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Abstract

A previously developed kinetic model for two-component vapour and
background gas (air) is applied to the analysis of droplet heating and evap-
oration in Diesel engine-like conditions. The model used in the analysis is
based on the introduction of the kinetic region in the immediate vicinity of
the droplets and the hydrodynamic region. The presence of two components
in the vapour, finite thermal conductivity and finite species diffusivity in
droplets are taken into account. It is pointed out that for parameters which
are typical of Diesel engine-like conditions, the heat flux in the kinetic region
is a linear function of the temperature at the outer boundary of this region,
but is almost independent of the density of the components at this boundary.
Mass fluxes of both components in the kinetic region are shown to decrease
almost linearly with increasing vapour density at the outer boundary of this
region, but are almost independent of the temperature drop in the kinetic
region. The model is tested for the analysis of heating and evaporation of a
droplet with initial radius and temperature equal to 5 µm and 300 K, respec-
tively, immersed into gas with temperatures 1000 K and 700 K for several
mixtures of n-dodecane and p-dipropylbenzene. It is pointed out that an
increase in the mass fraction of p-dipropylbenzene and kinetic effects lead
to an increase in the predicted droplet evaporation time. The kinetic effects
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are shown to increase with increasing gas temperature and molar fraction of
p-dipropylbenzene.

Keywords:
Boltzmann equation, Diesel fuel droplet, n-dodecane, p-dipropylbenzene,
heat/mass transfer, mixture

Nomenclature

BM Spalding mass transfer number
BT Spalding heat transfer number
c specific heat capacity
D binary diffusion coefficient
f molecular velocity distribution function
E relative error defined by Equation (18)
h convection heat transfer coefficient
j mass flux
J collision integral
k thermal conductivity
` mean free path
L latent heat of evaporation
Le Lewis number
m mass
M molar mass
Nat the total number of atoms in a molecule
Nu Nusselt number
p pressure
Pr Prandtl number
q heat flux
QL power spent on droplet heating
r radius-vector
R distance from the centre of the droplet
Rv(a) gas constant referring to n-dodecane (air)
Rd droplet radius
Sc Schmidt number
T temperature
v velocity
X molar fraction
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Y mass fraction

Greek symbols
α parameter defined by Equation (6)
β evaporation coefficient
δRd thickness of the kinetic region
εi evaporation rate of individual species
θ angular coordinate
κ liquid diffusivity
ρ density
σ effective diameter of molecules
φ angular coordinate

Subscripts
a air
at atom
α, β α = a, n, p; β = a, n, p
d droplet
eff effective
g gas
h hydrodynamic
i components
k kinetic
l liquid
n n-dodecane
p constant pressure or p-dipropylbenzene
r reference or reflected
Rd outer boundary of the kinetic region
s surface
total total
v fuel vapour
0 initial
∞ ambient

Superscripts
i components
′ after the collision
∼ normalised
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1. Introduction

An interest in modelling droplet heating and evaporation has been stimu-
lated by various engineering, environmental and pharmaceutical applications
[1, 2]. In most engineering applications, including automotive ones, the mod-
elling of these processes has been based on the hydrodynamic approximation,
although the limitations of this approximation, even in the case when these
processes take place at high pressures, are well known (see [3, 4, 5]). In a
number of studies, including [6]-[9], the evaporation of n-dodecane C12H26 (an
approximation for Diesel fuel) was studied and a new model was developed
based on a combination of the kinetic and hydrodynamic approaches. In the
immediate vicinity of droplet surfaces (up to about one hundred molecular
mean free paths), the vapour and ambient gas dynamics were studied based
on the Boltzmann equation (kinetic region), while at larger distances the
analysis was based on the hydrodynamic equations (hydrodynamic region).
Mass, momentum and energy fluxes were conserved at the interface between
these regions. The authors of [7, 8, 9] considered the problem of n-dodecane
evaporation into air and developed a new numerical algorithm for the solu-
tion of a system of two Boltzmann equations for n-dodecane and air, taking
into account elastic collisions between: n-dodecane molecules; between air
molecules; and between n-dodecane and air molecules. A new approach to
taking into account the effects of inelastic collisions was developed in [10]
and applied to the problem of n-dodecane droplet heating and evaporation
in [11].

One of the important limitations of the approaches described in [6]-[11]
is that they were based on the assumption that Diesel fuel can be approxi-
mated by n-dodecane. A more detailed analysis of the composition of Diesel
fuel showed that it includes hundreds of various hydrocarbon components
[12, 13, 14]. It is obviously not possible to take into account the contribu-
tions of all these components in the kinetic modelling. At the same time,
one can see that these components can be subdivided into two main groups:
alkanes and aromatics [14]. The assumption that n-dodecane can approx-
imate alkanes is widely used (see [12, 15, 16]), while aromatics could be
approximated by p-dipropylbenzene [15]. In this case it was suggested that a
more accurate approximation of Diesel fuel, compared with the one based on
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its approximation by n-dodecane, could be its approximation by a mixture
of n-dodecane and p-dipropylbenzene. Mass fractions of n-dodecane in this
mixture could vary from 0.8 to 0.7 [15, 12].

