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ABSTRACT

A brief summary of new models for droplet heating and evaporation, developed mainly at the
Sir Harry Ricardo Laboratory of the University of Brighton during 2011-2012, is presented. These
are hydrodynamic models for mono-component droplet heating and evaporation, taking into
account the effects of the moving boundary due to evaporation, hydrodynamic medels of
multi-component droplet heating and evaporation, taking and not taking into account the effects
of the moving boundary, new kinetic models of mone-component droplet heating and evaporation,
and a model for mono-component droplet evaporation, based on molecular dynamies simulation.
The results, predicted by the new models are compared with experimental data and the predictions
of the previously developed models where possible.
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INTRODUCTION

The importance of accurate and CPU efficient modelling of droplet heating and evaporation in
various engineering applications is widely recognised (Rahman ef al., 2009; Leu and Huang, 2008;
Faghri and Zhang, 2006; Heywood, 1988). Several reviews of various approaches to this modelling
have been published (Sazhin, 2008). In typical engineering applications, this modelling 1s expected
to take into account a number of processes, including the dynamics and break-up of droplets and
possible autoignition of the vapourfair mixture, in the case of fuel droplets, in realistic three
dimensional enclosures (Flynn et al., 1999). When modelling these individual processes, it is
essential to find a compromise between the accuracy of the models and their CPU efficiency. In
practice, this led to modelling based on over-simplistic sub-models of these processes (Sazhina et al.,
2000). In most cases, these simplifications are at present unavoidable. In some cases, however,
there seems to be room for considerable increase in the accuracy of the models without substantial
CPU penalty.
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In most. commercial and research Computational Fluid Dynamies (CFD) codes the modelling of
droplet heating and evaporation is based on the assumptions that there is no temperature gradient
inside droplets; the droplet radius is fixed during each time step, although it changes from one time
step to another; kinetic effects can be ignored and in the case of multi-component dreplets, the
species diffusivity within the droplet 1s infinitely large or small (Sazhin, 2006). In a number of our
earlier papers, some of which are discussed by Sazhin (2008, 2011), the range of applicability of
some of these assumptions was investigated. The aim of this paper i1s to summarise some of the most,
recent developments in the modelling of droplet heating and evaporation processes, published
mainly in 2010- 2012, in which the above mentioned commonly used assumptions are relaxed. For
mono-component droplets, these models take into account the effect of finite thermal conductivity
and recirculation in the moving droplets, alongside the change in droplet radius during individual
time steps (Sazhin et al., 2010a, 2011a). For multi-component droplets, including relatively small
numbers of components, the new models are based on the analytical solution to the
species diffusion equation inside the droplet ignoring the effects of the moving boundary
{(Sazhin et al, 2010b, 2011b) and taking these effects into account (Klwardany et al., 2011;
Gusev ef al., 2012). The model designed to take into account large numbers of components is based
on the introduction of the concept of quasi-components (Sazhin ef al.,, 2011¢; Elwardany and
Sazhin, 2012). A simplified kinetic model for droplet heating and evaporation is based on
consideration of the kinetic effects as perturbations to the predictions of the hydrodynamic model
(Sazhin et al., 2010¢). A new approach to calculating the evaporation coefficient of n-dodecane, the
closest approximation to Diesel fuel, is deseribed by Cao ef ¢l (2011) and Xie ef al. (2011, 2012).
This coefficient is essential for the accurate kinetic modelling of droplet evaporation.

HYDRODYNAMIC MODELS
Assuming that droplet heatingis spherically symmetric, the transient heat conduction equation
inside droplets can be written as (Sazhin, 2006):

a—T:K—zi[Rga—T}rP(t,R) (1)
a RPORU @R

where, x= kj(c, p) 1s the liquid thermal diffusivity, k;, ¢, and p, are the liquid thermal conductivity,
specific heat capacity and density, respectively, R is the distance from the centre of the spherical
droplet, t is time. The boundary and initial conditions for this equation, ignoring the effect of
evaporation, can be presented as:

W, -T)-k 55| (2)
g aR d
T(t=0)=Ty (R) (3)

where, T, =T (t) is the droplet’s surface temperature, T =T (t)is the ambient gas temperature,
h=h{) is the convective heat transfer coefficient, linked with the Nusselt number Nu via
the equation Nu = 2R h/k,, k, is the gas thermal conductivity. To take into account the effect of
evaporation the gas temperature T, is replaced by the so-called effective temperature T .
{(Sazhin, 2008):
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Tgs= Tg +pL
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where, Li is the latent heat of evaporation and dR /dt is the rate of change of droplet radius due to
evaporation.

