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ABSTRACT 
Contrails from aircraft may have a direct impact on the 

Earth’s radiative budget balance. The aim of this study is to 
examine the formation of contrails in the near field of a 
realistic configuration based on the CFM56 engine and 
consequently, on the soot and ice particles evolution. In this 
work, we focused on a primary exhaust jet laden with soot 
particles and mixed with a secondary jet (bypass flow) in the 
cold ambient air. The study has been performed using a 2D 
axisymmetric CFD calculation based on an URANS 
(Unsteady Reynolds Average Navier-Stokes) approach. 
Numerical simulations have been performed using STAR-
CCM+, a commercial code for multiphysics. The particles are 
tracked using the Lagrangian approach. A microphysical 
model was used to calculate their growth. The results show the 
evolution of ice crystal sizes throughout the exhaust jets. As 
an example, the mean particle radius grows up to 
approximately 0.7 �� at 0.5 s downstream in agreement with 
experimental data. 

Keywords: civil aviation, contrails, Unsteady Reynolds 
Average Navier-Stokes, ice particle growth, CFM56. 

INTRODUCTION 
Emissions released by aircraft engines include 

greenhouse gases (CO2, water vapour), SOx, NOx, speciated 
hydrocarbons, as well as particulate matters. The emissions of 
fine non-volatile particles (denoted as soot) generated by the 
combustor, participate in the formation of condensation trails 
(contrails). These latter consist of long lines-shaped ice clouds 
(see Figure 1) mostly formed in the very sensitive region of 

the upper troposphere/lower stratosphere. Contrails contribute 
to global warming and may affect the nebulosity at flight 
altitude (Lee et al., 2010). 

The Schmidt-Appleman revised criterion (Schumann, 
1996) determined the appropriate thermodynamics conditions 
of contrails formation. This experimentally validated criterion 
examines the atmospheric threshold temperature for contrails 
for a given ambient relative humidity and specific atmospheric 
pressure. When saturation with respect to liquid water is 
reached or exceeded in the exhaust gas mixture, contrails 
form. Contrails are persistent if water is saturated with respect 
to ice (Jensen et al., 1998). 

Figure 1 Contrails in the wake of an aircraft 

In the near field of a gas turbine engine, soot particles and 
water vapour are mixed in moist cold atmosphere. By 
heterogeneous condensation, the water vapour may condense 
onto soot particles (Gleitsmann and Zellner, 1998).  
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This process gives birth to spherical shaped ice crystal 
(Burkhardt et al., 2010). The present work focuses on the 
contrail formation in the near field of an aircraft engine. The 
realistic configuration is based on a CFM56 engine. Thus, the 
purpose of this study is to investigate the evolution of soot and 
ice particles throughout the primary (core) jet and the bypass 
flow by using axisymmetric URANS simulations. The 
computational strategy uses a one-way coupling approach 
between the gaseous and the dispersed phases. 

In the first section, we specify the governing equations 
used in URANS for the gas phase while the solid phase model 
is based on the Lagrangian approach, together with a 
microphysics model. The next section is devoted to the 
numerical solution techniques including initial and boundary 
conditions. In the last section, a validation with experimental 
data is first proposed and an analysis of the influence of the 
by-pass on particle growth is presented. 

 

GOVERNING EQUATIONS 
In this section, we present the flow solver of the 

commercial code STAR-CCM+ (CD-Adapco, 2016). A 
microphysical model is specially developed in the solver to 
describe the ice particle growth. A one-way coupling between 
the gas and the particle phases is included. Furthermore, in this 
work, particle drag is neglected and only mass exchange 
between particles and gas is considered. These assumptions 
will be discussed in the following sections. 

Gas phase equations 
For the Eulerian gas phase, the fluid flow is composed of 

air and water vapour produced by combustion. We assumed 
the gas phase is ideal (i.e. �� = �����, where �� is the gas 
density, �� is the gas pressure, �� is the gas temperature and � is the specific gas constant). The flow is considered 
unsteady. Thus, calculation of ice crystals growth is time-
dependent. For compressible flow (Mach number > 0.3), a 
density-weighted decomposition on ensemble averages is 
used; the variables are then defined as Φ
 = ρΦ����/�̅ and Φ =Φ
 + Φ′′. Cylindrical coordinate z and r are the longitudinal 
and radial coordinates respectively. The flow is considered 
Newtonian. The Reynolds stresses are modelled by the 
Boussinesq hypothesis. 