A new kinetic algorithm for modelling of a three component (two compo-
nents, approximating Diesel fuel, and air, approximated by nitrogen) mixture
was developed in [17]. Binary collisions between molecules were taken into
account assuming that these collisions are elastic or inelastic. The function-
ality testing of the algorithm was performed using a simple test problem of
heat and mass transfer in a mixture of n-dodecane, p-dipropylbenzene and
nitrogen between two infinite parallel walls. It was concluded that the pre-
dictions of the new kinetic algorithm are qualitatively consistent with the
predictions of more basic models of the phenomena for which it was tested.

The aim of this paper is to investigate the kinetic effects on heating and
evaporation of two-component droplets, approximating Diesel fuel, assuming
that this approximation is a mixture of n-dodecane and p-dipropylbenzene.
The numerical algorithm developed in [17] will be used in our analysis.

The mathematical model, used in the analysis, is discussed in Section 2.
In Section 3 this model is applied to the analysis of heating and evaporation
of a two-component (mixture of n-dodecane and p-dipropylbenzene) droplet.
The results are compared with those based on the approximation of Diesel
fuel droplets by n-dodecane droplets. The main results of the paper are
summarised in Section 4.

2. Mathematical models

As in [6]-[11], two regions above the surface of an evaporating fuel droplet
are considered: the kinetic and hydrodynamic regions. As in [11], we take
into account that thermal conductivity of the liquid phase is finite, and iden-
tify the third region called the liquid phase region. All three regions are
schematically shown in Fig. 1. Ts and ρs (n,p) refer to the surface temperature
and vapour density (for n-dodecane (n) and p-dipropylbenzene (p)) in the
immediate vicinity of the droplet surface; TRd and ρRd (n,p) refer to the same
parameters but at the interface between the kinetic and the hydrodynamic
regions. δRd is the thickness of the kinetic region. In contrast to [11], we take
into account the diffusion of species in the liquid phase and the presence of
up to 3 components in the kinetic region. The conventional hydrodynamic
analysis is applied in the liquid and hydrodynamic regions, while vapour and
air dynamics in the kinetic region are described by the Boltzmann equations.
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The hydrodynamic and kinetic models used in our analysis are described
below.

2.1. Hydrodynamic model

The hydrodynamic model for the liquid and gas phases, used in our anal-
ysis, is essentially the same as described in [14]. In what follows the most
essential features of this model are briefly summarised.

A droplet is assumed to be spherical, stationary (the generalisation of
the model to a moving droplet is described in [14]) and the process of its
heating is described by the following transient heat conduction equation for
the temperature T ≡ T (t, R) in the liquid phase:

∂T

∂t
= κ

(
∂2T

∂R2
+

2

R

∂T

∂R

)
, (1)

where κ = kl/(clρl) is the liquid thermal diffusivity, kl, cl, and ρl are the
liquid thermal conductivity, specific heat capacity, and density respectively,
R is the distance from the centre of the droplet, t is time.

Equation (1) is to be solved for 0 ≤ R < Rd, where Rd is the droplet ra-
dius, with the following initial condition T (t = 0) = Td0(R) and the boundary
condition (assuming that the effects of evaporation can be ignored):

qs ≡ h(Tg − Ts) = kl
∂T

∂R

∣∣∣∣
R=Rd−0

, (2)

where Ts = Ts(t) is the droplet’s surface temperature, Tg = Tg(t) is the
ambient gas temperature, h is the convection heat transfer coefficient, linked
with the Nusselt number Nu via the equation Nu = 2Rdh/kg, kg is the
gas thermal conductivity. We assume that fuel vapour is dilute and kg is
equal to the thermal conductivity of ambient air. Remembering the physical
background to the problem, we are interested only in the solution which is
continuously differentiable twice in the whole domain. This implies that T
should be bounded for 0 ≤ R < Rd.

