope flames, (2) internal group

combustion mode in which the group flame appears inside the droplet group

(droplets inside the group flame only just evaporate and droplets outside

the group flame burn with envelope flames), (3) external group combustion

mode in which the group flame encloses the whole droplet group, and (4)

external sheath combustion mode in which the nonevaporation region (low

temperature region) is found inside the evaporation region in the droplet

group. These modes change from the single droplet combustion mode to the

external sheath combustion mode, as the group combustion number, G, in-

creases. Judging from this concept, the combustion behaviors in both cases

of ML=0.12 and 0.36 for P=0.1 MPa are considered to be classified into

the mode (3), but they seem to be classified into the modes (2) and (3),
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respectively, from the viewpoint of the physical phenomena. The similar

discrepancies were observed in higher ambient pressure conditions, namely

the Chiu’s criterion overestimates the group combustion behavior. This is

attributed to the fact that the Chiu’s criterion does not consider the effect

of the initial oxygen concentration in the droplet group [2, 13].

Figs.13, 14 and 15 show the time variations of total droplets’ mass, m/m0

in air at initial gas temperatures of T0=1000, 1500 and 2000 K forML=0.027,

0.12 and 0.36, respectively. Regarding the case of ML=0.36, only the results

at T0 = 2000 K are shown because the combustion reaction did not take

place at T0=1000 and 1500 K. It is observed that the general tendencies of

droplet evaporation are the same as the cases without combustion reaction,

namely the start-up of droplet evaporation is delayed and the evaporation

rate is enhanced once the evaporation starts as the ambient pressure in-

creases, regardless of the value of ML. However, the droplet evaporation

with combustion reaction is faster than that without it. In particular, the

droplet evaporation in the cases of higher ambient pressure of P > 0.1 MPa

are much faster than that in the case of P = 0.1 MPa. This is because the

increase of the combustion reaction rate with the ambient pressure raises the

gas temperature, which enhances the droplet evaporation.

Like the cases without combustion reaction, the effects of ambient pres-

sure, P , and ML on the droplet lifetime in air at initial gas temperatures of

T0 = 1000, 1500 and 2000 K are presented in Fig.16. It is verified that the

effects of initial gas temperature and ambient pressure on the droplet life-

time are similar to those without combustion reaction, such that the droplet

lifetime increases with increasing the ambient pressure at lower initial gas
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temperature of 1000 K, but decreases at higher initial gas temperatures of

1500 K and 2000 K. On the other hand, the effect of ML on the droplet

lifetime is somewhat complicated. That is, the increase of ML increases the

droplet lifetime at T0 = 1000 K, decreases it at T0 = 1500 K, and changes the

effect depending on ML (i.e., decreases the droplet lifetime at moderately

high ML and conversely increases it at higher ML) at T0 = 2000 K. This

is explained by Fig.17 in which the time variations of gas temperature, T ,

and ratio of mass fraction of evaporated fuel to vapor surface mass fraction,

YF/YF,s, in air at initial gas temperature of T0=2000 K and ambient pressure

of P=2.0 MPa (see Fig.16(c)) are shown. It is found that as ML increases,

T becomes to rise quickly and YF/YF,s monotonously increases. The trend of

T , which is caused by the enhancement of the combustion reaction, is quite

different between the cases with and without combustion reaction, while that

of YF/YF,s is similar. Here the increases of T and YF/YF,s act to enhance

and suppress the droplet evaporation, namely shorten and enlarge the droplet

lifetime, respectively. Accordingly, it can be said that the effect of ML on

the droplet lifetime is determined by a balance of the increases of T and

YF/YF,s. Generally speaking, the droplet lifetime tends to be lengthened by

the increase of ML even under the condition with combustion reaction, but

often shortened at moderately high ML at high ambient pressure.

Fig.18 shows the effect of inhomogeneity of droplet distribution on droplet

lifetime in air at initial gas temperature of T0=2000 K for ML=0.027 (with-

out parcel model) and ML=0.054 (with parcel model). In the cases of

ML=0.054, the inhomogeneity of droplet distribution is found to make the

droplet lifetime longer regardless of the ambient pressure. In the cases of
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ML=0.027, on the other hand, the inhomogeneity of droplet distribution

does not always make the droplet lifetime longer. This is due to the same

reasons, as mentioned above, that is, the droplet lifetime is shortened by

moderately high ML.