The mass-conversation of species air (Equation (1)) and 
water vapour (Equation (2)) are given below 

�
�� ��̅�� + �

�
�

�� ��̅����� + �
�� ��̅����� − �� − ��

 � !�
�

"
"� #$%&' +

"
"� #$%&'( = −)�*+����  (1) 

�
�� ��̅,� + �

�- ��̅,���� + �
�� ��̅,���� − �, − ��

 � !�
�

"
"� #$%,' +

"
"� #$%,'( = 0  (2) 

where ��� and ��� are the velocity components with respect to r 
and z directions. The variables �̅�, ��, $%&  and �̅,, �,, $%, are the 
density, the diffusive flux, the mass fraction of water vapour 
and air respectively, 01 denotes the turbulent Schmidt number. 

The dynamic viscosity for gas �� is defined as �� = �2 + �1 
where �2 for the molecular viscosity and �1 for the turbulent 
viscosity defined as μ1 = ρ��456 where 4 and 56 are the 
turbulent kinetic energy and the turbulent timescale 
respectively. The mass transfer between water vapour (gas) 
and ice crystal (solid) is �*+���� detailed in the next section. The 
number density of particles contained in a volume cell V is ) 

where ) = 7
8, 9 particles in a volume cell :. 

For the turbulence model, the 4 − ; Shear-Stress 
Transport (SST) (Menter, 1994), frequently used for engine 
exhaust jet (Goulos et al., 2017), is selected. 

Solid-phase equations and microphysics model 
The plume mixture is assumed to be initially composed of 

air, water vapour, and soot particles. These latter are tracked 
individually by the Lagrangian approach. Because the number 
density of soot particles is high (of the order of 1011 m-3 in 
cruise condition according to (Schumann et al., 2002)), we 
minimize the simulation cost by carrying on computational 
particles, with each representing N physical particles. One 
numerical particle contains a large number of physical 
particles. These latter can be considered spherical (Schroder et 
al., 2000), with a radius <*. They are treated as passive tracers 
due to their small size. Thus, they have the same velocity as 
the carrier phase and the drag force is neglected. Indeed, the 
particle relaxation time is small (of the order of 10-5 s for ice 
particles with the largest <* of a few microns) and negligible, 
as compared to the flow characteristic time (Paoli et al., 2004). 
The gravity forces being neglected because of their small 
mass, the particle movement is then governed by the following 
equation: 

 
=>?
=1 = ���@*� (3) 

where ��  is the gas velocity at @*, the particle position. 
The initial state of the contrail particles is liquid, but 

because of the very low local temperature and the presence of 
soot particles, heterogeneous freezing takes place and 
spherical-shaped ice crystals form (Burkhardt et al., 2010). 
This implies that a saturation ratio larger than 1 above a flat 
surface of pure water is therefore required for contrails to form 
(Jensen et al., 1998). The saturation ratio S, a key parameter in 
the threshold of contrails, is defined as: 

 S = BC
BCD  (4) 

where E& is the water vapour partial pressure, and E&F is the 
water vapour saturation pressure. 

Moreover, heterogeneous ice nucleation rates are not 
explicitly calculated. When the gas temperature reaches a 
threshold value, all the particles considered in a grid cell are 
assumed to freeze and, are therefore treated as ice crystal. The 
size of ice crystals (spherical shape) varies as a function of the 
jet temperature and relative humidity. The net mass change per 
particle due to condensation and evaporation effects is 
determined by solving the condensation equation (Fukuta and 
Walter, 1970): 
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where �* denotes the mass of the particle, and R�  indicates 
the water vapour diffusivity in the air. The particle 
temperature �* is obtained as the local, instantaneous, gas 
phase variables, and is assumed to be equal to the gas 
temperature �� because the particles (soot and ice crystal) are 
supposed to be in equilibrium with the carrier gas (i.e., �* ≈ 
��). S& is the molar mass of the water vapour. N�O), Q� is a 
correction factor for non-continuum effects, where O) is the 
Knudsen number defined as the ratio between the particle 
radius and the mean free path, Q is the accommodation 
coefficient which describes the fraction of the impinging water 
molecules that are actually included in the particle. Equation 
(5) can be rearranged to obtain the net rate of change of the 
particle size: 

 
=�?
=1 = IJKC
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where �* is the particle density. Finally, the radius growth of 
a single ice crystal could be expressed by a diffusion law as 
proposed and detailed by (Fukuta and Walter, 1970): 