Our analysis is based on the analytical solution to Equation (1), subject
to the above-mentioned boundary and initial conditions, which was imple-
mented into a numerical code [14]. To take into account the effect of droplet
evaporation in the analytical solution, gas temperature was replaced with

the effective temperature defined as: Teff = Tg + ρlLṘd

h
, where L is the latent

heat of evaporation, the value of Ṙd is taken from the previous time step and
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estimated based on Equation (8). Rd is assumed constant in the analytical
solutions, but is updated at the end of the time step ∆t to take into account
the effects of swelling and evaporation (the effects of non-constant Rd during
the time step are discussed in our previous papers, the results of which are
summarised in [5]). The value of Nu is estimated as:

Nu = 2
ln(1 + BT )

BT

, (3)

where BT = cpv(Tg−Ts)

Leff
is the Spalding heat transfer number, Leff = L+ QL

ṁd
=∑

i εiLi + QLP
i ṁi

, QL is the power spent on droplet heating, cpv is the specific

heat capacity of fuel vapour (estimated for the mixture of vapour species),
εi = εi(t) are the evaporation rates of species i, ṁi = εiṁd, ṁd is the droplet
evaporation rate (see Equation (8); ṁd =

∑
i ṁi). i = n, p in our analysis,

where n refers to n-dodecane while p refers to p-dipropylbenzene.
Equations for mass fractions of liquid species Yli ≡ Yli(t, R) are presented

in the following form:

∂Yli

∂t
= Dl

(
∂2Yli

∂R2
+

2

R

∂Yli

∂R

)
, (4)

where Dl is the liquid diffusivity, assumed to be the same for all species and
all species concentrations.

Equation (4) was solved analytically with the following boundary condi-
tion:

α(εi − Ylis) = −Dl
∂Yli

∂R

∣∣∣∣
R=Rd−0

, (5)

and the initial condition Yli(t = 0) = Yli0(R), where Ylis = Ylis(t) are liquid
components’ mass fractions at the droplet’s surface,

α =
|ṁd|

4πρlR2
d

. (6)

Assuming that species concentrations in the ambient gas are equal to
zero, the values of εi were found from the following relationship:

εi =
Yvis∑

i=n,p Yvis

, (7)
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where the subscript v indicates the vapour phase. The condition α = const
can always be guaranteed for sufficiently small time steps.

The Wilke-Chang approximation was used for the estimate of Dl assuming
that the average Lennard-Jones length of molecules is equal to that of n-
dodecane (7.12 Å; see Table 1).

The droplet’s evaporation rate is estimated from the following equation:

ṁd = −4πRdDvρtotal ln(1 + BM), (8)

where Dv is the binary diffusion coefficient of vapour in air, BM is the Spald-
ing mass transfer number defined as:

BM =
ρvs − ρv∞

ρgs

=
Yvs − Yv∞

1− Yvs

, (9)

Yv is the vapour mass fraction. BT and BM are linked by the equation

BT = (1 + BM)ϕ − 1, where ϕ =
(

cpv

cpa

)
1
Le

, Le = kg/(cpaρtotalDv) = Scd/Prd

is the Lewis number; it was assumed that Yv∞ = 0. Note that the derivation
of Equation (8) is essentially based on the assumption that ρtotal remains the
same at all distances from the droplet surface.

We assume that Diesel fuel vapour diffuses from the surface of the droplet,
without changing its composition, with the average diffusion coefficient as-
sumed to be equal to that of n-dodecane in air [18]

Dv = 5.27× 10−6

(
T

300

)1.583

p−1, (10)

where Dv is in m2/s, T is temperature in K, p is in bar. Note that there is
a typo in Eq. (39) in [14]; this typo does not affect the results of the paper
as the correct formula was used in the numerical code.

All liquid properties are calculated for the average temperature inside
droplets. All gas properties are calculated for the reference temperature
Tr = (2/3)Ts +(1/3)Tg, where Ts and Tg are droplet surface and ambient gas
temperatures, respectively. Enthalpy of evaporation and saturated vapour
pressure are estimated at the surface temperature Ts.

The mixtures are treated as ideal (Raoult’s law is assumed to be valid).
In this case, partial pressures of individual components are estimated as:

pvi = Xlsi p
sat(i), (11)
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where Xlsi are the molar fractions of liquid components at the surface of the
droplet, psat(i) are saturated vapour pressures of the ith component (i = n, p)
assuming that this is the only component present in the droplet.

The following approximations for psat(i) are used in our analysis:

psat(n) = exp
[
8.1948− 7.8099 (300/Ts)− 9.0098 (300/Ts)

2] bar (12)

for n-dodecane, and

log10

[
0.001× psat(p)(n)

]
= A(n)− B(n)

T + C(n)
, (13)

where
A(n) = 0.0007 n2 − 0.0064 n + 6.0715,

B(n) = 51.811 n + 1049.1,

C(n) = 0.1215 n2 − 9.6892 n + 11.161,

for p-dipropylbenzene. Pressure in Formula (13) is in Pa.
Note that none of the above expressions for psat(i) can be considered re-

liable at temperatures close to or above critical temperatures. Heating of
the droplets above these temperatures, sometimes predicted by the model
at the very final stage of droplet evaporation, does not describe accurately
the physical background of the processes at this stage. The contribution of
the processes at this stage of droplet heating and evaporation to the overall
droplet heating and evaporation, however, is expected to be small. To mit-
igate this behaviour of droplet surface temperature, pressures predicted by
Formula (12) and (13) were artificially increased when the temperatures ex-
ceeded the corresponding critical temperatures. This affected the very final
stage of droplet evaporation (when their mass becomes less than about 1%
of the initial mass) and produced negligible effects on the overall process of
heating and evaporation.