In the case, when the convection heat transfer coefficient h (t) =h = const, the solution to the
transient heat conduction Kq. 1, taking into account the reduction of droplet radius due to
evaporation R; = K (1-et) and the corresponding boundary (2) and initial (3) conditions, can be
presented as (Sazhin ef al., 2010a);

1 _oR R’ RS _ R ety R (5)
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Solution 5 in combination with the equation for droplet radius:

de kg Sh (8)

dt 2pc, R,

can be applied for practical calculations only if the values for Nusselt and Sherwood numbers
{INu and Sh) are specified (Sazhin et af., 2010a). Solution 5 reduces to the one reported earlier by
Sazhin (2006) in the limit when ¢ =0,
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In the general case of a time dependent h, the sclution to Kq. 1 is reduced to the solution to the
Volterra integral equation of the second kind (Sazhin et al., 2010a).

Solution 5 was generalised to the case when droplet radius was assumed to be an arbitrary
funetion R (t) (Sazhin et al., 2011a). In the latter case, the solution turned out to be the simplest
when the initial droplet temperature is assumed to be constant. Since K, (t) depends on the time
evolution of the droplet temperature, an iterative process is required. Firstly, the time evolution of
R,t) 1s obtained using the conventicnal approach, when it remains constant during the time step,
but changes from one time step to another. Then these values of R (t) are used in the new solutions
to obtain updated values of the time evolution of the distribution of temperatures inside the droplet,
and on its surface. These new values of droplet temperature are used to update the function R,{t).
This process continues until convergence 1s achieved which typically takes place after about 15
iterations.

The predictions of the model developed by Sazhin et al. (2011a) were shown to be in agreement,
with the predictions of the model based on Eq. 5 and the results reported by Mitchell ef al. (2011).
In the latter paper, the analysis was based on the direct numerical solution of Eq. 1, taking into
account the effect of the moving boundary.

For modelling multi-component droplet heating and evaporation, the same equations as used
for mono-component droplets are applied but these are complemented by the equations for species
mass fractions (Y= Y;(t, R)) inside the droplets (Sazhin ef al., 2010b, 2011b):

¥ _p i[Rz %} (9)

where, i>1, [); is the hquid mass diffusivity. Kquation 9 is solved subject to the boundary condition:

afe; —Y,)=-D [%}
Refig-

and the initial condition Yt =0) = Y,o(R), where Y, = Y, .(t) are liquid components’ mass fractions
at the droplet’s surface, e, = Y /2, Y. are species evaporation rates. The effect of recirculation in
the moving droplets 1s taken into account by replacing DD, with D, = ¥, where, ¥y 1s
determined by Eq. 7 of Gusev et al. (2012). This model is known as the Effective Diffusivity
(kD) model.

In contrast to the previously used models, our approach is based on the analytical solution
to Kq. 9 subject to the above mentioned boundary and initial conditions (Sazhin ef al., 2010b,
2011b):

Y, (tLR)=¢ + ;([exp{Dl {Rﬁ] t}(qiU —£,(0)Q, ), Q, J‘utdgc‘l,(:)exp{Dl {%J (t 'c)}dﬂ:]sinh[?tD REJ +

d d

Z;[exp{m[g:] t}(qmei(O)Qn)Qn [ exp{Dl[f{ﬂ (tr)}drlsm{hn REJ )

(10)

d

where, A, is the non-zero solution to equation tanh A= -Ath.,, A, (n>0) are the solutions to Eq. 6,
with hq; being replaced with h:
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The molar fractions of species 1 in the vapour phase at the droplet surface are determined as:

LM [ 1 1
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" i |: R {Tbi T H
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where, X;; are the liquid molar fractions at the surface of the droplet, v, are the activity coefficients.
L, M; and T, are the latent heat of evaporation, molar masses and boiling temperatures of species
i, R, is the universal gas constant, T, is the droplet surface temperature. In the limit, when v, =1
the Raoult law is valid.

