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Abstract--A Lagrangian approach is developed for droplet vaporization in turbulent fields, with two-way 
coupling between phases. Specific source terms induced by phase changes are described and results are 
presented for methyl alcohol droplet vaporization in a heated turbulent round jet. A high coupling is 
observed between production and diffusion processes for the vapour mass fraction and fluid temperatures. 

Droplet diameter distributions are strongly dependent on the turbulent dispersion and droplet history. 

INTRODUCTION 

Numerous studies are currently devoted to studying 
the droplet vaporization phenomena and more gener- 
ally the droplet combustion. Practical situations, such 
as industrial burners, diesel engines and more specifi- 
cally rocket engines, involve two fluid phases which 
are almost invariably interacting with each other. 
Simulations of such two-phase flows appear quite 
complex since they must account for turbulent disper- 
sion, phase changes and coupling between both pro- 
cesses. 

Turbulent two-phase flow problems can be handled 
following two theoretical approaches: the Eulerian 
approach and the Lagrangian approach (Berlemont 
et al. [1]). In the Eulerian approach (Reeks [2], Elgho- 
bashi el al. [3], Picart et al. [4] among others), particle 
trajectory constructions and statistics are not 
explicitly carried out at a computational level, but 
are explicitly achieved at a conceptual level through 
equation closure ~.ssumptions, for instance by using a 
dispersion tensor (Gouesbet et al. [5], Desjonqu6res 
et al. [6]). The d:Lscrete character of the underlying 
process is thus modelled by a continuous description 
of the particle field. Although sophisticated Eulerian 
two-phase flow models have been developed (Simonin 
[7], Reeks [8]), closure assumptions are generating in 
most cases new constants, resulting possibly in a loss 
of generality. However unsteady situations are more 
easily solved through a Eulerian approach. 

On the other hand, the Lagrangian approach allows 
one to account for the instantaneous flow properties 
encountered by the particles, and thus involves each 
particle history starting from its injection into the flow 
field. Moreover, the evolution of particle diameter 
distributions rem~.ins difficult to predict in a Eulerian 
scheme, but can be readily introduced in a Lagrangian 
approach. 

From the detailed study of the evaporation of an 

isolated droplet in a given flow field, models have been 
deduced to describe the droplet vaporization. These 
models involve the temperature and vapour mass frac- 
tion of the surrounding fluid, and the droplet relative 
velocity. For turbulent flows, these quantities are 
fluctuating along the particle trajectories and thus the 
droplet behaviour is strongly linked to its history from 
injection. The Lagrangian approach appears par- 
ticularly well designed to study the influence of the 
turbulence on vaporizing droplets, when the Eulerian 
method would only deal with mean quantities. 

Simulations have been first carried out for methyl 
alcohol droplets in grid turbulence (Berlemont et al. 
[9]) where particular attention has been paid to the 
respective influence of fluctuating temperatures, 
fluctuating vapour mass fractions and fluctuating 
velocities on mean diameter and diameter distributions 
of the droplets. An important result of the turbulence 
influence is the broadening of the diameter pdf which 
is coupled with the particle dispersion process. The 
broadening effect of diameter distributions then can- 
not be neglected, particularly when temperature fluc- 
tuations occur in the flow under study. 

The aim of the present paper is to extend our model 
to turbulent jet applications, and to account for the 
two-way coupling between the fluid turbulence and 
the droplet heat transfers to discuss the interaction 
between vapour production and turbulent diffusion. 
In this paper the vaporization model and the particle 
tracking procedure are first recalled, then the two- 
way coupling source terms are detailed, and finally, 
simulations in a heated turbulent round jet are pre- 
sented and the results are discussed. 