 <* =�?
=1 = UVW

XYWZX[ (7) 

where A describes the Kelvin effect and is defined as the ratio 
of the vapour pressure at the water droplet surface (before 
freezing) to the saturated vapour pressure over a flat surface at 
the droplet temperature, \M and \T represent factors associated 
with the surface of growing and evaporating particles. Thus, 
we obtain the mass variation of each ice crystal and a fortiori 
vapour mass variation, which leads to the coupling term in 
Equation (8). The term �*+���� is given by the relation: 

 �*+���� = =
=1 ]G

^ �*_<*̂ ` (8) 

 

NUMERICAL METHODS AND INITIAL 
CONFIGURATION 

In this section, the numerical methods is presented. 
Details about the geometry and the mesh are given. Finally, 
simulation conditions for the model validation and 
microphysical calculations close this section. 

Numerical methods 
The computational fluid dynamics (CFD) code STAR-

CCM+ used for this study is a multi-physics Navier-Stokes 
solver. The numerical method is based on a cell-centred finite 
volume approach. The Hybrid Gauss-LSQ node based method 
(CD-Adapco, 2016) is used for the calculation of the flow 
gradient. The fluid equations and turbulence equations are 
solved by a second-order accurate upwind scheme in space 
and by a second-order accurate Euler scheme for time 
integration. The time step is set to 10-3 s. Finally, the particle 
radius is computed by solving Equation (7) with a fourth-order 
Runge-Kutta scheme. 

 
 

Geometry and mesh 
The compressible flow predicted is an air-water vapour 

configuration and the nozzle shape shown in Figure 2a is taken 
from the experiment of (Guitton et al., 2007).  

 
(a) 

 
(b) 

 

Figure 2 Half of the modelled coaxial nozzle (a) and mesh 

in the nozzle (b) 

 
The fluid flow is ejected from a nozzle into a two-

dimensional rectangular computational domain, and extends 
30 R* in the streamwise direction and 83.16 R* in the 
transverse direction. The diameter R* = 0.05 � is the jet 
primary inner diameter and the diameter R6 = 0.1 � is the jet 
secondary inner diameter. The length of the nozzle d is 0.158 
m. Due to the axisymmetry, only one half of the nozzle is 
modelled. 

The grid used for the numerical simulation consists of 
quadrilateral and prism layers elements. The thickness of the 
near wall prism layer is 2.2116×10Ve m. Thus, a target y+ 

value of 1 is reached inside the boundary layer with 32 prisms. 
The stretch factor is 1.25. The mesh in the nozzle is shown in 
Figure 2b. Then, the cell size grows up to ∆< = ∆g = 10VhR6   
and extends from g/R6 = −1.58 to g/R6 = 12. The mesh 
resolution increases smoothly to ∆< = ∆g = 0.3 R6 after g/R6 = 12. The total number of cells is 0.6 million (0.6M).  

A grid convergence study is carried out to ensure that the 
solution is grid independent and the discretization error is 
sufficiently low. To do so, a method based on the Richardson 
extrapolation is used to estimate and control the numerical 
uncertainties (Celik et al., 2008). Three grids, namely coarse, 
medium and fine were tested. The number of elements for 
each grid from coarse to fine was 0.3M, 0.6M and 1.2M. 
Discretization errors between the three grids were compared 
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for the centreline mean axial velocity of the primary jet at </R6 = 0 (Klioutchnikov et al., 2013). 
The GCI (Grid Convergence Index) values, given by the 

method, indicate the effective measure of grid convergence 
with a 95% confidence level. The maximum value obtains for 
the coarse (index 3) and medium (index 2) mesh is 
GCI32=0.45%. Then the maximum value for the medium and 
fine mesh (index 1) is GCI21=0.57%. Thus, the discretization 
errors were considered sufficiently low with the medium mesh 
compared to the GCI value (2.05%) calculated and admitted 
by (Stańkowski et al., 2016). 

Model validation 
In order to validate the numerical methods, a validation 

test case is performed. As mentioned, the aerodynamics 
variables (i.e. mean axial velocities and Reynolds stresses) are 
evaluated against experimental data from (Guitton et al., 2007) 
and the simulation conditions are presented in Table 1, based 
on an air-air configuration. 