4. Conclusions

In this study, the effects of ambient pressure, initial gas temperature and

combustion reaction on the evaporation of a single fuel droplet and multi-

ple fuel droplets were investigated by means of three-dimensional numerical

simulation. The ambient pressure, initial gas temperature and mass loading

ratio, ML, were varied in the ranges of 0.1-2.0 MPa, 1000-2000 K and 0.027-

0.36, respectively, under the condition with or without combustion reaction.

The main results obtained in this study can be summarized as follows.

1. Natural convection accelerates droplet evaporation, and the effect be-

comes remarkable with increasing the ambient pressure.

2. Under the condition without combustion reaction, droplet lifetime in-

creases with increasing the ambient pressure at lower initial gas tem-

perature of 1000 K, but decreases at higher initial gas temperatures of

1500 K and 2000 K. This is attributed to a balance of the increase and

decrease of droplet evaporation rate in higher ambient pressure condi-

tions. Namely, as the ambient pressure increases, droplet evaporation

is suppressed by higher boiling temperature, whereas it is enhanced by

lower latent heat and larger droplet surface due to greater liquid expan-

sion caused by the increase of droplet temperature. This tendency is

not influenced by ML, but the droplet lifetime quantitatively becomes
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longer with increasing ML because of the decrease of gas temperature

and the increase of the evaporated fuel mass fraction towards the vapor

surface mass fraction.

3. The effects of ambient pressure, initial gas temperature and ML on the

droplet lifetime under the condition with combustion reaction are simi-

lar to those under the condition without combustion reaction, although

the droplet lifetime becomes shorter due to the combustion reaction.

However, the droplet lifetime is often shortened by enhanced combus-

tion reaction in the conditions of high ambient pressure and moderately

high ML.

4. Both for the conditions with and without combustion reaction, inhomo-

geneity of droplet distribution caused by turbulence makes the droplet

lifetime longer because local ML dramatically increases in some loca-

tions.
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Figure 1: Comparison of saturated vapor pressure, Psat, against droplet surface tempera-

ture, Td, calculated by Eqs.(23),(24),(34) and (35) for (a) n-decane and (b) n-heptane.
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(a) Computational domain

(b) Random distribution (c) Inhomogeneous distribution by

turbulence

Figure 2: Computational domain and initial droplet distributions.
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Table 1: Cases and computational conditions.

Cases P [MPa] T0 [K] ML [-] (ϕ [-]) Ambient gas
Droplet

distribution
G [-]