VAPORIZATION MODEL 

Vaporization models widely rely on the so-called 
"corrected spherical symmetry" hypothesis. In these 
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B M Spalding mass transfer number 
BT Spalding heat transfer number 
Co drag coefficient 
C~ liquid specific heat 
Co fluid thermal capacity 
Cv~p vapour specific heat 
d, D droplet diameter 
do initial droplet diameter 
~ vapour diffusion coefficient 
g gravity vector 
k turbulent energy 
L latent heat of vaporization 
Le~ vapour Lewis number 

effective mass flow rate 
mp particle mass 
n mean number of particle per unit 

volume 
Nu vaporization Nusselt number 
Nu* corrected Nusselt number 
P pressure 
Pr, Pr t Prandtl number 
qg heat flow rate on droplet surface 
r radial cordinate 
rs droplet radius 
R jet nozzle radius 
Re Reynolds number 
Rep particle Reynolds number 

NOMENCLATURE 

Sc, Sc~ Schmidt number 
Sh* corrected Sherwood number 
Sh enthalpy source term 
Sm mass source term 
Sui, Smui, Spui momentum source term 
6ek, Sink, Spk turbulent energy source term 

ape 
t 
T , T  ~ 

Tref 
T s 

U, Ui 
V 
Uc, 
Y, Y~ 
Y] 

dissipation source term 
time 

surrounding gas temperature 
reference state temperature 
droplet surface temperature 
fluid velocity vector 
droplet velocity vector 
fluid centerline velocity 

surrounding vapour mass fractions 
droplet surface vapour mass fraction. 

Greek symbols 
e turbulent energy dissipation rate 
A non-dimensional vapour mass flow 

rate 
2 gas thermal conductivity 
#, #t fluid dynamic viscosity 
vrof reference state (' 1/3' rule) viscosity 
p, pf gas density 
p~ liquid density 
0 fluid temperature. 

models, spherical symmetry is assumed for heat and 
mass transfers between the droplet and the sur- 
rounding fluid, and convection effects are taken into 
account by introducing correlation laws in the models 
(Spalding [10], Linan [11]). Here are the detailed 
assumptions of our model : 

(1) spherical symmetry ; 
(2) quasi steady gas film around the droplet ; 
(3) uniform physical properties of the surrounding 

fluid ; 
(4) uniform pressure around the droplet and 
(5) liquid-vapour thermal equilibrium on the drop- 

let surface. 

In order to determine the droplet temperature we 
can use either the "infinite conductivity model", when 
the temperature inside the droplet is assumed to be 
uniform, the "conduction limit model", when the con- 
duction equation is solved inside the droplet, or the 
"circulation model" where internal circulation can be 
involved (Prakash and Sirignano [12], Aggarwal et al. 
[13], Renksizbulut and Haywood [14], Berlemont et 
al. [9]). 

We are only recalling in this paper the main 
relations under infinite conductivity assumption, more 
detail can be found in Berlemont et al. [9]. 

The non-dimensional vapour mass flow rate A is : 

2 rhCvap 
A = -7--1n (1 +BM) 

riD2 Lel  
(1) 

where Lej is the Lewis number : 

2 
Lel (2) 

CvapP~l 

BM is the Spalding mass transfer number : 

Y] -- Y7 
BM (3 )  

1 - Y~ 

rn is the vapour mass flow rate, Cva p is the specific heat 
of the vapour, D is the droplet diameter, 2 is the 
thermal conductivity of the fluid, p is the fluid density, 
91 is the diffusion coefficient of the vapour, and Y] 
and y~o are vapour mass fractions on the droplet 
surface and far from the droplet, respectively. 

We thus obtain for the droplet diameter : 

dD - 2A2 
(4) 

dt  PtDCvap 

where p~ is the liquid droplet density. 
Infinite conductivity model implies a uniform drop- 

let surface temperature which is given by : 
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[ , d t - D z  piC1 x ( T ~ - T ~ ) N u -  L A 

where C1 is the specific heat of the liquid, 7 ~ is the 
fluid temperature, L is the latent heat of vaporization, 
and Nu is the Nusselt number defined by : 

A q~ 
Nu - exp (A/2) - 1 - 2(T ~ - T s) (6) 

D 

where qg is the heat flow rate on the droplet surface. 
In order to account for the influence of convection 

on droplet vaporization, correlation laws are used 
both for heat and mass transfer modifications under 
the film theory assumption. Following Faeth [15], 
Nusselt number i:~ then expressed through : 

Nu = Nu* in (1 + Br) and Nu* 

= 2 +  
0.55Rel/2 prl/3 

(7) 
1 1.232 .~/2 

where BT is the Spalding heat transfer number, Re is 
the particle Reyrolds number and Pr is the Prandtl 
number. A similalr relation is written for the Sherwood 
number, but with the Prandtl number replaced by the 
Schmidt number. 