The mass flux of components evaporating from the droplet surface is
estimated as:

jvi =
εi |ṁd|
4πR2

d

. (14)
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2.2. Kinetic model

The kinetic model for a three component mixture, described in [17], is
used in our analysis. We consider a mixture of air (approximated by nitro-
gen), n-dodecane and p-dipropylbenzene (exactly the same analysis is appli-
cable to any other mixture). The evolution of the molecular velocity distri-
bution functions of these three components, fa ≡ fa(r, t,v), fn ≡ fn(r, t,v)
fp ≡ fp(r, t,v), is controlled by the following system of Boltzmann equations:

∂fa

∂t
+ va

∂fa

∂r
= Jaa + Jan + Jap

∂fn

∂t
+ vn

∂fn

∂r
= Jna + Jnn + Jnp

∂fp

∂t
+ vp

∂fp

∂r
= Jpa + Jpn + Jpp

 , (15)

where Jαβ (α = a, n, p; β = a, n, p) are collision integrals, taking into account
the contribution of the collisions between molecules; the following explicit
expressions for the collision integrals Jαβ are used [7]:

Jαβ =
σ2

αβ

2

∫ +∞

−∞
dv1

∫ π

0

sin θdθ

∫ 2π

0

dφ
(
f

′

αf
′

β1 − fαfβ1

)
|vα − vβ1| , (16)

where σαβ = (σα+σβ)/2, σα and σβ are the corresponding effective diameters
of molecules of air ‘a’, n-dodecane ‘n’ and p-dipropylbenzene ‘p’, θ and φ are
angular coordinates of molecules β relative to molecules α, superscript

′
in-

dicates the velocities and the distribution functions after collisions, subscript

1 indicates that the function fα is modified under the influence of collisions
with molecules of the type β. The first integral on the right hand side of (16)
is calculated in the three dimensional velocity space. Expression (16) is the
same as that used in [7], where the contribution of only 2 components in the
kinetic region was taken into account. This is justified by the fact that triple
collisions are ignored.

All collision integrals Jαβ are calculated taking into account the contri-
bution of internal degrees of freedom (inelastic collisions) as described in
[10]. A degree of freedom is defined as a parameter corresponding to each
independent variable necessary to describe the energy of a molecule [19].
A monoatomic molecule has three degrees of freedom corresponding to its
translational energies in x, y and z directions. Polyatomic molecules have ad-
ditional degrees of freedom corresponding to their rotational and vibrational
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motions (see [20] for the analysis of degrees of freedom of CO2 molecules).
The total number of degrees of freedom in any molecule is equal to 3Nat

where Nat is the total number of atoms in a molecule [21]. It is assumed that
air (approximated as nitrogen) has 2 internal degrees of freedom, while both
hydrocarbons (n-dodecane and p-dipropylbenzene) have 20 internal degrees
of freedom each. As shown in [10, 11], taking into account larger numbers of
internal degrees of freedom does not affect the results.

As in [6, 8, 9, 11], the effects of the curvature of the droplet surface are
ignored. This is justified by the fact that the thickness of the kinetic region
is very small; in our case it is assumed equal to 10 mean free paths for n-
dodecane molecules in saturated n-dodecane vapour at temperature equal to
600 K (`).

Equations (15) are solved subject to the boundary conditions at the inter-
face between the kinetic and liquid regions and at the interface between the
kinetic and hydrodynamic regions (see Fig. 1). The first boundary condition
for both components of the vapour can be presented as:

fvi (out) = βifvis + (1− βi)fvir, (17)

where fvis is the distribution function of molecules leaving the liquid surface
assuming that βi = 1, fvir is the distribution function of reflected molecules.
Both fvis and fvir are assumed to be isotropic Maxwellian. The temperature
for fvis is assumed to be equal to Ts, while the temperature for fvir is assumed
to be equal to TRd. This is justified by the fact that the thickness of the kinetic
region is small and the gas temperature just above the droplet surface is close
to TRd [3]. At the boundary between the kinetic and hydrodynamic regions
the distribution function of vapour components and air molecules entering
the kinetic region is assumed to be Maxwellian, controlled by ρRd for both
components and TRd.