The above model has been generalised to take into account the effects of the moving boundaries
on the solution to Kq. 10 (Gusev ef al,, 2012) and coupling with the ambient gas (Sazhin ef al,,
2011b) and has been tested against available experimental data (Sazhin et al., 2010b, 2011b).

The main limitation of the model, described above, 1s that it is able to take into account a rather
limited number of components, while realistic fuels usually include a very large number of these
compoenents. An alternative model, suggested by Sazhin et al. (2011c) and further developed by
Elwardany and Sazhin {2012) is based on replacing the large number of actual components with
a small number of quasi-components. These quasi-components are then treated as actual
components in the model deseribed earlier, taking into account the diffusion of quasi-components
in droplets. The model was applied to Diesel fuel droplets which were approximated as a mixture
of 21 actual components C H,_,,, where, nz0. These 21 actual components were replaced with up
to 20 quasi-compenents (the maximal number of quasi-components in this model).

The initial molar fraction of each quasi-component is calculated as:

X;= [ f,(n)n (11)

where, ] 1s an integer in the range 1 ¢j<N,, N;1s the number of quasi-components, ny<n<n, and f_(n)
is the distribution function approximated as:

_ (M(m)—)** [ Mm)-y
fa(n)=C, (ny, n;) B T(at) exp|: [ B ]}

M{n)=14n+2 are the molecular weights, n, =5, n.= 25, I'(¢r) is the Gamma function, o and
are parameters that determine the shape of the distribution and vy determmnes the original shift. We
assume that ¢ = 18.5, f =10 and y =0. C_(n,, ng is the normalization constant.
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Fach quasi-component has a number of carbon atoms estimated as:

j af_ (n)dn

_|' f_(m)dn

Il]:

The latent heat and saturation pressure for each quasi-component have been calculated by
replacing n with n, Other thermophysical properties have been assumed to be the same as those
for n-dodecane in study of Sazhin ef al. (2011¢) or their dependence on n has been approximated
by simple functions (Klwardany and Sazhin, 2012). The latent heat and saturation pressure for
each quasi-component have been assumed to be relatively weak functions of n.

This model has been apphed to the analysis of heating and evaporation of droplets with initial
radius 25 um, initial temperature 300 K and constant velocity 1 m sec™. The gas temperature and
pressure have been assumed to be constant and equal to 880 K and 3 MPa, respectively. The
evaporation time predicted by the KT C/ED models using 20 quasi-components has been shown to
be longer than in the case of 1 quasi-component. This can be attributed to the fact that at the final
stages of droplet evaporation the heaviest species {large number of carbon atoms) become the
dominant. They evaporate more slowly than more volatile species (small number of carbon atoms).
Also they have higher wet bulb temperatures. There are also noticeable differences between the
surface temperatures and radii predicted by the KTC/ED and ITC/D models. Higher droplet surface
temperatures, predicted by the ETC/ED model, compared with the ITC/ID model, are expected to
affect the physical ignition delay of the autoignition of the fuel vapour (Sazhin, 2006).

It was pointed cut that droplet surface temperatures and radii, predicted by a rigorous model
taking into account the effect of all 20 quasi-components, are very close to those predicted by the
model, using just five quasi-components (Sazhin ef al., 2011¢). The importance of taking into
account the dependence of density, viscosity, heat capacity and thermal conductivity of

liquid ecomponents on carbon numbers and temperatures, has been demonstrated in
{Elwardany and Sazhin, 2012).