An important issue in evaluating the droplet vapo- 
rization rate is the knowledge of the physical proper- 
ties in the gaseous film around the droplet. Following 
Hubbard et al. [16], the averaging "1/3 rule" should 
be used, namely physical properties of the fluid around 
the particle have to be approximated at a reference 
state '"1/3 of the droplet surface + 2/3 of the fluid far 
from the droplet". That leads to the change in the drag 
coefficient CD through the viscosity v in the particle 
Reynolds number which is now calculated at the ref- 
erence state (Vrof in equation 10). We have observed a 
quite large sensitivity of the droplet behaviour to a 
modification of that rule (Berlemont et al. [9]). 

PARTICLE TRACKING 

Due to the quite large particle and fluid density 
ratio, forces in the droplet motion equation are 
reduced to drag and gravity forces, leading to : 

nD3 dV 7rD2 
- p C D ( V - U ) I V - U I  P~ 6 dt 8 

1rD 3 
+ ~ - ( p ~ - - p ) g  (8) 

with following Clift et al. [17] : 

24 
CD = Rep (1 +0.15Rep °687) (9) 

where the particle Reynolds number Rep is defined as : 

IV-UID 
Rep - - -  (10) 

Vref 

Rep is assumed to be smaller than 200. V and U are 
the droplet and fluid velocity vectors respectively, and 
g is the acceleration due to gravity. 

The main problem arising in the integration of the 
equation of motion of a discrete particle is to deter- 
mine the instantaneous fluid velocity at the location 
of the discrete particle. That problem is the basis of 
the different schemes which are used in Lagrangian 
approaches (Gosman and Ioannides [18], Durst et 
al. [19], Sommerfeld [20], Azevedo and Pereira [21], 
Berlemont et al. [22]). Mean velocities are obtained 
through any kind of turbulence model, but fluid vel- 
ocity fluctuations can be determined through different 
random schemes. 

In our approach (Berlemont et aL [9], [22]) the 
random process can be driven by given correlation 
functions. Rather than using a stochastic process lead- 
ing to a fixed Lagrangian velocity correlation func- 
tion, we choose this function and slave the random 
process to it. This is achieved through a correlation 
matrix (Berlemont et al. [23]) implementing the 
chosen velocity correlation function. In practice we 
privileged Frenkiel [24] correlations which involve a 
loop parameter driving the occurrence and import- 
ance of negative loops in the correlation. However, the 
most important problem in particle tracking process 
remains the turbulent scale approximations as 
recently discussed (Berlemont et al. [1]). In both Lag- 
rangian integral time scale and Eulerian length scale 
a constant has to be set. It has been shown that particle 
dispersion is very sensitive to the value of these con- 
stants. Examples may be found in Gouesbet et al. 
[25]. 

TWO-WAY COUPLING 

When vaporizing droplets are involved in the simu- 
lations, two-way coupling must be accounted for since 
the phase change modifies the characteristics of the 
fluid phase. The vapour produced by the droplets is a 
mass source for the fluid, moreover the vaporization 
process generates modifications in the momentum and 
energy balances between both phases. Fluid phase 
equations then contain many extra-source terms. 
Assuming that the vapour production does not 
significantly modify the fluid phase density, the 
governing equations read as follows (Grancher [26]), 
with classical notations : 

Mean f low equations 
Continuity equation : 

where Sm is the mass source term. 

(ll) 
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Momentum equation : 

O F2 O U j 7  

a /aei a < ~ -  
+ ~xj (/~ +/.iT) (~TXj + (12) 

where S~, is the momentum source term, which 
involves two terms associated with two phenomena:  
S~, = Spu+Sm~,--Sp~, is linked to interaction forces 
between the fluid and the particles : 

dVi 

where n is the mean number  of particles per unit 
volume. 