The contributions of both mass and heat transfer in the kinetic region are
taken into account following the approach described in [11]. In [11] we took
into account the dependence of the evaporation coefficient for n-dodecane on
temperature as inferred from our molecular dynamics analysis [22]. Since no
such analysis was performed for p-dipropylbenzene, we believe that it would
be more consistent to assume that in both cases the evaporation coefficients
for both components are equal to 1 at this stage.

The kinetic calculations were performed for pure n-dodecane droplets,
and the following n-dodecane and p-dipropylbenzene molar fractions: 80% n-
dodecane and 20% p-dipropylbenzene; 70% n-dodecane and 30% p-dipropylbenzene.
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Chemical formulae, molar masses and molecular diameters of these vapour
components and nitrogen (approximating air), used in our analysis, are given
in Table 1.

Component Chemical formula Molar mass Molecular diameter

n-dodecane C12H26 170.3 kg/kmol 7.12 Å

p-dipropylbenzene C12H18 162.27 kg/kmol 6.73 Å

nitrogen N2 28.97 kg/kmol 3.617 Å

Table 1

As in [11], the first step in the solution of Equations (15) is to perform an
investigation of mass and heat transfer processes in the kinetic region for a
set of values of ρRd (for both vapour components) and TRd. We consider the
problem of heating and evaporation of droplets in a hot gas (Diesel engine-like
conditions) and these parameters are assumed to be in the ranges: ρRd < ρs

and TRd > Ts. During the droplet heating process, the temperature increases
away from the droplet; the evaporation process is possible when the vapour
density decreases away from the droplet surface. For the chosen values of
ρRd and TRd, the solution to the Boltzmann Equations (15) in the kinetic
region allows us to calculate the normalised mass and heat fluxes at the
outer boundary of this region:

j̃k (n,p) = jk (n,p)/(ρ0

√
RvT0), q̃k = qk/(p0

√
RvT0),

where Rv is the gas constant referring to n-dodecane vapour, T0 is the ref-
erence temperature chosen equal to 600 K, p0 and ρ0 are the saturated n-
dodecane vapour pressure and density corresponding to T0, ρ0 is calculated
from the ideal gas law, subscript k stands for kinetic.

In [11] it was shown that for the case of heating and evaporation of n-
dodecane droplets the values of q̃k are almost independent of ρ̃Rd ≡ ρRd/ρs

in a certain range of ρ̃Rd and the values of j̃k are almost do independent of
T̃Rd ≡ TRd/Ts in a certain range of T̃Rd relevant to the conditions typical
for Diesel engines. In what follows, it is demonstrated that this property
is observed for the case of heating and evaporation of two-component (a
mixture of n-dodecane and of p-dipropylbenzene) droplets.
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Let us assume that molar fractions of n-dodecane and p-dipropylbenzene
in the droplet are 80% and 20% respectively, droplet surface temperature is
equal to 600 K, and ρ̃Rd (n) = ρ̃Rd (p) ≡ ρ̃Rd. The plots of q̃k versus ρ̃Rd for

T̃Rd = 1.05 and 1.1 are shown in Fig. 2. As one can see in this figure, the
plots for these values of T̃Rd are the lines which are almost perfectly parallel
to the ρ̃Rd axis. A similar conclusion was reached in the general case when
ρ̃Rd (n) 6= ρ̃Rd (p). The same result was obtained for the 70% n-dodecane and
30% p-dipropylbenzene mixture. This allows us to ignore the dependence of
q̃k on ρ̃Rd in agreement with the similar result obtained in [11].

The plots of mass fluxes of n-dodecane and p-dipropylbenzene predicted
by the kinetic model (j̃k (n) and j̃k (p)) versus T̃Rd for ρ̃Rd = 0.7 for both
components under the same conditions as in Fig. 2 are shown in Fig. 3. As
one can see in this figure, the plots for these values of ρ̃Rd and in the range
of T̃Rd shown, are the lines which are almost parallel to the T̃Rd axis. In
contrast to the case shown in Fig. 2, a very weak dependence of jk on T̃Rd

can be observed, but this can be ignored in our analysis. A similar conclusion
was reached in the general case when ρ̃Rd (n) 6= ρ̃Rd (p). The same result was
obtained for the 70% n-dodecane and 30% p-dipropylbenzene mixture. This
allows us to ignore the dependence of j̃k on T̃Rd. Thus the results shown in
Figs. 2 and 3 allow us to decouple the analysis of heat and mass fluxes in the
kinetic region for ρ̃Rd in the range (0.7 – 1) and T̃Rd in the range (1 – 1.1).