1 0.1 - 2.0 1000 0.027 (-) nitrogen random 2.8-61.8

2 0.1 - 2.0 1500 0.027 (-) nitrogen random 2.1-46.4

3 0.1 - 2.0 2000 0.027 (-) nitrogen random 1.4-30.9

4∗ 0.1 - 2.0 2000 0.054 (-) nitrogen random 2.8-61.8

5 0.1 - 2.0 1000 0.12 (-) nitrogen random 13.6-276.0

6 0.1 - 2.0 1500 0.12 (-) nitrogen random 10.2-207.0

7 0.1 - 2.0 2000 0.12 (-) nitrogen random 6.8-138.0

8 0.1 - 2.0 1000 0.027 (0.411) air random 2.8-61.8

9 0.1 - 2.0 1500 0.027 (0.411) air random 2.1-46.4

10 0.1 - 2.0 2000 0.027 (0.411) air random 1.4-30.9

11∗ 0.1 - 2.0 2000 0.054 (0.822) air random 2.8-61.8

12 0.1 - 2.0 1000 0.12 (1.85) air random 13.6-276.0

13 0.1 - 2.0 1500 0.12 (1.85) air random 10.2-207.0

14 0.1 - 2.0 2000 0.12 (1.85) air random 6.8-138.0

15 0.1 - 2.0 2000 0.36 (5.55) air random 20.4-414.0

16 0.1 - 2.0 2000 0.027 (-) nitrogen inhomogeneous 1.4-30.9

17∗ 0.1 - 2.0 2000 0.054 (-) nitrogen inhomogeneous 2.8-61.8

18 0.1 - 2.0 2000 0.027 (0.411) air inhomogeneous 1.4-30.9

19∗ 0.1 - 2.0 2000 0.054 (0.822) air inhomogeneous 2.8-61.8

* Cases using a parcel model in which one parcel represents two fuel droplets.
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Figure 3: Comparisons of time variation of normalized squared droplet diameter, (d/d0)
2,

between numerical simulations and experiments for n-heptane (a) without radiation and

natural convection, (b) with radiation and (c) with radiation and natural convection.

Left-hand side shows low-initial-gas-temperature cases and right-hand side shows high-

initial-gas-temperature cases.
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Figure 7: Effects of ambient pressure, P , and ML on droplet lifetime in nitrogen at initial

gas temperature of (a) T0=1000 K, (b) T0=1500 K and (c) T0=2000 K.
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Figure 8: Time variations of (a) gas temperature, T , and (b) ratio of mass fraction of evap-

orated fuel to vapor surface mass fraction, YF /YF,s, in nitrogen at initial gas temperature

of T0=2000 K and ambient pressure of P=2.0 MPa (see Fig.7 (c)).
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(a) ML=0.027 (without parcel model, Cases 3 and 16)
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Figure 9: Effect of inhomogeneity of droplet distribution on droplet lifetime in nitrogen at

initial gas temperature of T0=2000 K for (a) ML=0.027 (without parcel model) and (b)

ML=0.054 (with parcel model).
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(a) ML=0.027 (without parcel model, Cases 3 and 16)
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Figure 10: Effect of inhomogeneity of droplet distribution on PDF of local mass loading

ratio, MLlocal, in nitrogen at initial gas temperature of T0=2000 K and ambient pressure

of P=2.0 MPa for (a) ML=0.027 (without parcel model) and (b) ML=0.054 (with parcel

model).
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Figure 11: Time variations of distributions of instantaneous (a) gas temperature, T , (b)

mass fraction of O2, YO2 , and (c) mass fraction of fuel gas, YF , in air at initial gas

temperature of T0=2000 K, ambient pressure of P=0.1 MPa, and ML=0.12 in Case 14.
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Figure 12: Time variations of distributions of instantaneous (a) gas temperature, T , (b)

mass fraction of O2, YO2 , and (c) mass fraction of fuel gas, YF , in air at initial gas

temperature of T0=2000 K, ambient pressure of P=0.1 MPa, and ML=0.36 in Case 15.
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Figure 13: Time variations of total droplets’ mass, m/m0, for ML=0.027 in air at initial

gas temperature of (a) T0=1000 K, (b) T0=1500 K and (c) T0=2000 K.
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Figure 14: Time variations of total droplets’ mass, m/m0, for ML=0.12 in air at initial

gas temperature of (a) T0=1000 K, (b) T0=1500 K and (c) T0=2000 K.
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Figure 15: Time variations of total droplets’ mass, m/m0, for ML=0.36 in air at initial

gas temperature of T0=2000 K.
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Figure 16: Effects of ambient pressure, P , and ML on droplet lifetime in air at initial gas

temperature of (a) T0=1000 K, (b) T0=1500 K and (c) T0=2000 K.
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Figure 17: Time variations of (a) gas temperature, T , and (b) ratio of mass fraction of

evaporated fuel to vapor surface mass fraction, YF /YF,s, in air at initial gas temperature

of T0=2000 K and ambient pressure of P=2.0 MPa (see Fig.16 (c)).
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(a) ML=0.027 (without parcel model, Cases 10 and 18)
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(b) ML=0.054 (with parcel model, Cases 11 and 19)

Figure 18: Effect of inhomogeneity of droplet distribution on droplet lifetime in air at

initial gas temperature of T0=2000 K for (a) ML=0.027 (without parcel model) and (b)

ML=0.054 (with parcel model).
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