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Abstract

A new kinetic model for heating and evaporation of Diesel fuel droplets is suggested. The 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. The effects of finite thermal conductivity and species diffusivity inside
the droplets and inelastic collisions in the kinetic region are taken into account. Diesel fuel is approximated
by n-dodecane or a mixture of 80% n-dodecane and 20% p-dipropylbenzene. In both cases, the evaporation
coefficient is assumed equal to 1. The values of temperature and vapour density at the outer boundary of
the kinetic region are inferred from the requirement that both heat flux and mass flux of vapour (or vapour
components) in the kinetic and hydrodynamic regions in the vicinity of the interface between these regions
should be equal. Initially, the heat and mass fluxes in the hydrodynamic region are calculated based on
the values of temperature and vapour density at the surface of the droplet. Then the values of temperature
and vapour density at the outer boundary of the kinetic region, obtained following the above-mentioned
procedure, are used to calculate the corrected values of hydrodynamic heat and mass fluxes. The latter in
their turn lead to new corrected values of temperature and vapour density at the outer boundary of the
kinetic region etc. It is shown that this process quickly converges for the cases analysed in the paper, and
it leads to self-consistent values for both heat and mass fluxes. The model is applied to the analysis of
heating and evaporation of Diesel fuel droplets with initial radii and temperature equal to 5 pum and 300
K, immersed into gas with temperatures in the range 800-1200 K and pressure equal to 30 bar. It is shown
that in all cases the kinetic effects lead to a decrease in droplet surface temperature and an increase in the
evaporation time. The kinetic effects on the droplet evaporation time are shown to increase with increasing
gas temperatures.

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

kinetic effects
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Nomenclature

By Spalding mass transfer number

By Spalding heat transfer number

c specific heat capacity

D binary diffusion coefficient

E relative error defined by Equation (13)

F parameter defined by Equation (9)

h convection heat transfer coefficient
mass flux

k thermal conductivity

L latent heat of evaporation

Le Lewis number

m mass

Nu Nusselt number

D pressure

Pr Prandtl number

q heat flux

QL power spent on droplet heating

Re Reynolds number

R, gas constant referring to n-dodecane

Ry droplet radius

Sc Schmidt number

Sh Sherwood number

T temperature

Y mass fraction

Greek symbols

Qp, Prd/Ps, Tra/Ts

ORd thickness of the kinetic region

€ evaporation rate of individual species
density

® parameter defined by Equation (8)
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Subscripts
a

cr

d

e

eff

Superscripts

7

sat

1. Introduction

In most engineering applications, including automotive ones, the modelling of droplet heating and evap-
oration processes has been based on the hydrodynamic approximation, when vapour at the droplet surface
is assumed to be saturated and the problem of droplet evaporation reduces to the problem of diffusion of
vapour from the droplet surface to the ambient gas [1]. At the same time, the limitations of this approx-

imation, even in the case when these processes take place at high pressures, have been well known since
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the pioneering papers published more than 100 years ago (see the references in [2]). In a number of stud-
ies, including [3]-[8], the evaporation of n-dodecane CioHgg (an approximation for Diesel fuel) was studied
and a new model combining the kinetic and hydrodynamic approaches was developed. 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 equations for vapour and air (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. In [9, 10] this approach
was generalised to take into account the contribution of two components in liquid and vapour. Using this
method, Diesel fuel was approximated as a mixture of n-dodecane (approximating alkanes in Diesel fuel)
and p-dipropylbenzene (approximating aromatics in Diesel fuel). The modelling took into account the con-
tributions of three components in the kinetic region (two components approximating Diesel fuel, and air
approximated by nitrogen).

In all of the above-mentioned kinetic models it was assumed that the distribution function of evaporated
molecules is Maxwellian and vapour pressure at the droplet surface is saturated (mono-component droplets)
and obeys Raoult’s law (bi-component droplets). The mass flux of evaporated molecules was controlled by
the evaporation coefficient, which is the ratio of the actual mass flux of molecules leaving the droplet surface
and the maximal possible one. In the earliest publication [3] this coefficient was assumed to be equal to
0.04 and 0.5 (minimal and average values of this coefficient for water). Later, it was assumed equal to 1,
except in [8]. In the analysis presented in [8] the values of this coefficient inferred from molecular dynamic
simulations of the evaporation of n-dodecane [11] were used. The analysis presented in [11] was based on
the so called Force Field (FF) approximation, when quantum mechanics effects due to the contribution of
electron shells were not taken into account. Later it was shown that quantum mechanics effects do not have
significant influence on the values of this coefficient [12, 13]. As shown in our previous papers (e.g. [8]) the
effect of the evaporation coefficient on the droplet evaporation rate is relatively small. In our analysis this
coeflicient is assumed to be equal to 1.