The values of T̃Rd for two-component droplets were obtained following the
same procedure as described in [11] for monocomponent droplets. This proce-
dure is illustrated in Fig. 4 for an 80% n-dodecane and 20% p-dipropylbenzene
droplet of radius 5 µm, surface temperature 600 K and gas temperature 1000
K. The value of ρ̃Rd was taken equal to 0.7. Recalling Fig. 2, we expect the
results not to depend on the actual values of ρ̃Rd. The plots of the heat flux
predicted by the kinetic model, q̃k, versus T̃Rd, and the heat flux in the hydro-
dynamic region predicted by the hydrodynamic model, q̃h = qh/(p0

√
RvT0),

versus T̃Rd (horizontal line), for these values of parameters are shown in Fig.
4. The intersection between the horizontal and inclined lines gives the re-
quired value of T̃Rd = 1.022.

The plots of the mass flux predicted by the kinetic model, j̃k, versus ρ̃Rd

for T̃Rd = 1.05 (as follows from the analysis based on Fig. 3, the result is
not expected to depend of T̃Rd) and the mass flux predicted by the hydro-
dynamic model, j̃h = jh/(ρ0

√
RvT0), for n-dodecane (j̃k (n) and j̃h (n)) and

p-dipropylbenzene (j̃k (p) and j̃h (p)) versus ρ̃Rd (ρ̃Rd (n) or ρ̃Rd (p)) are shown
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in Fig. 5. The mass fluxes predicted by the hydrodynamic model are shown
by the horizontal lines. This figure is presented for the same parameters
as in Fig. 4. Following [11], it was assumed that ρRd in Equation (14) can
be replaced with ρs. The intersections between the horizontal and inclined
lines give the required values of ρ̃Rd: ρ̃Rd(n) = 0.983 for n-dodecane and

ρ̃Rd(p) = 0.987 for p-dipropylbenzene. Similar values of T̃Rd and ρ̃Rd were ob-
tained for other values of Tg, Ts and Rd relevant for Diesel engine conditions
(Tg = 750 K, Tg = 700 K; for values of Ts in the range 300 K to tempera-
tures close to the critical temperature, and the range of molar fractions of
n-dodecane and p-dipropylbenzene predicted by hydrodynamic calculations).
The corresponding values of T̃Rd and ρ̃Rd were used for the analysis of heat-
ing and evaporation of mono- and two-components droplets in realistic Diesel
engine-like conditions.

Following the above procedure, a set of values of ρ̃Rd and T̃Rd were ob-
tained for a number of specific pairs of values of droplet surface temperatures
and radii, predicted by the hydrodynamic model. Once the values of ρ̃Rd were
obtained, then for kinetic modelling the values of ρs in Equation (8) were re-
placed by ρRd. For the intermediate values of these parameters the values of
ρ̃Rd and T̃Rd were interpolated. The thickness of the kinetic region is assumed
to be infinitely small. Since ρRd < ρs, then the value of BM predicted by
the kinetic model (BM, k) is always less than the value of BM predicted by
the hydrodynamic model (BM, h). Hence, we can expect that the evaporation
rate predicted by the kinetic model is always less than the one predicted by
the hydrodynamic model for the same droplet surface temperature.

The decrease in the values of BM predicted by the kinetic model is ex-
pected to lead to a corresponding decrease in the values of BT and ultimately
the values of the convection heat transfer coefficient h. This will lead to a
decrease in the values of Teff . On the other hand, slowing down of the evapo-
ration process, predicted by the kinetic model, will lead to a decrease in |Ṙd|,
and ultimately an increase in Teff . The balance between these two processes
will lead to either a decrease or an increase in the predicted droplet surface
temperatures.

Note that we did not take into account the effect of changes in the droplet
evaporation rates due to the changes in droplet surface temperatures pre-
dicted by the kinetic model, as in this case we would need to use the cor-
rected values of jvi for the mass fluxes predicted by the hydrodynamic model.
This would lead to new values of ρ̃Rd and the new values of droplet surface
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temperature etc. The investigation of this effect is beyond the scope of this
paper.

In the next section, the results of modelling of specific droplets are demon-
strated.

3. Results

The results of calculation of the radii and surface temperatures of a
droplet with initial radius and temperature equal to 5 µm and 300 K, re-
spectively, immersed into gas with temperature 1000 K are shown in Fig. 6.
Three types of droplets have been considered: pure n-dodecane, a mixture
of 80% n-dodecane and 20% p-dipropylbenzene, and a mixture of 70% n-
dodecane and 30% p-dipropylbenzene (the contributions of components refer
to their molar fractions; see Table 2). Results of both hydrodynamic and ki-
netic calculations are presented. In kinetic calculations both heat and mass
transfer in the kinetic region and the effects of inelastic collisions are taken
into account. The evaporation coefficient is assumed equal to 1 for both
components.

