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Abstract
This study focuses on preliminary analysis of the heating and evaporation processes in a spherical moving droplet
using Direct Numerical Simulation (DNS) and simplified modelling approaches. DNS of two-phase flows is used to
obtain detailed information about heat and mass transfer at the interface. The DNS results are compared with the
results predicted by the modelling approach, based on the analytical solution to the heat transfer equation inside the
droplet. The latter approach takes into account the finite thermal conductivity and recirculation inside droplets using
the effective thermal conductivity (ETC) model. The ETC model has been widely used by the scientific community
since it was originally developed by Abramzon and Sirignano more than 25 years ago, although its range of
applicability has never been rigorously investigated. The comparison between DNS and modelling results is
performed for a wide range of Peclet numbers in the analysis of transient heating of droplets without evaporation. A
DNS database has been created. DNS results are shown to be rather different from the modelling results when the
model is used for relatively low Peclet numbers. These results, however, turned out to be in good agreement for
relatively high Peclet numbers.

Introduction
In most CFD codes, sprays are modelled using the Lagrangian techniques: point particles are used to represent the
location of droplets inside sprays, each droplet has its own characteristics (e.g. velocity, diameter). This analysis is
based on the hypothesis that droplets remain spherical [1]. This hypothesis, however, is not always consistent with
experimental observations: liquid structures can be widely deformed.
To investigate the deformation of droplets, and liquid structures of any shape, one can use an interface tracking
method [2,3]. This method is very attractive as it allows the interface to be directly resolved. In this context,
incompressible Navier-Stokes equations are solved directly and jump conditions (change in density and viscosity
across the interface) are taken into account using advanced numerical methods. This kind of simulation is called
Direct Numerical Simulation (DNS) of two-phase flows. ARCHER (in-house code) has been developed to perform
DNS of the above-mentioned two-phase flows. This code has been widely used and was one of the first to be applied
to perform DNS of Diesel injection [2]. Phase change has also been recently implemented into this code, following the
Tanguy et al. method [3]. A comparison between the primary atomisation model ELSA (Eulerian-Lagrangian Spray
Atomization model) and DNS has been performed to evaluate the ELSA model [4]. The main objective of this work is
to perform a preliminary comparison between modelling and DNS results.
The Abramzon-Sirignano modelling approach [5] is used in our analysis. This approach is based on the application of
the effective thermal conductivity (ETC) model to take into account the effects of finite thermal conductivity and
vortices inside moving droplets on droplet heating and evaporation. This model is based on the assumption that the
droplet surface temperature is uniform, although it can change with time. The range of applicability of this assumption
is not at first evident.
Numerical methods
Numerical methods of handling phase change and interface tracking are based on the method suggested by Tanguy
et al. [3]. A level set function is used to capture the interface and the ghost fluid method (GFM) is applied to track
sharp discontinuities at the interface (see [2,3,4] for further details). The level set function is defined as the signed
distance between any point of the domain and the interface. The equation describing the motion of the reactive interface
reads:

∂G
+ V.∇G = 0 ,
∂t

(1)

where G is the level set function, t time and V the velocity vector. Spatial derivatives are solved with a fifth-order WENO
scheme and a third-order Runge-Kutta scheme is used for the temporal integration. The same approach is applied to all
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equations presented in this section, except for the diffusion terms, the analysis of which is based on a second-order central
finite difference scheme.
The level set method is coupled with a projection method to carry out the direct numerical simulation of the
incompressible Navier Stokes equation:
,

(2)

where p is the fluid pressure, ρ density, f external forces (e.g. gravity), μ dynamic viscosity, and D viscous deformation
tensor. At the interface, the surface tension force is taken into account using the Dirac function δ(G): σ surface tension, n
normal unit vector, κ curvature computed from the level set function G.
To take into account heat and mass transfer, additional equations such as energy and species equations need to be
solved. Assuming that the flow is incompressible, the following set of equations has been implemented into the code:

∂hs
1
+ V.∇hs = ∇.(λ∇T )
ρ
∂t

(3)

∂Yv
+ V.∇Yv = ∇.( Dm∇Yv ) ,
∂t

(4)

where λ is thermal conductivity, hs is sensible enthalpy, Dm is the diffusion coefficient and Yv the vapour mass fraction.
Fluid properties (cp, ρ, λ and Dm) are not affected by temperature, but are discontinuous across the interface. To the
best of the authors’ knowledge there are no evaporating two-phase flow DNS studies in the literature which take into
account the temperature dependence of physical properties such as density and viscosity. Taking this dependence
into account would increase the overall complexity of the analysis and would require considerable modification of the
numerical method.
Firstly, we restrict our study to the heating of droplets; phase change is not considered. In this case, species
equations are not solved and the energy jump condition simplifies to:

[λ∇T ⋅ n] = 0

(5)

The ghost fluid method is used to take into account this jump condition. Sensible enthalpy is discontinuous across the
interface. As mentioned by Tanguy et al. [3], Aslam extrapolation [6] can be used to estimate spatial derivatives for
discontinuous variables. The same technique is applied for the enthalpy.
Since we ignore phase change and Stefan flow, velocities remain continuous at the interface and a standard
projection method can be used for their estimation.
Validation of the numerical method (including evaporating liquid-gas flows) has been the subject of previous studies
[7,8], and will not be discussed in this work.
Our method could be used to study evaporating deformed droplets. Keeping in mind, however, that DNS of
evaporative two-phase flows is at least twice as CPU expensive as that of the two-phase flows without evaporation,
we ignored the latter process for the time being.
Modelling
The analysis of droplet heating, taking into account finite thermal conductivity inside droplets and recirculation within
them is based on the following equation for the temperature [1,9]:

λ  ∂ 2T 2 ∂T 
∂T

= eff  2 +
∂t ρl c pl  ∂R
R ∂R 
where

λeff

+ P(R),

is the effective thermal conductivity (ETC) defined as λeff

(6)

= λl χ , χ is the correction factor to take into

account the effect of recirculation inside droplets; it varies from about 1 (at droplet Peclet number <10) to 2.72 (at
droplet Peclet number >500) [5], P(R) takes into account droplet heating by external thermal radiation (ignored in our
analysis), R is the distance from the centre of the droplet.
The solution to Equation (6), subject to conventional boundary and initial conditions for h=const, can be presented as
[1,9]:
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where

µ0 =

hTeff (t ) Rd
kl
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1
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T = RTd 0 ( R) / Rd , κ0 = kl/(clρlRd2), λn are solutions to the equation:

λn cos λn + h0 sin λn = 0 ,

h0 =

hrd
kl

– 1,

|| Vn ||2 = 0.5(1 − sin 2λn / 2λn ) ,

Vn = sin(λ n R / Rd ) ,
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The value of h was estimated based on the Nusselt number. When estimating the latter, the following correlation was
used [1,9]:

Nu = 2
where

ln(1 + BT )
(1 + [(1 + Re d Prd )1 / 3 max [1, Re 0d.077 ] − 1] /[2 F ( BT )]]) ,
BT

BT

is the Spalding heat transfer number,

ln(1 + BT )
.
BT

Re d

and

Prd

(8)

are Reynolds (based on droplet diameter) and

Prandtl numbers respectively,

FT = (1 + BT )0.7

(9)

Solution (7) was implemented into the numerical code, taking into account the changes of gas temperature at each
time step. The distribution of temperature inside the droplet at the beginning of the time step was used as the initial
condition for Solution (7). This solution was used as the initial condition for the following time step.
Configuration
The solution was carried out in a three dimensional rectangular domain (128x128x512 mesh) with free boundaries
everywhere. The heating of a single mono-component n-dodecane droplet is studied for a certain range of Peclet
numbers corresponding to velocity range 0.1 m/s – 1 m/s.
The droplet initial temperature is 350 K and the ambient gas temperature is fixed at 800 K. Ambient pressure is 30
bar. The droplet initial diameter is 100 µm. Velocities and dimensionless parameters used in the analysis are
presented in Table 1. The same physical properties are used in DNS and modelling. The simulation is stopped when
the droplet reaches the region close to the end of the domain.
In the DNS case, the droplet decelerates due to shear stress between gas and liquid. Hence, at the final time step
velocities are decreased by 15-25% depending on the case studied. This leads to a corresponding decrease in the
values of Reynolds and Peclet numbers. In the modelling approach, this decrease in Ud was ignored at this stage.
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Ud
0.1
0.2
0.4
0.6
1

Red
11.5
23
46
68.5
106.5

Ped
143
286
572
857.5
1332

Prd

12.51

Table 1. Velocities and dimensionless parameters used in this study.