In all models described in [3]-[8] and [10] the boundary condition at the interface between the kinetic
and hydrodynamic regions was inferred based on the requirement of the conservation of heat and mass
fluxes at this interface. The hydrodynamic heat and mass fluxes were calculated based on the simplifying
assumptions that the temperature at the outer boundary of the kinetic region is equal to the droplet surface
temperature and vapour pressure at this boundary is equal to the saturated vapour pressure at temperature
equal to the droplet surface temperature. The requirement of the conservation of heat and mass fluxes at
this interface allowed the authors of the models described in [6]-[8] and [10] to find the corrected values of
temperature and vapour density. The main problem with this approach is that the heat and mass fluxes
in the hydrodynamic region, calculated based on these corrected values of temperature and vapour density,
are not equal to the heat and mass fluxes in the hydrodynamic region used to find these corrected values,
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in the general case. The only feasible way to overcome this problem seems to be to perform iterations; that
is, to use the corrected values of temperature and vapour density (or densities in the case of bi-component
droplets) at the outer boundary of the kinetic region to calculate the corrected values of hydrodynamic heat
and mass fluxes. The latter in their turn would lead to new corrected values of temperature and vapour
density at the outer boundary of the kinetic region etc. If this process converges then we would expect to
obtain self-consistent values for both heat and mass fluxes. The main objective of this paper is to present
the results of the development of the new kinetic model, based on the above-mentioned iteration process,
leading to the discovery of self-consistent heat and mass fluxes, and the application of this model to the
analysis of droplet heating and evaporation in realistic Diesel engine-like conditions.

The mathematical models, used in the analysis of the processes in the hydrodynamic and kinetic regions,
are briefly summarised in Section 2. The iteration processes used in our analysis and the results of their
application are described in Section 3 for conditions typical of Diesel engines in the cases where Diesel
fuel is approximated by n-dodecane and a mixture of n-dodecane and p-dipropylbenzene. The results of
applications of the new model to the analysis of Diesel fuel droplet heating and evaporation in typical Diesel
engine-like conditions are presented in Section 4. The main results of the paper are summarised in Section

o.

2. Mathematical models

As in most of our previous papers (e.g. [10]), two regions above the surface of an evaporating fuel
droplet, the kinetic and hydrodynamic regions, are considered. We take into account the fact that the
thermal conductivity of the liquid phase is finite, and identify the third region as the liquid phase region.
All three regions are schematically shown in Fig. 1. T and p; (5, ) refer to the surface temperature and vapour
density of n-dodecane (n) and p-dipropylbenzene (p) in the immediate vicinity of the droplet surface; Trq and
PRd (n,p) Tefer to the same parameters but at the interface between the kinetic and the hydrodynamic regions.
ORrq is the thickness of the kinetic region. As in [10], 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.

The mathematical models for all three regions, used in our analysis, are essentially the same as described
in [14, 10]. In what follows the most essential features of these models are briefly summarised.

As in [14, 10], the effects of finite thermal conductivity and species diffusivity in the liquid phase are
taken into account based on the analytical solutions to the heat conduction and species diffusion equations
inside droplets, assuming that all processes are spherically symmetric. Both solutions are generalised to the

case of moving droplets using the effective thermal conductivity and effective diffusivity models. Raoult’s
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law for the partial pressures of vapour species at the surface of the droplets is assumed to be valid in the
case of bi-component droplets. The effects of the curvature of the droplet surface are ignored.

A system of up to three Boltzmann equations (for up to two vapour species, and air approximated by
nitrogen) is solved in the kinetic region, assuming that the evaporation coefficient for all species is equal to 1.
The effects of both elastic and inelastic collisions are taken into account, using the same approach as in [10].

The boundary conditions at the interface between the kinetic and hydrodynamic regions are formulated as:

Jk (n,p) — Jn (n,p) (1)

(mass flux leaving the kinetic region (k) is equal to the mass flux entering the hydrodynamic region (h) for

n-dodecane (n) and p-dipropylbenzene (p)) and
Ik = qn (2)

(heat flux leaving the kinetic region (k) is equal to the heat flux entering the hydrodynamic region (h)).

The values of ji (n,p) and g were calculated based on the solution to Boltzmann equations, while jj, (n,p)

and gy, in the hydrodynamic region were estimated as [14, 10]:

. _ 6iT.nd _ D'uptotal
Ihnp) = T R2 T TR,

€;Sh*In(1 + Byy), (3)

(i refers either to n-dodecane (i = n) or p-dipropylbenzene (i = p)) and

Kmix % ln(l —+ BT)
= N T, —T, =h(T, - T, 4
= N —p- (Ty — Tra) = W(Ty — Tra), (4)
where
Yyird
G = == - 5
> izn,p YoiRd )

the subscripts ,, and rq indicate the vapour phase and the interface between the kinetic and hydrodynamic

regions respectively, Y, is the vapour mass fraction,

v - Pvoo Yv - Yvoo
By = PvRd — P _ YwvRd (6)
PyRd 1—-YyRra

Br = %&f—ﬂ’ Leg =L+ % =&l + ﬁ, Q1. is the power spent on droplet heating, ¢, is the
specific heat capacity of fuel vapour (estimated for the mixture of vapour species in the case of bi-component

droplets), By and Bjs are linked by the equation

Br =(14+Bum)? -1, (7)

_ () (Sh) L
o= () (w) L 8)

Le = ko /(cpaprotarDy) = Sca/Prq is the Lewis number,

Sp* = 9 (1 N (1 + RegScq) ™ max 1, Reg'mq - 1)

2F(Bu)
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Nt —2 (14 (1+ RedPrd)1/3 max [LReg'OW] -1
2F(Br) ’

0.7 (1 + Br ar)

F(Brym) = (14 Brm) Bror

(9)
Rey, Pry, Scy are Reynolds (based on droplet diameter), Prandtl, and Schmidt numbers respectively, h is
the convection heat transfer coefficient. As in the analysis presented in our previous papers (e.g. [10]), we
assume that the mass diffusion coefficients in the gas phase for both components (D, ) are the same.