Plots Model Molar fraction Molar fraction
of n-dodecane of p-dipropylbenzene

1 Kinetic 100% 0%
2 Kinetic 80% 20%
3 Kinetic 70% 30%
4 Hydrodynamic 100% 0%
5 Hydrodynamic 80% 20%
6 Hydrodynamic 70% 30%

Table 2

Since the values of ρRd were estimated as perturbations of ρs predicted by
the hydrodynamic model, the calculations of the droplet radii predicted by
the kinetic model had to be terminated before the evaporation time predicted
by the hydrodynamic model (which is always less than the evaporation time
predicted by the kinetic model). Then the values of the droplet radii pre-
dicted by the kinetic model were extrapolated until the complete evaporation
of the droplet.
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As one can see from Fig. 6, both the addition of p-dipropylbenzene and
kinetic effects lead to an increase in the evaporation time of droplets. To
estimate the effect of droplet composition on the kinetic effects, the following
error function is introduced:

E ≡
te(k) − te(h)

te(k)

× 100%, (18)

where te(k (h)) is the evaporation time predicted by the kinetic (hydrodynamic)
models. E is estimated as a percentage. Note that te(k) > te(h). The values
of E for the three mixtures presented in Fig. 6 are the following: 100% n-
dodecane – E = 1.61%, 80% n-dodecane – E = 1.70%, 70% n-dodecane –
E = 2.5%. Thus, the values of E increase with increasing p-dipropylbenzene
contribution. In all cases, these values remain less than 3%, and they need
to be taken into account only in the case of very accurate modelling of this
process.

The same plots as in Fig. 6 but for gas temperature equal to 700 K are
shown in Fig. 7. Comparing Figs. 6 and 7 one can see that the decrease in
gas temperature from 1000 K to 700 K leads to more that doubling of the
evaporation time and reduction of the kinetic effects for all three mixtures.
For 100% n-dodecane – E = 0.22%, 80% n-dodecane – E = 0.32%, 70%
n-dodecane – E = 0.58%. As in the case of gas temperature equal to 1000
K, the values of E increase with increasing p-dipropylbenzene contribution.
These errors can be safely ignored in all feasible applications.

We can expect that the kinetic effects will become even more noticeable at
temperatures greater than 1000 K. In this case, however, the droplet surface
temperatures are expected to approach the critical temperature well before
its final evaporation. Our model is expected to be less reliable as it is based
on the assumption that droplet surface temperature is not close to the critical
temperature.

The main problem with approximation of Diesel fuel by a mixture of n-
dodecane and p-dipropylbenzene is that the accuracy of this approximation
for modelling droplet heating and evaporation has not yet been carefully
investigated for a wide range of available Diesel fuels. In the case of Diesel
fuel considered in [11], the evaporation time of droplets with initial radii 5 µm
in gas at temperature 700 K, predicted by this approximation, turned out to
be about one half of the evaporation time predicted for a Diesel fuel droplet
in these conditions, although the prediction of this approximation is better
than the one for a pure n-dodecane droplet. As shown in [14], a reasonably
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accurate approximation for both the evaporation time and time evolution of
droplet surface temperature can be achieved when Diesel fuel is approximated
by about 15 quasi-components/components. Of course, it is not possible to
perform kinetic modelling for such a mixture; the approximation of Diesel fuel
by a two-component mixture is bound to be crude, although nobody, to the
best of our knowledge, has attempted to investigate this problem in depth
and found an optimal two-component approximation of Diesel fuel (apart
from the approximation used in this paper). We were able to show that
the mixture 10% n-dodecane and 90% dodecylbenzene (C18H30) leads to the
prediction of droplet evaporation times close to the one predicted for a Diesel
fuel droplet. To achieve this, however, it was necessary to tolerate rather large
differences in the predicted surface temperatures for this approximation and
for the approximation of Diesel fuel considered in [14].

4. Conclusions

The previously developed kinetic model for two-component droplet heat-
ing and evaporation into a high pressure background gas (air) has been ap-
plied to the analysis of n-dodecane and p-dipropylbenzene mixture droplet
heating and evaporation in Diesel engine-like conditions. As in our previous
papers (e.g. [11]), the kinetic heating and evaporation model is based on the
introduction of the kinetic region in the immediate vicinity of the heated
and evaporating droplets, where the dynamics of molecules are described in
terms of the Boltzmann equations for vapour components and air, and the
hydrodynamic region. In contrast to [11], the presence of two components
in the vapour are taken into account. The boundary conditions at the outer
boundary of the kinetic region are introduced by matching the mass fluxes
of vapour components leaving the kinetic region and entering into the sur-
rounding hydrodynamic region. The effects of finite thermal conductivity
inside the droplets and inelastic collisions in the kinetic region are taken
into account as in [11]. In contrast to [11], we also considered the effects of
species diffusivity inside the droplets. The evaporation coefficient for both
components is assumed equal to 1.