KINETIC MODELS

The limitations of the hydrodynamic models described above, even in the case of evaporation
at high pressures, have been discussed in a number of papers (Sazhin, 2006; Sazhin et al., 2010c).
In these papers, the evaporation of n-dodecane (the nearest approximation to diesel fuel) has been
considered and a new model for the analysis of droplet heating and evaporation has been developed
based on the combination of the kinetic and hydrodynamic approaches. In the immediate vicinity
of droplet surfaces (up to about ene hundred molecular mean free paths), the vapour and ambient
gas dynamics have been studied based on the Boltzmann equation (kinetic region), while at larger
distances the analysis has been based on the hydrodynamic equations (hydrodynamic region).
Mass, momentum and energy fluxes have been conserved at the interface between these regions.

Simple approximate formulae deseribing temporal evolution of Diesel fuel droplet radii and
temperatures predicted by the kinetic model are suggested by Sazhin et al. (2010c). These formulae
are valid in the range of gas temperatures relevant to Diesel engine-like conditions and fixed values
of initial droplet radii, or in the range of initial droplet radii relevant to Diesel engine-like conditions
and fixed values of gas temperature.
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The predictions of this model have been shown to be as accurate as those of the model based
on the kinetic equations in the whole domain but beth differed considerably (up to 10%) from the
predictions of the hydrodynamic models for diesel engine-like conditions. The practical application
of this combined or kinetic modelling, however, requires the specification of some special boundary
conditions at the droplet surface and at the interface between the kinetic and hydrodynamic
regions. The kinetic boundary condition at the interface between vapour and its condensed phase
has been presented as:

= of + (1-0) £ (v,>0),

where, " is the overall distribution function of molecules leaving the interface from the liquid
phase, 0 is the evaporation coefficient, f* is the distribution function of molecules in the saturated
vapour at the liquid surface temperature, f* is the distribution function of reflected molecules and
v, 18 the velocity component normal to the interface. In the equilibrium state the evaporation and
condensation coefficients are equal. It has been implicitly or explicitly assumed that the distribution
funection, f* is isotropic Maxwellian. The values of the evaporation/condensation coefficients have
been assumed equal te 0.04 and 0.5 (the minimal and average value of this parameter for water)
or 1. None of these assumptions have been rigerously justified. The only practical way to
perform this justification would be to base it on the moelecular dynamic simulation at the

interface region.

MOLECULAR DYNAMICS MODELS

Most of the previous studies have applied the Molecular Dynamic (MD) approach to the
analysis of the evaporation and condensation processes of monatomic or relatively simple polyatomic
molecules, such as argon, water or methanol. In our earlier work Cao et al. (2011} molecular
dynamics simulations have been performed to study the evaporation and condensation of
n-dodecane (C,;H,,) at liquid-vapour phase equilibrium using the modified OPLS (Optimized
Potential for Liquid Simulation) model. The predicted evaporation/condensation coefficient.
decreased from about 0.9 to about 0.3 when temperature increased from 400 to 600 K. Typical
molecular behaviours in the evaporation and condensation processes were also presented and
discussed.

A more detailed study of this problem, based on 720 molecules, was performed by Xie et al.
{2011). In that study, the thickness of the transition layer between liquid and vapour phases at
equilibrium was estimated to be 2.25-3.5 nm. It was pointed out that the molecules at the liquid
surface need to have relatively large translational energy to evaporate. The vapour meolecules with
large translational energy can easily penetrate deeply into the transition layer and condense in the
liquid phase. The wvalues of the evaporation/condensation coefficient at varicus liquid phase
temperatures were estimated. It was demonstrated that this coefficient decreases with temperature,
in agreement with the prediction of the transition state theory. The melecular veloaty distribution
functions in the liquid phase and the interface were shown to be close to isotropic Maxwellian with
temperatures equal to that of the liquid phase. These functions in the vapour phase, however, were
shown to deviate from the classical isotropic Maxwellian distributions. They can be approximated
as bi-Maxwellian, with temperatures in the direction normal to the interface larger than those in
the directions parallel to the interface (Xie et al., 2012).
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Although, these results still need to be confirmed based on simulations including much larger
numbers of molecules, it opens the way for a much more rigorous appreach to the kinetic modelling

of droplet heating and evaporation compared with the approaches used so far.