The vapour saturated pressures and other thermodynamic parameters and transport coefficients for liquid
and vapour for n-dodecane and p-dipropylbenzene are taken to be the same as in [10] (for n-dodecane these
values were ultimately taken from [15]). Thermodynamic and transport properties of the mixture of vapour
and air are assumed to be the same as those of pure air (vapour is assumed to be diluted). For example the
thermal conductivity of the mixture kyix in Expression (4) is assumed to be equal to that of air. All air
properties are taken from [16]. To find the temperature and vapour density at the outer boundary of the

kinetic region, Expression (8) was simplified to:

Cpu 1
) 10
(Cpa ) Le’ ( )

assuming that Sh*/Nu” is close to 1 (this allowed us to avoid an additional iteration loop on top of the
one described in the next section). The general Expression (8) was used in the hydrodynamic calculations,
the results of which, in their turn, were used as input parameters in the kinetic model. Equation (10) is
strictly valid in the case of stationary droplets only. The validity of this approximation for moving droplets
in typical Diesel engine conditions was demonstrated in [17].

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

sat) for n-dodecane and p-dipropylbenzene used

Note that the expressions for saturated vapour pressure (p
in our analysis cannot be considered reliable at temperatures close to or above the critical temperatures.
Heating and evaporation of the droplets at 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 to the overall droplet heating and evaporation,
however, is expected to be small. To mitigate this behaviour of droplet surface temperature, the saturated
pressures were artificially increased when the temperatures approached or exceeded the corresponding critical

temperatures, using the following formula:

sat (corrected) — psat when T S 099 Tcr (11)

exp [15(T — 0.99T;,)/0.99 To,] p*¢  when T > 0.99 T,
7

p
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where ., indicates the critical temperature. This correction affected the very final stage of droplet evaporation
(when their mass becomes less than about 1% of the initial mass in most cases) and produced negligible
effects on the overall process of droplet heating and evaporation.

Since the values of fuel vapour density and temperature at level gq (outer boundary of the kinetic region)
are not known, at the first step these values are assumed equal to those at the droplet surface (level ).

As in [10], the first step in the solution of the Boltzmann equations was to perform an investigation into
mass and heat transfer processes in the kinetic region for a set of values of prq (for each of the vapour
components separately in the case of bi-component droplets) and Tr4. These parameters were assumed to
be in the ranges: pra < ps and Trq > Ts (heating of droplets in a hot gas). For the chosen values of prq and
TRra, the solution to the Boltzmann equations in the kinetic region allowed us to calculate the normalised

mass and heat fluxes at the outer boundary of this region:

Ji (m,p) = Jk(mp)/ (PoV RoT0), G = qx/(pov/ RoTo),

where R, is the gas constant referring to n-dodecane vapour, Tj is the reference temperature chosen equal
to 600 K, pg and pg are the saturated n-dodecane vapour pressure and density corresponding to Ty, po was
calculated from the ideal gas law. In [8, 10] it was shown that for the case of heating and evaporation of n-
dodecane or a mixture of n-dodecane and p-dipropylbenzene droplets, the values of i are almost independent
of @, = pra/ps in a certain range of a, and the values of jk are almost independent of ar = Trq/Ts in a
certain range of ar relevant to the conditions typical for Diesel engines.

At the same time for both mono- and bi-component droplets it was shown that ¢ increases almost
linearly with increasing ap, and ji decreases almost linearly with increasing ap. As mentioned earlier, in
our previous papers the values of Ty and prq were found from Equations (1) and (2), assuming that ar =1
and o, = 1 for the hydrodynamic model. A more accurate model for finding these parameters, focused on

the calculation of self-consistent fluxes, is described in the next section.

3. Calculation of self-consistent mass and heat fluxes

Let us assume that Diesel fuel can be approximated by n-dodecane, a droplet is stationary and its
surface temperature is equal to 600 K; gas temperature and pressure are assumed equal to 1000 K and 30
bar respectively. The plots of jx = jin /(pov/RuTp) versus a, and gk = qi/ (povR,Tp) versus ar are shown
in Figs. 2 and 3 respectively (lines indicated as ‘k’). In the same figures, the plots of j, = ju n/(pov/RoT)
versus o, and Gn = qn/(pov/RyTo) versus ar, assuming that o, = 1 and ar = 1, are also shown (lines
marked ‘h’, iteration 1). The intersection between these two pairs of lines gave the values a, = 0.994 and
ar = 1.036. In our previous analysis these corrections were directly used for calculation of mass and heat

fluxes, taking into account the kinetic effects. In the new model, these corrections are used for updating the
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values of j, and Gy, and the updated values of these fluxes are shown in Figs. 2 and 3 as the lines marked ‘h’,
iteration 2. The intersections of these new lines with lines ji and G provide us updated values a, = 0.993
and ap = 1.034. Further iterations up to iteration 50 do not lead to any visible changes in these corrections,
as shown in the same Figs. 2 and 3. As follows from the above analysis, the calculation of self-consistent
fluxes leads to a slight decrease in the values of both a, and ar for a droplet surface temperature of 600 K.
Note that, in contrast to the previously used non-self-consistent model, our new approach does not rely on
the observation that gy is almost independent of c, and Jk is almost independent of cvp.