--Sin., is the gas momentum flux ejected by the 
particle during its vaporization.  Assuming that  the 
vapour  is discharged into the fluid with a mean vel- 
ocity nearly equal to the droplet  velocity, we get : 

Smu, = n(SmVi).  (14) 

Mean temperature : 

c3 

(15) 

where ? is the mean temperature defined with respect 
to a reference temperature T~°f, S .  is the enthalpy 
source term and Cp is the fluid specific heat capacity 
Su can be divided in two parts : 

-SpH which represents the heat captured by the 
droplet  for its heating and for vaporizing m mass of 
liquid per unit time : 

Sp. = n ( - 4nrZs qg ). (16) 

-SmH which represents the heat which is released 
by the droplet  into the fluid : 

SmH = n(  mCvap( T~ - Tref)). (17) 

Mean vapour mass fraction : 

_ ~ # 
~ ( p U j ? )  ~(~ ~ ~/~?~ = -[- ~TCT)~Xj)"~- rn (18) 

where Sc and Scs are the Schmidt number  and tur- 
bulent Schmidt number,  respectively. 

Turbulence equations 
Fluid turbulence is still described using a (k-e) 

model, but  the modification of the continuity equation 
leads to extra terms in the k-equation, e-equation and 
for temperature and vapour  mass fraction fluctuation 
equations. 

Turbulence energy equation. Applying the Reynolds 
decomposit ion to the momentum equation, we first 
obtain : 

~7 p"; -}- ~j j  p[ Uju~ .-1- [Jiu; -{- U~bl; -- bl~U~] 

@' O F2 Oulq (3 , , 
- 0x, 

where 

(19) 

_ ! (Ou  0u;  
s~j - 2 \Ox, + ~ixi) 

is the fluctuating par t  of the strain tensor. 
Mult iplying (19) by u~, summing on subscript i and 

averaging, we obtain : 

O 1 
7xj [p Ujk + ~pu;u;u~- 2#u~s~j + p'u;] 

= --pa;u;S i j - -  21tsrjs;j (I) 

+ Suu~ (II) 

auk {2 , 0 Ou'k~ 1 c~ul 
 pu;U; x k 

, au'k _ , Ou~ 
q'-p ~ X  k - - p U i u i ~ x k  ( I I I ) .  (20) 

Part  (I) of  the above equation is the usual turbulence 
energy equation (Tenneskes and Lumley [27]), part  
(II) is linked to the fluctuations of  the momentum 
source term and par t  (III) is only generated by the 
phase changes. Term (III) is now detailed. 

Using equation (11), and neglecting density fluc- 
tuations such as ~?U'k/OXk = S'mp, we get : 

1 
(III) = -k~,~ m -- ~ u~u;a~m -- giu~S m 

(1) (2) (3) 

2 Yu  3Sm + ~p,S,m. (21) 
3 p OX i 

(4) (5) 

The term (1) depends on the mean mass source term, 
when other terms depend on the fluctuations of  this 
mean mass source term. The terms (2) and (3) can be 
directly obtained without any assumption since we are 
concerned, here, with a Lagrangian approach,  but  the 
terms (4) and (5) should be modelled. However, it 
appears to be reasonable to neglect the correlation 
between velocity fluctuations and spatial derivative of 
mass source term fluctuations (term 4) and between 
pressure fluctuations and mass source term fluc- 
tuations (term 5). Equat ion (20) thus reads : 

~ ( p U j k )  a~  \ a k J \ a x j )  

where 

~'~k = G - - C D p ~  + Sk 

(22) 

(23) 

FOOi a t.Tj7 0 t.7~ 

is the usual turbulence energy product ion term, and 
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Sk is the extra source term which can be separated in 
two parts : 

S k = Spk  + S m k  ( 2 4 )  

where Spk is linked to the particle mass loading : 

Spk = S'p,u~ (25) 

and Sink is due to the vaporization process : 

= S m u  U i - k S m  - - T U i U i a m  - -  Uiu iam S m k  ~ i / - 1 i / i -- p / 

= S m , j i + ½ ~ O i S m - ½ U i G S m .  (26) 

Energy dissipation rate equation. The same model  is 
used for particle source term in e-equation with and 
without vaporization, that means extra dissipation 
due to the particles is assumed to be proport ional  to 
their energy production : 

e 
Sp~. = C,3 ~ Spk. (27) 