 
Table 1 Configuration for the model validation 

 Primary 
jet 

Secondary 
jet 

Ambient 
conditions 

Velocity (m/s) 171 120 0 

Static pressure 
(hPa) 

1013 1013 1013 

Static temperature 
(K) 

293 293 293 

Total pressure 
(hPa) 

1202 1103 1013 

Total temperature 
(K) 

307 300 293 

Mach number 0.500 0.350 0 
 
The velocity ratio from this experimental setup is = 0.7 �m = n6/n*�, a typical value for engine exhaust. As an 

example, the velocity ratio at the exit of a CFM56 engine in 
(Garnier et al., 1997) is m = 0.65. The inlet conditions are 
specified as a total pressure and a total temperature for the 
compressible flow study. The convergence is deemed to be 
achieved whenever the RMS residuals are lower than 10-5. The 
calculation is initialized with a RANS solution. Then we 
switch to URANS after the normalized residuals converge to 
10-5. 

Microphysics calculations 
The flow configuration along with the ambient conditions 

is listed in Table 2. Ambient conditions are chosen in this 
study in order to ensure that a contrail actually forms in the 
aircraft wake (reported from the European project AERONOX 
(Sausen et al., 1995)). Exhaust temperature and velocity ratio �m = n6/n*�  in Table 2 are based on the CFM56 engine 
(Garnier et al., 1997). About 30 numerical particles are 
injected from the primary jet at each time step to reach a 
particle number of 1011 m-3 at engine exhaust (Schumann et 
al., 2002). Each numerical particle contains 106 physical 
particles. The initial particle radius is <* = 20 )�. 

Table 2 Configuration for microphysics calculation 

 Primary 
jet 

Secondary 
jet 

Ambient 
conditions 

Velocity (m/s) 171 120 0 

Static pressure 
(hPa) 

262 265 240 

Static temperature 
(K) 

580 242 219 

Total pressure 
(hPa) 

1035 1039 1013 

Total temperature 
(K) 

594.5 249 293 

Mach number 0.360 0.380 0 
Density (kg/m3) 0.142 0.46 0.38 
Water vapour 
mass fraction 

3.5×10-2 0 3.6×10-6 

 

RESULTS AND DISCUSSION 
Two different flow configurations are computed in this 

study: the model validation based on experimental data 
(Guitton et al., 2007) and the microphysics calculations in 
order to simulate the contrail formation in the near field of a 
gas turbine engine.  

Model validation 
First, Figure 3 shows the streamwise contours of mean 

axial velocity �� normalized by ��,2,> (the maximum mean 
axial velocity). The inner shear layer and the outer shear layer 
are clearly identified by the normalized value ��/��,2,>  
nearly equals to 0.75 and 0.25 respectively. Both shear layers 
expand with downstream distance. 

 

 

Figure 3 Streamwise contours of normalized mean 
axial velocity, pq/pq,rst 

 
The turbulent kinetic energy 4 normalized by ��,2,>h  is 

shown in Figure 4. In the inner shear layer, the mixing is 
clearly identified, from g/R6 = 0 to g/R6 ≈ 8, for a 
normalized value 4/��,2,>h  equal to 0.004. The far field (i.e 
from g/R6 ≈ 8) is characterized by high turbulence intensity. 
The maximum is observed in the region after the end of the 
primary potential core where the two jets (primary and 
secondary) mix (Bogey et al., 2009). No data about turbulent 
kinetic energy are available to compare with (Guitton et al., 
2007). However, normalized turbulent kinetic energy can be 
compared to experimental PIV data from (Timmerman et al., 
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2009). A maximum of approximately 0.015 was found in the 
far field region. This is consistent with our results. 

 

 

Figure 4 Streamwise contours of normalized 
turbulent kinetic energy, v/pq,rstw  

 
The decays of the mean axial �� −velocity for the 

primary and secondary flows are shown in Figures 5 and 6, 
respectively. The decay of the primary jet is taken along a line </R6 = 0 and normalized by the centreline velocity at the exit 
of the primary jet n*,xy . The decay of the secondary jet is taken 
along a line </R6 = 0.3875 and normalized by the centreline 
velocity at the exit of the secondary jet n6,xy. 

In Figure 5, the axial mean velocity decreases slightly 
until @/R6 = 6.5. Then an abrupt change of velocity makes 
the curve decrease faster in the downstream direction. This 
change of velocity is due to the destruction of the potential 
core. Indeed, the axial velocity is nearly constant in the 
potential core. The potential core breaks when the shear layers 
on both sides meet each other and merge together (Yoder et 
al., 2015). In the shear layer, radial gradients on both side 
increase with downstream distance due to the mixing. 