The same iteration procedure and for the same conditions as presented in Figs. 2 and 3, but for droplets
moving with relative velocity equal to 10 m/s, is shown in Figs. 4 and 5. Comparing the plots shown in Figs.
2 and 3 with those shown in Figs. 4 and 5, one can see that in the case of the moving droplets there is a visible
difference between the values of a, and ar predicted after the second and 50th iterations. The difference in
the values of a, and a7 inferred from consecutive iterations decreases with increasing iteration number, so
that the differences between these values inferred from the 49th iteration are almost indistinguishable from
those inferred from the 50th iteration. The values of a, and ar for the self-consistent mass and heat fluxes
predicted for the moving droplet are visibly lower than the ones predicted for the stationary droplet.

The same analysis as presented in Figs. 2-5 was repeated for other droplet surface temperatures in the
range 300-650 K and gas temperatures 800 K, 1000 K and 1200 K. Also, the same analysis was repeated for bi-
component droplets (80% n-dodecane and 20% p-dipropylbenzene mixture) for droplet surface temperatures
in the range 300-650 K and gas temperature equal to 1000 K. The predictions of the kinetic model at
temperatures close to the critical temperature of n-dodecane (T, = 659 K) proved to be unreliable and it
was assumed that the values of a, and o at T, > 650 K are the same as at T = 650 K. This assumption
is expected to affect the very final stage of droplet evaporation, and has limited effect on the overall picture
of droplet heating and evaporation. As mentioned in our earlier paper [10], both hydrodynamic and kinetic
models are not reliable at high gas temperature. For example, the derivation of Expression (3) was based on
the assumption that pyota; does not depend on the distance from the droplet surface. This cannot be satisfied
in the case of large differences between the values of droplet surface and gas temperatures. The model in
which this assumption is relaxed was suggested in [18, 19], but it is too complex for use in our analysis, and
is based on several additional assumptions the applicability of which to Diesel engine-like conditions is not
at first evident.

The results of the above-mentioned analyses are presented in the form of the plots of a, and ar versus
droplet surface temperatures T for various gas temperatures and droplet velocities and compositions, shown
in Figs. 6-19. Ambient gas pressure in all cases is equal to 30 bar. The plots shown in Figs. 6 and 7 refer
to stationary n-dodecane droplets immersed into gas at temperature 800 K. As can be seen from Fig. 6, the
values of a, decrease with increasing 7. The values of a, inferred from iteration 2 are slightly lower than
those inferred from iteration 1, and are almost indistinguishable from those inferred from all the following
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iterations up to iteration 50. The behaviour of the curve ar versus Ty, shown in Fig. 7, appears to be more
complex than that of a,, versus 7. For low temperatures ar increases with increasing T, at intermediate
temperatures ap decreases with increasing T, and at temperatures close to 650 K, ap again increases with
increasing T,. As in the case of «,, the values of ar inferred from iteration 2 and higher iterations are
almost indistinguishable. These values are slightly higher than those inferred from iteration 1 for low T
and slightly lower than those inferred from iteration 1 for high Ts. In our analysis, the values inferred from
iteration 50 are assumed to describe adequately the self-consistent heat and mass fluxes in the vicinity of
the surfaces of heated and evaporating droplets.

The same plots as presented in Figs. 6 and 7, but for gas temperature equal to 1000 K, are shown in
Figs. 8 and 9. The curves shown in Figs. 8 and 9 are similar to those shown in Figs. 6 and 7, except that the
difference between the values of o, and ar inferred from iterations 2-50 and those inferred from iteration
1, are larger in the case of gas temperature equal to 1000 K than in the case of gas temperature equal to
800 K. The values of these coeflicients at Ts = 600 K are the same as shown in Figs. 2 and 3.

The same plots as presented in Figs. 8 and 9, but for droplets moving with velocity 10 m/s, are shown
in Figs. 10 and 11. The general shapes of the curves shown in Figs. 10 and 11 are similar to those shown
in Figs. 8 and 9, although comparing these curves one can see that droplet movement leads to increased
difference between the values of v, and ap, inferred from iterations 1 and 2 (and all the following iterations).
As can be seen from Fig. 10, the values of «, inferred from iteration 3 are almost indistinguishable from
those inferred from iteration 50. This pattern was observed for all other curves although in most cases this
is not explicitly demonstrated.

The same plots as presented in Figs. 8 and 9, but for gas temperature equal to 1200 K, are shown in
Figs. 12 and 13. The curves shown in Figs. 12 and 13 are similar to those shown in Figs. 8 and 9, except
that the values of a, tend to be lower and the values of ar tend to be higher for gas temperature 1200 K
compared with the case of gas temperature 1000 K. This shows a tendency for enhanced kinetic effects with
increasing gas temperature.