The transport equation thus reads : 

with 

e e 2 
S,cf,: = C I ~ G - C 2 p ~ + S ~  and 

8 
Sg = Cc3 ~ ( S p k  q-  S i n k ) ,  ( 2 9 )  

Scalar fluctuation transport equation. Scalar fluc- 
tuation transport equation is obtained by deriving 
the transport equation for a scalar fluctuation. By 
multiplying the transport equation for 0' by 0', by 

averaging and by assuming that OpG/dx~ = a m and 
Opu~/Ox~ = S'm, we can write : 

\~o-o/# \-~j-xj .] (30) 

with 

and 

aO aO e S"o = CO,.T~--Co~;;O +So (31) 

So = S'oO' ~ ~ - "  ' - - 0  S m - - O  S m - 2 0 0 S  m 

= S'oO" + O0 S m -  OOSm. (32) 

All the source terms are summarized in Table 1. 

TWO PHASE VAPORIZING DROPLET JET 
SIMULATION 

Experiments on evaporating sprays which can be 
used for model validation are needed; however they 
are very rare due to the complexity of  measurements 
required for comparisons. For  the model  validation 
such experiments should provide us with detailed inlet 
conditions, and in particular droplet size velocity cor- 
relations. Since at this time no experiment was found 
for our purpose, we have decided to simulate the tur- 
bulent round particle laden jet configuration which is 
now described. 

Test case description 
We arbitrary chose a physical problem, such as the 

influence of  the discrete phase on the carrier fluid 

tb 

G 

opT 

Y 

0,2 

Table 1. Source terms in turbulence model 

O 
Continuity equation: ~xPUi = S m 

0 - -  J c~ P t  ~?tb _ _  
Transport equation : - -  p UjO - - -  + S. 

axj axj a. ~xj 

S, (turbulence model) S. = Sp. + Sin* (extra source terms) 

a 2 ~ 2 ~ 

G - Cope + Sk 

n / - - m  F d~ SPUI= \ ~LOt-"]) 
Smu, = n<SmVi> 

Sv~ = S;uu; 

I ~ 1 - - - - - -  l 
Smk = SmujUi -~U i Ui S m - ~ U i U i S  m 

e e 2 
Cl ~G-C2p-~  +S, 

SH 

8 
S, = G3 ~ Sk 

Spa = - n(Lm + QL> 

SmH = n<rhCvap(Ts-- T o ) >  

Sm a m = n(m> 

O0 aO e wr co,.,~-co2p~o" +so So, = S'oO" +OO Sm +OOSm 
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Fluid phase 

i 
Air jot 

2R=0.02 m 

Particles 

Dinj=0.016 
L 

II r 
Fig. 1. Simulation test case. 

> 

should be quite important. We thus assumed a high 
mass loading ratio, namely • = 0.5, and the droplet 
inlet velocity was taken smaller than the fluid velocity 
in order to increase the vapour production (which 
increases when the droplet relative velocity increases). 

We consider a turbulent round jet vertically aligned 
with the main direction set downward (Fig. 1). Jet exit 
diameter is 0.02 m, and centerline exit mean velocity 
is 28 m s -~. Initial profiles for mean velocities and 
turbulence are deduced from fully developed pipe flow 
predictions. Mean temperature is 400 K, and is 
assumed constant everywhere in the jet. No tem- 
perature fluctuations are introduced into the flow 
field. 

Droplet characteristics. Methyl-alcohol droplets are 
injected at the jet exit, from r = 0 m, to r = 0.008 
m. Initial diameter is 100 ~m, and the initial droplet 
temperature is 300 K. Droplet injection velocity is 
0.7 times the fluid velocity. Fluid and particle initial 
velocity fluctuations are identical. 

Fluidphase predictions. Fluid flow calculations are 
carried out by using a (k-e) model supplemented with 
algebraic relations, deduced from second order clos- 
ure assumption, for the Reynolds tensor prediction 
(Gosman et al. [28], Rodi [29]). Cylindrical coor- 
dinates are used with (80 × 40) grid nodes. 