CONCLUSIONS

New solutions to the heat conduction equation, desecribing transient heating of an evaporating
mono-component droplet, are described following Sazhin et al. (2010a). These solutions take into
account the effect of the reduction of the droplet radius due to evaporation, assuming that this
radius 18 a linear function of time. The latter assumption does not. allow us to apply these solutions
to describe the whole process, from the start of evaporation, until the moment in time when the
droplet. completely evaporates. However, it is beheved that these solutions could be used to describe
droplet heating and evaporation over a small time step when other parameters, except droplet
radius and temperature, can be assumed constant. In this case, they can be considered as
generahsations of the approach currently used in all research and commercial Computational Fluid
Dynames (CFD) codes known to us, in which it is assumed that droplet radius is constant during
the time step.

New solutions to the heat conduction equation described by Sazhin et al. (2011a) are
summarised. In these solutions it is assumed that the time evolution of a droplet’s radius R,(t) is
known. For sufficiently small time steps the time evolutions of droplet surface temperatures and
radil predicted by both approaches coineide.

A simplified model for multi-component droplet heating and evaporation, suggested by
Sazhin et al. (2010b, 2011b) is discussed. Apart from the finite thermal conductivity of droplets and
recirculation inside them, this model takes into account species diffusion inside droplets, based on
the analytical solution to the species diffusion equation. This simplified model was generalised to
take into account the effect of coupling between the droplets and the surrounding gas
{(Sazhin ef al., 2011b) and the effect of the moving boundary on the species diffusion equation, as
described by Gusev et al. (2012).

A new approach to modelling multi-component droplets, including large numbers of
components, heating and evaporation 1s discussed. This new approach is based on the
replacement of a large number of actual components with a small number of quasi-components
{(Sazhin et al., 2011¢; Elwardany and Sazhin, 2012). It takes into account the effect of finite
thermal and mass diffusion inside the droplet using the ETC/ED models.

Simple approximate formulae deseribing temporal evolution of Diesel fuel droplet radii and
temperatures predicted by the kinetic model are briefly described, following Sazhin et al. (2010c).

The evaporation and condensation of n-dodecane (C,,H,.), the closest approximation to Diesel
fuel, was investigated using the Molecular Dynamies (MD) simulation technique. The estimated
values of the evaporation/condensation coefficient at wvarious liquid phase temperatures are

summarised.

ACKNOWLEDGMENTS

The authors are grateful to the Eurcpean Regional Development Fund Franco-British
INTERREG IVA (Project C5H, Reference 4005), EPSREC (grant EP/HO01603/1), the Royal Society
(UK) (project JP090548) and RFBR Russia (grant 10-08-92602-K0_a) for the financial support of
this project.

184



Asian J. Sect. Res., 6 (2): 177-186, 20153

REFERENCES

Cao, BYY., JF. Xie and 5.5, Sazhin, 2011. Molecular dynamies study on evaporation and
condensation of n-dodecane at liquid-vapour phase equilibria. J. Chem. Phys., Vol. 134,
10.1.63/1.3579457.

Elwardany, AE. and 5.5 Sazhin, 2012. A quasi-discrete model for droplet heating and
evaporation: Application to Diesel and gasoline fuels. Fuel, 97: 685-694,

Elwardany, AE., 1.G. Gusev, G. Castanet, F. Lemoine and 5.8. Sazhin, 2011. Mono- and
multi-component droplet coolingfheating and evaporation: Comparative analysis of numerical
models. Atomization Sprays, 21: 907-931.