Let us now consider the case when Diesel fuel is approximated by a mixture of 80% n-dodecane and
20% p-dipropylbenzene and gas temperature and pressure are equal to 1000 K and 30 bar respectively.
Droplets are assumed to be stationary. The plots of o, n = pra (n)/Ps (n) (normalised n-dodecane density)
versus T, calculated following the procedure shown in Figs. 2 and 4 and inferred from iterations 1-50, are
presented in Fig. 14. The results inferred from iteration 2 and all the following iterations turned out to be
indistinguishable. Comparing Figs. 14 and 8 one can see that the presence of the second component does
not affect the trends of the curves o, ,, versus Ts.

The same plots as shown in Fig. 14 but for o, , = pra (p)/ps (p) (normalised p-dipropylbenzene density)
versus T are presented in Fig. 15. Comparing Figs. 15 and 14 one can see that the values of «, ,, are visibly
larger than the values of «, ,, (kinetic effects for p-dipropylbenzene are weaker than for n-dodecane).
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The plots of ar = Trq/Ts (normalised temperature at the outer boundary of the kinetic region) versus
Ty, calculated following the procedure shown in Figs. 3 and 5 and inferred from iterations 1-50, are presented
in Fig. 16. The general shapes of the curves shown in this figure are similar to those shown in Figs. 7, 9,
11 and 13. The results for iteration 2 are almost indistinguishable from those for iteration 3 and all the
following iterations up to iteration 50.

The same plots as presented in Figs. 14 and 15, but for a droplet moving with velocity 10 m/s, are shown
in Figs. 17 and 18. Comparing the plots shown in Figs. 14 and 15 and those shown in Figs. 17 and 18, one
can see that the movement of droplets leads to increased deviation between the values of coefficients inferred
from iteration 1 and the following iterations.

The same plots as presented in Fig. 16, but for the droplet moving with velocity 10 m/s, are shown in
Fig. 19. Comparing the plots shown in Fig. 16 and those shown in Fig. 19, one can see that the movement
of droplets leads to increased deviation between the values of coefficients inferred from iteration 1 and the
following iterations. The values of a,,, and a, , tend to be smaller and the values of ar tend to be larger
for moving droplets compared with stationary ones.

The values of a, (¢, » and «, , in the case of bi-component droplets) and o shown in Figs. 6-19 were used
to modify equations for the hydrodynamic model to take into account the kinetic effects. In the case of mono-
component droplets, the corrections «, lead to the replacement of Y, with Yrq = ,Y, and the corresponding
modifications of Spalding numbers By and Br (see Equations (6) and (7)). The modification of By, leads
to the corresponding modification of the mass flux from the surface of the evaporating droplets (see Equation
(3)). Also, the corrections ar lead to the replacement of Ty with Try = arTs. The modifications of By and
T, lead to the modification of the heat flux reaching heated and evaporating droplets described by Equation
(4).

In the case of multi-component (bi-component in the case studied in our paper) droplets, the corrections
a, n lead to the replacement of Yy () with Yrg (n) = @) nYs (n), and the corrections «,, , lead to the replace-
ment of Y, ) with Yrg ) = @, Y (). The value of Yrq in this case is calculated as Ygrq (n) + Yra (p)-
Similarly the value of ¢; is modified to take into account the kinetic effects, using the definition of this
parameter (see Equation (5)). The remaining analysis is the same as in the case of the mono-component
droplet.

To take into account the kinetic effects in the analytical solution for the temperature inside droplets we

make the following replacement:
Ty —Tra

k_ k
h — h" = h(B7}) T,—T.

(12)

In our analysis, the values of «, (c, , and «,, in the case of bi-component droplets) and ar shown in
Figs. 6-19 were approximated by analytical formulae shown in Appendix 1. Unfortunately, these analytical

formulae were derived for a limited set of gas temperatures and this limits their potential for implementation
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in Computational Fluid Dynamics (CFD) codes, to take into account kinetic effects, without first performing
proper kinetic calculations. Once these analytical formulae are obtained for more gas temperatures relevant
to Diesel engine applications, similar analytical expressions describing the effects of gas temperatures on
the values of o, (c, , and «, p, in the case of bi-component droplets) and o could potentially be obtained.
This approach could possibly be more efficient for approximating kinetic results compared with the direct
comparison between the values of droplet radii and surface temperatures predicted by hydrodynamic and
kinetic models as suggested in [20]). The feasibility of this approach for a wide range of parameters has yet
to be investigated.

In the next section, the results of modelling of Diesel fuel droplet heating and evaporation, using the

model described above, are demonstrated.

4. Droplet heating and evaporation

The results of calculation of the radii and surface temperatures versus time for a stationary n-dodecane
droplet with initial radius and temperature equal to 5 um and 300 K respectively, immersed into gas with
temperature 1000 K and pressure 30 bar, predicted by the hydrodynamic and kinetic models described in the
previous section (for iteration 50), are shown in Fig. 20. As one can see from this figure, the kinetic effects
lead to a slight reduction of the droplet surface temperature and a noticeable increase in the evaporation
time. This increase is described by parameter E}, defined as

tc - te
E), = % x 100%, (13)
ek

where t.  and t. j are droplet evaporation times predicted by the kinetic and hydrodynamic models respec-
tively. In the case of the plots shown in Fig. 20, E}, = 3.7%.