Constants. Classic correction for turbulent round 
jet predictions is used, namely : 

C~, = 0.09 - 0.04f C 2 = 1.92 - 0.067f 

with 

r rl/2 (~U¢1 

where Uc~ is the longitudinal centerline mean velocity, 
r j/2 is the jet half-width and A U the longitudinal mean 
velocity radial variation on r~/2. Other constants are: 

C D = 1, C1 = 1.44, trk= 1.0, 

a , = 1 . 3  and C~3= 1.1. 

Droplet statistics are carried out on 20000 tra- 
jectories and eight iterations are made between tur- 
bulence prediction and droplet trajectory simulations. 

RESULTS 

Uniform temperature field 
Discussion is first carried out by only considering 

mass, momentum and energy source terms. Heat 
source terms will be introduced in the next section. 

Figure 2 presents reduced mean centerline velocity 
profiles (Uc~/U~o) for the single phase, for the fluid 
phase with • = 0.5 and for the droplets (Ur0 is the 
fluid jet exit velocity), vs x/2R. Up to x/2R = 10, 
the droplets are accelerating and due to their lower 
velocity than the fluid flow, they slightly decrease the 
fluid velocity. When x/2R is greater than 10 the fluid 
velocity is increased by the droplets, but the gap 
between particle and fluid velocities is decreasing due 
to the droplet vaporization, also inducing less particle 
influence on the fluid flow. We can observe in Fig. 3 
that the jet half width is decreased as observed too 
in particle laden jets (Berlemont et al. [22]), but the 
decrease of the droplet mass flow rate leads to an 
increase in the slope of the jet half width profile which 
tends back to the single phase flow case. 

Reduced droplet diameters on the jet axis are pre- 
sented in Fig. 4. We observe for x/2R > 10 that the 
decrease in diameter is smaller with the two-way coup- 
ling than the simulations without iteration between 
the turbulent field and the particles. This result can be 
explained by the increase of the fluid velocity and thus 
of the droplet velocity, which leads to a shorter droplet 
residence time in the simulation domain. 

Figure 5 shows the centerline vapour mass fraction 
induced by the droplet vaporization. We can first 
observe a clear decrease in vapour mass fraction near 
x/2R = 10 which can be explained by two mech- 
anisms. First as the particle velocity equals the fluid 
velocity in that region, vapour production decreases 
due to reduction of the convection flux proportionally 
to the particle relative velocity. Secondly, as shown in 
Fig. 6, the turbulent energy is highly increased near 
x/2R = 10, thus the turbulent diffusion is greater than 
production in that region. These mechanisms pro- 
cesses are then inversed near x/2R = 15 until 
x/2R = 55. In this region the droplet diameters are 
decreased due to vaporization and the turbulent dis- 
persion drives the particle towards the edges of the 
jet ; consequently the vapour production is decreased 
on the axis. 

The axial turbulence intensity on the jet axis is pre- 
sented in Fig. 6. The single phase value is stabilized 
around 27%, and a classical turbulent intensity 
decrease, due to the presence of particles, is observed 
for the two phase flow. As previously mentioned for 
the velocities, the influence of the particles on the fluid 



Heat and mass transfer coupling between vaporizing droplets 

1 ' 2 - I  . . . . . . . . . . .  : . . . .  S n g o p h a s e  
u /u : I cl fO 1 ' I -e-- Fluid, loading=0.5 

i ~ .  I ~ Droplets, loading=0.5 I 

o . 8  . . . . . . .  : . . . . . . . . . . .  'L . . . . . . . . . . .  ', 

0.4 

0.0 , ' I ' 
0 20 40 60 

x/2R 

Fig. 2. Reduced centerline mean velocities. 

6R~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
rhalf/2 

-e- Single phase / 

4 

2 

0 i i i 
0 20 40 60 

x/2R 

Fig. 3. Reduced jet half width. 
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is decreased during the droplet vaporization process. 
As described in Table 1, the source terms are divided 
in two parts, one coming from the mere presence of  
the droplet and the second one which is linked to the 
droplet vaporizat ien process. Figure 7 represents an 
estimate of  the contribution of  each part. By corn- 

paring these two terms it can be observed that the 
vaporizat ion source term is much smaller (in absolute 
value) than the usual source term for two way coup- 
ling on the turbulent energy equation. 