 

 

Figure 5 Centerline decay rate of the mean axial pq −velocity for the primary jet, numerical results 

, experimental results  
 
Downstream of the potential core in the axial direction, 

the flow is fully developed. The potential core length (Guitton 
et al., 2007, Buresti et al., 1998) is assumed to correspond to 
the position where the axial velocity shows a 5% variation 
with respect to the almost constant value inside the core. The 
numerical results show a potential core length equal to @/R6 =7.43 whereas experimental data show a shorter length equal 
to @/R6 = 6.25. In comparison with the work of (Georgiadis 
and Papamoschou, 2003) for compressible coaxial jets, a 
comparable configuration (i.e. m = 0.64 and R6/R* = 2) 

shows a longer core than experimental data. This difference 
may be the result of under-prediction of the shear layer 
growth, resulting in a longer potential core (Yoder et al., 
2015). Furthermore, the jet decay rate is then over-predicted. 
The relative difference between numerical and experimental 
velocity can be expressed as follows : 

 S{|) {<<}< �%� = �
�  ∑ �100  ���,����V��,���?

��,���?
�����  (8) 

where h is the total number of sample points. Using Equation 
(8), the mean discrepancy between numerical and 
experimental velocity is 3.1 %. A similar study (Eschricht et 
al., 2009) on the same experimental configuration of (Guitton 
et al., 2007) has a higher discrepancy between numerical and 
experimental. The cone length match well but the decay of the 
centreline axial velocity is too fast. 

In Figure 6, the mean axial velocity shows a slight 
variation until @/R6 = 1.8 then rapidly decreases. The 
secondary jet shows a length of potential core shorter than 
experimental data (@/R6 = 1.65 versus @/R6 = 1.71 
respectively). Then, the velocity rapidly drops due to the 
strong mixing between the primary jet and the ambient air that 
form the outer shear layer. Furthermore, numerical results 
show decay similar to the experimental data with a slight 
under-prediction of the velocity increasing with downstream 
distance. Then, using Equation (8), the mean discrepancy 
between numerical and experimental velocity is 5.98 %. 

 

 

Figure 6 Centerline decay rate of the mean axial pq −velocity for the secondary jet, numerical 

results , experimental results  
 
Figure 7 plots the mean axial �� −velocity profiles at 

different axial positions compared with the experimental 
results. At g/R6 = 0.25, the mean axial velocity shows a top 
hat profile due to the nozzle shape. The velocity is slightly 
higher in the centre from g/R6 = 7 to g/R6 = 8. Then the 
velocity decreases with downstream distance. Velocity values 
for the radii  </R6 � 0.5 match very well with experimental 
data. 
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Figure 7 Mean axial �q −velocity profiles at different 

axial position, numerical results , and 

experimental results  
 
The radial profiles of the Reynolds stresses at different 

axial positions are shown in Figure 8. The profiles close to the 
nozzle (at g/R6 = 0.25) exhibit two maxima. They are due to 
the strong mixing in the shear layers (Buresti et al., 1998). 
With downstream distance, these two maxima spread rapidly 
and disappear totally at g/R6 = 6. However, the Reynolds 
stresses are slightly over predicted in the fully developed 
region (i.e. above g/R6 = 6). 

 

 

Figure 8 Reynolds stresses p� profiles at different 

axial position, numerical results , and 

experimental results  
   

Microphysics results 
In Figure 9, the spatial distribution of the supersaturated 

particles (in white) and the dry soot particles (in black) are 
plotted together with contours of gas temperature at t=0.5 s. 
The results show that the ice crystals first appear at the edges 
of the jet, where the hot and moist flow mixes with the cold 
and dry ambient air, promoting growth by condensation. The 
mixing of the plume with the moist ambient air causes the 
temperature drop. 

 
 
 
 

 

Figure 9 Contours of gas temperature ��, dry black 

soot and white ice crystals at t=0.5 s 
 
The two dimensional evolution of the particle radius <* at 

t=0.5 s is shown in Figure 10. It clearly appears that particles 
are expanding with downstream distance caused by the mixing 
with the ambient air. The plot also shows the growth of 
particle. Particles with initial radius (rp=20 nm) are located 
close to the nozzle. From g/R6 = 20 to g/R6 = 40, the radii 
increases significantly. This may be attributed to the strong 
mixing between particles and ambient air that promotes 
condensation and ice crystal growth. Close to g/R6 = 40, a 
large quantity of particles exhibits a radius associated to green 
colour, which is nearly equal to rp=1.4 μm. Reported 
measurement at short flight distance (z/Ds≈190) about mean 
ice crystal radii is <*2=0.93 μm (Petzold and al., 1997).  