It was shown that the decrease/increase in gas temperature leads to an increase/decrease in the evapo-
ration time as expected. Comparing the calculations for gas temperatures 800 K, 1000 K and 1200 K, and
droplet velocities 0 and 10 m/s we were able to show that for mono-component droplets the relative increase
in the evaporation times due to kinetic effects is more visible at high gas temperatures and droplet velocities.
For stationary droplets the values of Ej increased from 3.2% to 5.0% when gas temperature increased from
800 K to 1200 K. For droplets moving with a velocity of 10 m/s the values of Ej were found to be 5.7%,
6.7% and 6.4% for gas temperatures 800 K, 1000 K and 1200 K, respectively. For all gas temperatures
and droplet velocities under consideration, the kinetic effects led to a slight reduction in the droplet surface
temperature.

The same plots as shown in Fig. 20, but for a bi-component droplet (a mixture of 80% n-dodecane and
20% p-dipropylbenzene) are presented in Fig. 21. Comparing the curves shown in Figs. 20 and 21, one can
see that the addition of p-dipropylbenzene leads to a slight increase in the droplet evaporation time, without
noticeable changes in other properties. In this case, Fj = 2.8%.
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The same plots as shown in Fig. 20, but for a bi-component droplet moving with velocity 10 m/s, are
presented in Fig. 22. As in the case of stationary droplets, one can see that the addition of p-dipropylbenzene
leads to a slight increase in the droplet evaporation time, without noticeable changes in other properties. In
this case, By = 5.7%.

The plots of mass fractions of n-dodecane (Y;,) and p-dipropylbenzene (Y;,) at the surface of the
droplet, predicted by hydrodynamic and kinetic models, versus time for the same droplet as described in
Fig. 22 are shown in Fig. 23. As one can see from this figure, at the final stage of droplet evaporation the
mass fraction of n-dodecane decreases (this is the most volatile component in the mixture) and the mass
fraction of p-dipropylbenzene increases (this is the least volatile component in the mixture). This explains
why the addition of p-dipropylbenzene leads to an increase in the droplet evaporation time.

Note that the analysis so far has been focused on droplets with initial radii 5 gm. The kinetic effects
decrease with increasing droplet radii (e.g. [20]). For smaller droplet radii, the kinetic effects are expected
to be more pronounced compared with those for droplets with radii equal to 5 pum. The contribution of
these droplets in Diesel engines, however, is expected to be small. Also, the analysis of the kinetic effects
for these small droplets would require taking into account the effects of surface tension on the heat transfer
and evaporation processes (these were ignored in our analysis).

Comparing the plots shown above and the corresponding plots predicted by the non-self-consistent model,
described in our previous paper [10], one can see that in most cases the self-consistent model leads to larger
kinetic corrections compared with those predicted by the non-self-consistent model for the cases considered

in our paper.

5. Conclusions

A new kinetic model for heating and evaporation of droplets is suggested and applied to the analysis
of Diesel fuel droplet heating and evaporation in Diesel engine-like conditions. As in our previous papers
(e.g. [8, 10]), the 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. The boundary conditions at the
outer boundary of the kinetic region are introduced by matching the heat fluxes and mass fluxes of vapour
components leaving the kinetic region and entering into the surrounding hydrodynamic region. The effects
of finite thermal conductivity and species diffusivity inside the droplets and inelastic collisions in the kinetic
region are taken into account. Diesel fuel is approximated by n-dodecane or a mixture of 80% n-dodecane
and 20% p-dipropylbenzene. In both cases, the evaporation coefficient is assumed equal to 1.

Attention is drawn to the fact that in the previous papers (e.g. [8, 10]) the heat and mass fluxes in the

hydrodynamic region, based on which the temperature and vapour density at the outer boundary of the

13
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kinetic region were obtained, were calculated based on the values of temperature and vapour density at the
surface of the droplet. These values are not the same as those at the outer boundary of the kinetic region,
and this means that the whole approach used in [8, 10] is not self-consistent.

To overcome this problem iterations were used. The values of temperature and vapour density at the
outer boundary of the kinetic region, obtained following the above-mentioned procedure, were used to
calculate the corrected values of hydrodynamic heat and mass fluxes. The latter in their turn led to new
corrected values of temperature and vapour density at the outer boundary of the kinetic region etc. It was
shown that this process quickly converges for the cases analysed in the paper, and it leads to self-consistent
values for both heat and mass fluxes.

Following this procedure, a set of coefficients a, = pra/ps (normalised vapour density at the outer
boundary of the kinetic region) and ap = Trq/Ts (normalised temperature at the outer boundary of the
kinetic region) were obtained for a set of conditions and droplet surface temperatures in the range 300-
650 K, assuming that Diesel fuel can be approximated by n-dodecane. In the case when Diesel fuel was
approximated by a mixture of n-dodecane and p-dipropylbenzene, o, was replaced with a, n = pra (n)/Ps (n)
(normalised n-dodecane density) and «, , = pRra (p)/Ps (p) (normalised p-dipropylbenzene density). These
coefficients were implemented into the hydrodynamic code and used for calculation of Diesel fuel droplet
heating and evaporation.