It is pointed out that for the parameters typical for Diesel engine-like
conditions, the heat flux in the kinetic region is a linear function of the vapour
temperature at the outer boundary of this region, but is almost independent
of the densities of vapour components at this boundary in a certain range
of these densities, as in the case of monocomponent droplets (see [11]). The
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mass fluxes of both components in the kinetic region are shown to decrease
almost linearly as their densities at the outer boundary of the kinetic region
increase, but are almost independent of the temperatures at this boundary
in a certain range of these temperatures, as in the case of monocomponent
droplets. Using the matching conditions at the outer boundary of the kinetic
region, the values of temperature and densities of both components at this
boundary have been found.

The model is tested for the analysis of heating and evaporation of droplets
with initial radii and temperature equal to 5 µm and 300 K, immersed into
gas with temperatures 1000 K and 700 K for three droplet compositions (in
terms of molar fractions): pure n-dodecane, a mixture of 80% n-dodecane
and 20% p-dipropylbenzene, and a mixture of 70% n-dodecane and 30% p-
dipropylbenzene. It is shown that both the addition of p-dipropylbenzene
and kinetic effects lead to an increase in the evaporation time of droplets. In
all cases, the kinetic effects on the droplet evaporation times increase with
increasing p-dipropylbenzene contribution and gas temperature.
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Figure Captions

Fig. 1 Liquid, kinetic and hydrodynamic regions near the surface of the
droplet. Ts is the droplet surface temperature, ρs (n,p) are the n-dodecane (n)
and p-dipropylbenzene (p) vapour densities in the immediate vicinity of the
droplet surface, TRd and ρRd (n,p) are the temperature and the n-dodecane
(n) and p-dipropylbenzene (p) vapour densities at the outer boundary of the
kinetic region.

Fig. 2 The plots of normalised heat flux q̃k versus ρ̃Rd for T̃Rd = 1.05 and
T̃Rd = 1.10 for an 80% n-dodecane and 20% p-dipropylbenzene mixture at
droplet surface temperature 600 K.

Fig. 3 The plots of mass fluxes, predicted by the kinetic model, of n-
dodecane j̃k (n) and p-dipropylbenzene j̃k (p) versus T̃Rd for ρ̃Rd = 0.7 under
the same conditions as in Fig. 2.

Fig. 4 The plots of the heat flux predicted by the kinetic model, q̃k,
versus T̃Rd and the heat flux predicted by the hydrodynamic model, q̃h =
qh/(p0

√
RvT0), versus T̃Rd (horizontal line) for ρ̃Rd = 0.7 and an 80% n-

dodecane and 20% p-dipropylbenzene mixture droplet of radius 5 µm, surface
temperature 600 K and gas temperature 1000 K. The intersection between
the q̃k and q̃h gives the value of T̃Rd = 1.022.

Fig. 5 The plots of the mass flux of the components predicted by the
kinetic model, j̃k, versus ρ̃Rd for T̃Rd = 1.05 and the hydrodynamic model,
j̃h = jh/(p0

√
RvT0), for n-dodecane (j̃h (n)) and p-dipropylbenzene (j̃h (p)) ver-

sus ρ̃Rd (ρ̃Rd (n) and ρ̃Rd (p) for the same parameters as in Fig. 4). j̃h (n) and

j̃h (p) are shown by horizontal lines. The intersections between the horizon-
tal and inclined lines give the required values of ρ̃Rd: ρ̃Rd(n) = 0.983 for
n-dodecane and ρ̃Rd(p) = 0.987 for p-dipropylbenzene.

Fig. 6 The plots of Rd and Ts versus time, as predicted by the kinetic
and hydrodynamic models for droplets with initial radii and temperature
equal to 5 µm and 300 K, immersed into gas with temperature 1000 K; pure
n-dodecane and mixtures of n-dodecane and p-dipropylbenzene have been
considered; the link between the modelling conditions and the plots is shown
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in Table 2. A refers to the zoomed part of the figure for droplet surface
temperatures; B refers to the zoomed part of the figure for droplet radii.

Fig. 7 The same as Fig. 6, but for the gas temperature 700 K.

Table Captions

Table 1 Chemical formulae, molar masses and molecular diameters of
n-dodecane, p-dipropylbenzene and nitrogen, used in our analysis.

Table 2 The link between the modelling conditions and the plots shown
in Figs. 6 and 7.
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