Droplet  mean diameters and rms diameter are pre- 
sented in Figs 8 and 9, respectively. The profiles are 
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1.2  "-r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

d/d 0 

0.8 

0.4 

i 

Loading=0.5 

i i i 

0.00 20.00 40.00 
x/2 R 

Fig. 4. Droplet diameter on jet axis. 

60.00 

0.06  . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . .  

0,04  

0.02 

0 . 0 0  

0 20  40 60  
x /D 

Fig. 5. Vapour mass fraction. 

reduced by the initial droplet diameter (100 pm). In 
these figures we observe that the smaller droplets are 
present on the jet edges, and this behaviour is more 
pronounced as they move downstream the jet exit. 
Moreover, the droplet diameter standard deviation is 
increasing from the jet axis to the edge : for example, 
at the location x/2R = 120, O" d is equal to 5 pm and 
d = 68/~m on the axis, since ad = 10/~m and d = 55 
pm for r/R = 4. Statistics on the outer part of the jet 
are computed on roughly 200 droplets, a quite small 
number but which is sufficient to point out a physical 
behaviour. It is worth pointing that the droplets en- 

countered on the edge of the jet can exhibit different 
histories : they can be on the jet edge since their injec- 
tion and thus their quite long residence time in the jet 
leads to a small diameter, or they can travel from the 
jet axis to the edge by dispersion effect and thus they 
keep a larger diameter. 

Fluid temperature modifications 
In the above discussion, the fluid temperature has 

been assumed constant. This section presents the same 
simulation but this time the two way coupling is now 
introduced in the fluid temperature predictions as 
defined in Table 1. 

Figure 10 presents the droplet mean diameter on 
the jet axis with and without coupling on tempera- 
tures. We observe that the droplet diameter is decreas- 
ing more slowly with temperature two way coupling 
than without. That behaviour can be explained by 
drawing the fluid temperature on the jet axis (Fig. 11). 
A quite fast decrease of the temperature is observed 
near the jet exit. That behaviour is linked to the drop- 
let injection conditions: since the droplet slip vel- 
ocities are quite important, convection phenomena 
induce more intense heat transfers between both 
phases, as previously mentioned in the discussion of 
Fig. 5. Then the mean temperature is increased by 
turbulent diffusion which induces energy transfers 
from the jet edge (where the temperature is fixed to 
400 K) to the axis. We then observea slight decrease 
of the jet axis temperature which represents the gap 
between the turbulent heat diffusion and the absorbed 
heat through droplet vaporization. 
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CONCLUSION 

Two-way coupling between gas phase and liquid 
phase has been presented for the study of  vaporizing 
droplets in turbulent round jets. Following the well 
recognized scheme to model  the influence of  discrete 
particles on turbulence field for high mass loading 
flows, we have established the source terms linked to 
the vaporization process. These source terms appear 
in the continuity, momentum,  turbulence energy, 
turbulent dissipation, temperature and vapour mass 
fraction transport equations. Using a Lagrangian 
approach, all the terms are exact, except for the 
turbulent energy dissipation rate which is modeled. 

We have then carried out simulations for methyl 
alcohol droplet vaporization in a heated turbulent 
round jet to determine the interaction dispersion- 
vaporization and the strong coupling between the two 
phases. In the studied case, we have observed that the 
influence of  the droplets on the fluid turbulent energy 
is mainly due to the presence of  the particles, rather 
than the extra source term coming from the vapo- 
rization process. We have mentioned that the tur- 
bulence leads to quite large diameter distributions on 
the jet edges. Moreover,  a high coupling is observed 
between production and turbulent diffusion, both at 
the vapour mass fraction and fluid temperature levels. 
Finally,' we have observed that our two way coupling 
method needs more iterations between the turbulence 
transport and the droplet trajectories equation. This 
is due to the required precision on the fluid flow which 
drives the history of  the droplet dynamics (residence 
time and temperatures which are encountered). The 
next step in our studies will be to confirm the presented 
results by comparing simulations and experimental 
results as soon as detailed experiments will be available. 
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