The model was applied for the analysis of heating and evaporation of Diesel fuel droplets with initial
radii and temperature equal to 5 pm and 300 K, immersed into gas with temperatures equal to 800 K, 1000
K and 1200 K and pressure equal to 30 bar. Droplets were stationary or moving with velocity equal to 10
m/s. It was shown that in all cases the kinetic effects led to a decrease in droplet surface temperature and an
increase in the evaporation time. This increase is shown to be more visible for higher gas temperatures and
moving droplets. The addition of p-dipropylbenzene is shown to decrease the kinetic effects on the droplet

evaporation time.
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Figure Captions

Fig. 1 Liquid, kinetic and hydrodynamic regions near the surface of the droplet. T is the droplet surface

temperature, p, () are n-dodecane (,,) and p-dipropylbenzene (;,) vapour densities in the immediate vicin-
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ity of the droplet surface, Trq and prq (n,p) are the temperature and n-dodecane (,,) and p-dipropylbenzene

(p) vapour densities at the outer boundary of the kinetic region.

Fig. 2 The plots of normalised mass fluxes j = j/(pov/Ry10) predicted by the kinetic (line ‘k’) and hy-
drodynamic (lines ‘h’) models for a stationary n-dodecane droplet versus o, = prq/ps (normalised vapour
density at the outer boundary of the kinetic region). Droplet surface and gas temperatures are assumed
equal to 600 K and 1000 K respectively. The values of «, inferred from iteration 2 and higher iterations are

indistinguishable.

Fig. 3 The plots of normalised heat fluxes ¢ = ¢/(pov/R,Tp) predicted by the kinetic (line ‘k’) and
hydrodynamic (lines ‘h’) models for a stationary n-dodecane droplet versus ap = Trq/Ts (normalised tem-
perature at the outer boundary of the kinetic region). Droplet surface and gas temperatures are assumed
equal to 600 K and 1000 K respectively. The values of ap inferred from iteration 2 and higher iterations

are indistinguishable.

Fig. 4 The same as Fig. 2 but for a droplet moving with velocity 10 m/s. In this case there is a visible

difference between the results inferred from iteration 2 and iteration 50.

Fig. 5 The same as Fig. 3 but for a droplet moving with velocity 10 m/s. In this case there is a visible

difference between the results inferred from iteration 2 and iteration 50.

Fig. 6 The plots of o, versus T for a stationary n-dodecane droplet immersed in gas (air) at temperature

equal to 800 K. The values of o, inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 7 The plots of ar versus T for a stationary n-dodecane droplet immersed in gas (air) at tempera-

ture equal to 800 K. The values of ap inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 8 The plots of o, versus T for a stationary n-dodecane droplet immersed in gas (air) at temperature

equal to 1000 K. The values of «, inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 9 The plots of ar versus T for a stationary n-dodecane droplet immersed in gas (air) at tempera-

ture equal to 1000 K. The values of a7 inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 10
The plots of «, versus T for a n-dodecane droplet moving with velocity 10 m/s in gas (air) at temper-
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ature equal to 1000 K.

Fig. 11 The plots of ar versus T for a n-dodecane droplet moving with velocity 10 m/s in gas (air) at

temperature equal to 1000 K.

Fig. 12 The plots of «, versus T for a stationary n-dodecane droplet immersed in gas (air) at tempera-

ture equal to 1200 K. The values of «, inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 13 The plots of ar versus T for a stationary n-dodecane droplet immersed in gas (air) at tempera-

ture equal to 1200 K. The values of ar inferred from iteration 2 and higher iterations are indistinguishable.

Fig. 14 The plots of ay . = pRra (n)/ Ps (n) (normalised n-dodecane density) versus T for a stationary
bi-component droplet (a mixture of 80% n-dodecane and 20% p-dipropylbenzene) immersed in gas (air) at
temperature equal to 1000 K. The values of «, inferred from iteration 2 and higher iterations are indistin-

guishable.

Fig. 15 The plots of o), = pra (p)/Ps (p) (normalised p-dipropylbenzene density) versus T for a sta-
tionary bi-component droplet (a mixture of 80% n-dodecane and 20% p-dipropylbenzene) immersed in gas
(air) at temperature equal to 1000 K. The values of «, inferred from iteration 2 and higher iterations are

indistinguishable.

Fig. 16 The plots of ar versus T for a stationary bi-component droplet (a mixture of 80% n-dodecane
and 20% p-dipropylbenzene) immersed in gas (air) at temperature equal to 1000 K. The values of «, inferred

from iteration 2 and higher iterations are indistinguishable.

Fig. 17 The plots of @), = prd (n)/Ps (n) (normalised n-dodecane density) versus T for a bi-component
droplet (a mixture of 80% n-dodecane and 20% p-dipropylbenzene) moving with velocity 10 m/s in gas (air)
at temperature equal to 1000 K.

Fig. 18 The plots of a,;, = pRra (p)/Ps (p) (Normalised p-dipropylbenzene density) versus Ty for a bi-
component droplet (a mixture of 80% n-dodecane and 20% p-dipropylbenzene) moving with velocity 10 m/s

in gas (air) at temperature equal to 1000 K.