 

Figure 10 Two dimensional evolution of the radius ����r� at t=0.5 s 

 
Figure 11a shows the temporal evolution of the mean 

crystal radius (arithmetic average <*2 = �∑ <*h* �. All the 
particles ejected are initially undersaturated because of the 
high temperature at the exit of the primary jet (Tg=580K). As 
a result, from 0 s to 0.05 s, <*2 does not change with respect to 
the initial value of dry soot <F = 20 nm. Then, ice crystals 
form from water vapour. Soot particles grow quickly due to 
mixing with cold ambient air up to t=0.2 s. Between 0.2 s and 
0.5 s, the ice crystals grow slower than before 0.2 s. Larger 
particles leave the domain affecting the curve growth. 
Residence time for particles exhaust in the centreline of the jet 
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is nearly 0.15 s. Residence time for particles is higher with 
radial distance. The inflection of the curve can also be 
explained by the fact that less water vapour is available in the 
near field of the nozzle. Consequently, that causes a decline in 
the growth of particles radius. Similar curve trend for growth 
particles radius has been observed by (Garnier et al., 2014), 
although their simulations have been carried out up to t=5 s.  
 (a) (b) 

 

Figure 11 Temporal evolution of the (a) mean radius ��r and (b) the mean saturation ratio �r 

 
In Figure 11b, the mean saturation ratio �2 is presented. 

At t=0 s, particles are emitted from the hot jet where 
thermodynamics conditions are unfavourable for 
condensation (i.e. S<1). Then, the mean ratio saturation 
increases. The particles mixing with moist ambient air explain 
this rise. The particles are cold and water vapour starts to 
condense onto soot particles and grow significantly. 
Therefore, particles become supersaturate (i.e. S>1). Then, the 
mean saturation ratio level off assuming that a quasi-steady 
state is reached in the region where particles are 
supersaturated (i.e. temperature and water vapour mass 
fraction don’t change in saturated region). 

CONCLUSION 
The purpose of this study was to investigate the evolution 

of soot and ice particles on a realistic configuration engine 
including bypass flow. In this work, we focused on a primary 
exhaust jet laden with soot particles and mixed with a 
secondary jet (bypass flow) in the cold ambient air. A 2D 
axisymmetric URANS model with the Lagrangian particle 
approach has been employed to study the formation of 
contrails in the near field of an aircraft engine. A 
microphysical model has been implemented into the 
commercial software STAR-CCM+ in order to calculate ice 
particle growth.  

Simulation results showed that the mixing between an 
actual configuration engine and the ambient air leads to the 
formation of ice crystal. Initial soot particles (rp=20 nm) and 
water vapour are emitted from the primary hot jet. Then, these 
latter become supersaturated (S>1) at the edge of the jet due 
to cold temperature. The interaction between the plume and 
the ambient air showed an important radial expansion. That 
enhances the mixing and promotes the temperature drop in the 
plume. Water vapour condenses onto soot particles and form 
ice crystals. Then, ice crystals radius increases with time due 
to the water vapour available in the atmosphere and the 
supersaturated condition. Mean particles radius goes as high 
as r��=0.72 μm at 0.5 s. 

Future works have to focus on the formation of contrails 
in the near field of a 3D geometry of the CFM56 engine. 

NOMENCLATURE 
A [-]  Kelvin effect 
α [-]  accommodation coefficient 
CT, Cp [-]  factors associated with the surface 
of growing and evaporating particles 
D [m]  diameter 
Dv [m2.s-1]  water vapour diffusivity 
coefficient 
γ [-]  velocity ratio  
J [J.m-2.s-1] diffusive flux 
k [J.kg-1]  turbulent kinetic energy 
Kn [-]  Knudsen number 
Mw [kg.mol-1] water vapour mass molar 
mp [kg]  particle mass 
μ [kg.m-1.s-1] dynamic viscosity 
N [m-3]  number density of particles 
ρ [kg.m-3]  density 
p [Pa]  static pressure 
Pw [Pa]  water vapour partial pressure 
Pw

0 [Pa]  water vapour saturation pressure 
R [J.mol-1.K-1] specific gas constant <* [m]  particle radius 
r [-]  radial coordinate 
σt [-]  turbulent Schmidt number 
S [-]  saturation ratio 
T [K]  temperature 
τs [s]  turbulent timescale ��  [-]  turbulence intensity 
t [s]  time ��, �� [m.s-1]  radial, axial gas velocity 
V [m3]  cell volume 
ω [m2.s-3]  specific dissipation rate 
xp [-]  particle position 
Y [-]  mass fraction 
z [-]  axial coordinate 
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