Faghri, A, and Y. Zhang, 2006, Transport Phenomena in Multiphase Systems. Academic Press,
London, UK., ISBN-13: 9780123706102, Pages: 1064,

Flynn, P.F., R.F. Durrett, G.L. Hunter, A.O. zur Loye, O.C. Akinvemi, J.E. Dec and
C.K. Westbrook, 1999. Diesel combustion: An integrated view combining laser diagnostics,
chemical kinetics, and empirical wvalidation. SAE Technical Paper 1999-01-0509.
http:/fpapers.sae.org/1999-01-0509/

Gusev, 1.G., P.A. Krutitskii, 8.5. Sazhin and A, Elwardany, 2012. A study of the species diffusion
equation in the presence of the moving boundary. Int. J Heat Mass Transfer, 55: 2014-2021.

Heywood, J.B., 1988, Internal Combustion Engines Fundamentals. McGrawHill Publication, New
York, USA., ISBN-13: 978-0070288375.

Leu, J .H. and J.8. Huang, 2008. Modification of droplet models for numerical simulation in spray
combustion investigation. J. Applied Seci., 8: 753-762.

Mitchell, S.L., M. Vynnycky, 1.G. Gusev and S.S. Sazhin, 2011. An accurate numerical
solution for the transient heating of an evaporating spherical droplet. Appl. Math. Comput.,
217:9219-9233.

Rahman, M.M.,, M.K. Mchammed and R.A. Bakar, 2009. Trends of rotational speed on engine
performance for four cylinder direct injection hydrogen fueled engine. Trends Applied Sci. Res.,
4: 188-199.

Sazhin, 8.8., 2006, Advanced models of fuel droplet heating and evaporation. Prog. Energy
Combus. Sai., 32: 162-214.

Sazhin, S.8., A. Elwardany, P.A. Krutitskii, G. Castanet, F. Lemocine, E.M. Sazhina and
M.R. Heikal, 2010a. A simplified model for bi-component droplet heating and evaporation. Int.
J. Heat Mass Transfer, 53: 4495-4505.

Sazhin, 5.5, LIN. Shishkova and M.R. Heikal, 2010b. Kinetic modelling of fuel droplet heating and
evaporation: Calculations and approximations. Int. J. Eng. Syst. Modell. Simulat., 2: 169-176.

Sazhin, 8.5., P.A. Krutitskii, I.G. Gusev and MR. Heikal, 2010c. Transient heating of an
evaporating droplet. Int. J. Heat Mass Transfer, 53: 2826-2836.

Sazhin, 5.5, 2011. Modelling droplet heating and evaporation. Proceedings of the 6th Baltic Heat,
Transfer Conference (BHTC), August 24-26, 2011, Tampere, Finland.

Sazhin, 5.8., A, Elwardany, E.M. Sazhina and M.E. Heikal, 2011a. A quasi-discrete model for
heating and evaporation of complex multicomponent hydrocarbon fuel droplets. Int. J. Heat
Mass Transfer, 54: 4325-4332,

Sazhin, 8.5, A. Elwardany, P.A. Rrutitskii, V. Depredurand and G. Castanet et al., 2011b.
Multi-component droplet heating and evaporation: numerical simulation versus experimental
data. Int. J. Thermal Sci., 50: 1164-1180.

185



Asian J. Sect. Res., 6 (2): 177-186, 20153

Sazhin, 5.5, P.A. Krutitskii, [.GG. Gusev and MR, Heikal, 2011¢. Transient heating of an
evaporating droplet with presumed time evolution of its radius. Int. J. Heat Mass
Transfer, 54: 1278-1288,

Sazhina, E.M., S.5. Sazhin, M.R. Heikal, V.I. Babushok and R.A. Johns, 2000. A detailed
modelling of the spray ignition process in Diesel engines. Comb. Seci. Technol., 60: 317-344.,
Xie, J.F., 8.5, Bazhin and B.Y. Cao, 2011. Molecular dynamics study of the processes in the vicinity

of the n-dedecane vapour/liquid interface. Phys. Fluids, Vel. 23 10.1063/1.3662004

Xie, J.F., 5.8. Bazhin and B.Y. Cac, 2012. Molecular dynamies study of condensation/evaporation
and velocity distribution of n-dedecane at liquid-vapour phase equilibria. J. Therm. Sei.
Technol., 7: 288-300,

186



	AJSR.pdf
	Page 1