Fig. 19 The plots of ar versus Ty for a bi-component droplet (a mixture of 80% n-dodecane and 20%
p-dipropylbenzene) moving with velocity 10 m/s in gas (air) at temperature equal to 1000 K.
17
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Fig. 20 The plots of Ry and Ty versus time, as predicted by the kinetic (solid) and hydrodynamic
(dashed) models for a stationary n-dodecane droplet with initial radius and temperature equal to 5 um and

300 K, respectively, immersed in a gas (air) at temperature 1000 K.

Fig. 21 The same as Fig. 20, but for a stationary bi-component droplet (a mixture of 80% n-dodecane

and 20% p-dipropylbenzene).

Fig. 22 The same as Fig. 21, but for a droplet moving with velocity 10 m/s.

Fig. 23 The same as Fig. 22, but for mass fractions of n-dodecane (Y,) and p-dipropylbenzene (Y,) at
the surface of the droplet.
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a1 Appendix 1
s2  Approximations of oy, oy n, app and ar versus Ty (iteration 50)

a3 All approximations have been obtained for temperatures T in the range 300-650 K.
474

Figs. (6) and (7) (T, = 800 K, a stationary n-dodecane droplet):
@, = 0.95127 4 6.62107 10~* T, — 3.55461 107° 7% + 9.36931 102 T2 — 1.2005 10~ T

+5.87685 1071575,
ap = 2.16074 — 0.01843 T, + 1.24389 10~4 T2 — 4.59688 10~ T3 + 1.00627 10~° T

—1.30565 10~ 2 T2 +9.29602 10~ 6 T8 — 2.80028 1017 7.

475

Figs. (8) and (9) (T, = 1000 K, a stationary n-dodecane droplet):
o, = 0.97924 + 3.38661 10~* T, — 2.10013 10~° 7% 4 6.19675 107 T2 — 0.864558 10~ '* T

+4.47852 10715 T3,
ar = 3.09685 — 0.03312 T, 4 2.22137 1074 T2 — 8.15444 1077 T3 + 1.77164 10~ ° T

—2.27837 1072 T2 4+ 16.049 10716 T8 — 4.77199 10719 7.

476

Figs. (10) and (11) (T, = 1000 K, an n-dodecane droplet moving with relative velocity 10 m/s):
a, = 1.37063 — 0.00428 T, + 1.88185 10~° T2 — 3.89817 10~% T + 3.7469 10~ ! T}

—1.34491 1071 T2,
ar = 4.74618 — 0.05942 T, 4 4.02544 10~* T2 — 1.49552 10~ ¢ T3 + 3.2968 10~ T2

—4.31537 1072 T2 4+ 3.1035 10~ '° TS — 9.44769 10~ 19 7.

477

Figs. (12) and (13) (T, = 1200 K, a stationary n-dodecane droplet):
o, = 1.02633 — 2.13871 10~ * T}, + 4.31389 107 T2 + 5.43478 101 72 — 2.48699 1012 T

+1.84009 10715 73,

ar = 3.60953 — 0.04105 T, 4 2.74138 1074 T2 — 1.00118 107 ¢ 72 + 2.16179 10~ T¢

19



—2.75897 10712 T5 + 1.92458 10~ *° TS — 5.65003 10~ *° T .

478
Figs. (14), (15) and (16) (T, = 1000 K, a stationary bi-component (a mixture of 80% n-dodecane and
20% p-dipropylbenzene) droplet):

@y y = 0.84400 + 0.00193 T — 9.46424 10~° T2 + 2.29404 103 T2 — 2.736 10~ T}

+1.27255 107 T2,
@, p = 0.95587 + 5.37126 10~ * T, — 2.58165 10 ° T2 + 6.11316 10~ T2 — 7.10412 10~ 2 T
+3.21354 107 T2,
ar = 2.62683 — 0.0219 T, +1.21723 104 T2 — 3.55272 10~ T2 + 5.75889 10~ 0 T2
—4.92827 1013 T2 4 1.74267 1019 T8,

479
Figs. (17), (18) and (19) (T, = 1000 K, a bi-component (a mixture of 80% n-dodecane and 20% p-

dipropylbenzene) droplet moving with relative velocity 10 m/s):
Qpp = 0.96092 + 6.31887 10™* T,y — 4.26513 105 T2 + 1.42574 10~8 72 — 2.27105 10~ T2

+1.3282 10714 75,
@, p = 0.93763 + 7.74252 10~ * T, — 3.86981 10~ ° T2 +9.71485 10~ T2 — 1.21398 10~ ' T
45.90554 10715 T3,
ar = 5.8157 — 0.06441 T, + 3.55615 104 T2 — 1.02948 1075 T3 + 1.65178 10~° T
~1.39642 1072 T + 4.86933 1016 T¢.

480
281 The accuracy of these approximations for o, and ar for stationary n-dodecane droplets immersed in gas
w2 (air) at temperature 1000 K is illustrated in Figs. Al and A2. The accuracy of the same approximations

w3 but for a droplet moving with relative velocity 10 m/s is illustrated in Figs. A3 and A4.
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