Results and Discussion
DNS results for three velocities are shown on Figures 1 and 2 for the regions outside and inside the droplet. The
influence of the droplet velocity can be clearly seen in both Figures. As follows from Figure 1, the temperature plume
is greater when the velocity is higher. The temperature gradient in front of the droplet is high whereas that behind the
droplet is low.
As to the temperature gradient inside the liquid phase (see Figure 2), it can be seen that vortex structures do not have
enough time to develop during the simulation process. The quasi-steady state has not been reached in the cases
studied at the present stage. We have noticed that this stage is difficult to reach, mainly due to the computational cost
required. At the same time, most models used in engineering applications are based on the quasi-steady state
assumption and do not describe the transient heating properly.
DNS can predict the mean droplet surface temperature Ts, and average liquid temperature Tavg. The temporal
evolution of these two temperatures is shown in Figures 3 and 4. As expected, both these temperatures increase with
time. For low velocities, the surface temperatures increase more slowly than for high velocities, in agreement with the
prediction of Equation (8).
As one can see from these figures, the higher the velocity, the higher the surface temperature, as expected. However,
for the 1 m/s case, at the end of the simulation the surface temperature appears to be less than the one obtained at
0.6 m/s. This behaviour can be attributed to the fact that the increase in the surface temperature for fast moving
droplets reduced the amount of heat spent on droplet heating (the difference between gas and droplet surface
temperatures decreases). Similarly to the surface temperature, liquid average temperature increases faster for high
velocity cases than for low velocity cases. In contrast to the surface temperatures, liquid average temperatures do not
have a tendency to merge for different velocities at the end of the simulation.
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Figure 1. 2D visualization of the temperature distribution around the droplet at the final stage of the simulation. From left to right:
Ud=0.4 m/s, 0.6 m/s and 1 m/s.
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Figure 2. 2D visualization of the temperature distribution inside the droplet for Ud=0.4 m/s, 0.6 and 1 m/s (from top to bottom) at the
end of the simulation.
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Figure 3. Temporal evolution of the averaged surface droplet temperature. Solid: 1 m/s, dotted: 0.1 m/s, □: 0.2 m/s, ○: 0.4 m/s, and ◊
:0.6 m/s.

Figure 4. Temporal evolution of the average droplet temperature. Solid: 1 m/s, dotted: 0.1 m/s, □: 0.2 m/s, ○: 0.4 m/s, and ◊: 0.6 m/s.
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to right, and top to bottom). Solid: DNS results, dashed: modelling results using λeff , dashed-dotted: modelling results using

λl .

Figure 5. Temporal evolution of the averaged surface droplet temperature for 0.1 ms, 0.2 m/s, 0.4 m/s, 0.6 m/s and 1 m/s (from left

λeff

The results of comparison between DNS and the modelling approaches are presented in Figure 5 for velocities 0.1
m/s to 1 m/s assuming that liquid thermal conductivities are equal to
account) and

(the effect of recirculation is taken into

λl (the effect of recirculation is ignored). As one can see from Figure 5, for low initial velocity cases the

predictions of the model based on λeff are visibly different from the predictions of the DNS. However, when the initial
velocity is increased, modelling results almost perfectly match the DNS curve. For low velocity cases, the use of

λl
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gives a better agreement with DNS results. DNS results are effectively bounded by the two modelling curves in every
case, except for 0.1 m/s.
These results show the strong impact of the liquid thermal conductivity used in the modelling approach, even for a
simple configuration such as a convectively heated spherical droplet. Moreover, since the physical properties remain
constant, the Prandtl number remains constant during the simulation.
The correction factor χ is close to 2.7 in each case (it varies from 2.72 to 2.64). For the case under consideration,
one can conjecture that the correction factor is overestimated for Peclet numbers between 142 and 857 although
further investigation of this effect is required. Improvements might be needed for the correlation for χ which can be

recommended for engineering applications. These preliminary results, however, need to be treated with caution as the
quasi-stationary state has not been reached in DNS at the present stage, and the database could be improved by
doing more computations in this specific Peclet number range.
In the case of stationary droplets our DNS results with a temperature jump at the interface were compared with the
predictions of the transient model developed in [10,11]. Almost perfect agreement for the predicted droplet surface
temperatures was achieved. At the same time DNS results, in which a realistic initial distribution of temperature in the
gas phase was used, appeared to be close to the ones predicted by the model based on Equations (7) and (8). Which
initial distribution of temperature should be used in DNS to allow meaningful comparison between DNS and modelling
results is still an open question.
Conclusion
A preliminary comparison between DNS and modelling results for a typical n-dodecane droplet heated without
evaporation in a hot gas are presented. DNS of two-phase flows allows us to solve the heat transfer equation in both
phases and at the interface. The classical modelling approach, suggested by Abramzon and Sirignano, supplemented
by the analytical solution to the heat transfer equation inside droplets, was used in our analysis. Effects of recirculation
inside moving droplets were taken into account using the effective thermal conductivity (ETC) model. A moving droplet
configuration was set up and a database was created to study the heating process for various Peclet numbers.
The results show that the predictions of the model are rather different from the predictions of DNS for the heating
process in relatively low velocity cases. However, a good agreement between DNS and modelling results is
demonstrated for relatively higher velocity cases.
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