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Abstract-A model is developed for the description of the phase change process (sublimation or evapor- 
ation) of droplet and particles in a gaseous environment under turbulent flow. For this purpose the 
appropriate conservation and closure equations for the process are derived. Turbulence is simulated by 
suitably correlated Gaussian random numbers. The system of equations is solved numerically for the case 
when the mixture of the two phases is subjected to a step increase in the wall temperature. The Monte 
Carlo method is used to obtain the average quantities of interest in the Row field. The effects of several 
parameters (such as initial particle sizes, turbulence intensity and size of the wall tempe~ture step) on the 
rate of change of the condensed phase are examined. Gas temperatures, velocities, distances and times 

required for the completion of the phase change are calculated and reported. 

INTRODUCTION 

HEAT TRANSFER in suspensions was first examined in 

the 1960s when suspensions were considered as an 
alternative to high pressure gases for nuclear reactor 
cooling. The experimental studies of Farbar and his 

co-workers [l, 21, Tien and Quan [3] and Danziger 
[4], among others, provided the engineering cor- 
relations for the convective film coefficient of a sus- 
pension. A review of most of the experimental data 
and the resulting correlations can be found in Pfeffer 
et al. [5]. Regarding the analytical studies on the 
subject, Tien [6] made the first one for homogeneous 
suspensions of very low solids content. Ozbelge and 
Sommer [7], and Michaelides [8] developed later 
different analytical and computational models for the 
heat transfer of suspensions. 

Regarding the heat transfer and evaporation of 
droplets, a substantial body of analytical results and 
experimental data were collected in the past because 
of the engineering interest in boilers and boiling water 
reactors. The experimental data were compiled in sev- 

eral correlations referring to particular two phase flow 
regimes. The works of Collier [9] and Rohsenow and 
Hartnett [IO] summarize a great deal of the available 
information. Physical models for droplet flow in tubes 

7 Permanent address : Nanhua Power Plant Research 
Institute, Zhuzhou, Hunan 412002. P.R.C. 

appeared rather recently ; among these Whalley et al. 
[I 1] examine the subject of water droplet flow in steam 
under hydrodynamic and thermodynamic non-equi- 
librium conditions. Use of the experimental data by 
Miropolskii P[ ui. [12] is made extensively in this 
physical model. Gyarmathy 1131 provided an exten- 
sive review and developed a general model for the flow 
of droplets in a carrier gaseous stream. 

Michaelides and Lasek [ 14, IS] examined the flow 

and phase change of particles and droplets under con- 
ditions of thermodynamic and hydrodynamic non- 
equilibrium, when there is a temperature step at the 
wall or when hot particles are injected in a developed 

flow. The present study is essentially an extension of 
the last two : it extends the model developed before to 

two-dimensional duct flows where turbulence domin- 
ates the transport of particles and examines the 
response of evaporating droplets and particles to tur- 
bulent eddies. The behavior of particles or droplets in 

a gaseous stream (of the same or different substance) 
is studied, when the velocities and temperatures of the 
two phases are different (that is there is no thermo- 
dynamic or hydrodynamic equilibrium). Therefore, 
there is momentum, heat and mass transfer between 
the two phases, which results in higher rates of heat 
and mass transfer. 

The turbulent velocity field is simulated by the use 

of suitably correlated random numbers obeying a 
Gaussian distribution function. Average quantities of 
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NOMENCLATURE 

(’ specific heat 

C,, drag coefficient 
D pipe diameter 

F,, drag force 

f’ friction coefficient 

a gravity 

14, latent heat 

12 heat transfer coefficient 
li eddy kinetic energy 

I eddy length scale 
N number of droplets/particles 

L 

pressure 
heat transfer 

R,, Rz random numbers 

RlJ Reynolds number 

T temperature 

t time 

(I longitudinal velocity 

ll* friction velocity 
V radial velocity 

L’tp volume change upon phase 
transformation. 

Greek symbols 
x particle/droplet radius 
6 specific heat ratio 

i turbulence modulation factor 

11 kinematic viscosity 
L’ dynamic viscosity 

P density 
G Stefdn-Boltzmann constant 

OL,> g\ turbulence intensities 

7 characteristic time. 

Subscripts 
0 initial 
D refers to pipe diameter 

e eddy 

g gas 

P particles 

W wall. 

Superscript 
refers to fluctuations 
rate. 

interest are obtained by the USC of the Monte Carlo 
N; xpp LX~~~++~@’ 

( - 

dz 
technique applied to a large number of individual dr 
particlc trajectories. 

.;_ . 

THE SET OF EQUATIONS FOR A SUSPENSION 

The flow of particles undergoing phase change in a 
duct is assumed to be two-dimensional with the model 
of particles continuously bouncing on the walls as 
described for isothermal flows in ref. [16]. For the 
simplicity of the calculations all particles are initially 
assumed to have the same size. However, the set of 
equations comprising the model covers the poly- 
disperse suspensions and can be adjusted to take them 
into account with minor modifications. The diameter 
of the particles in all cases considered is assumed 
to be small (2a/D c< I). The gas velocities and the 
Reynolds numbers considered are such that the flow 
is turbulent and the particles do not deposit on the 
walls of the duct. Particle or droplet concentration by 
volume is small, (less than I%) thus ensuring neg- 
ligible particle interactions. It must be pointed out 
that because of the high ratio of densities this assump- 
tion does not preclude high loadings (mass flow 
ratios). The conservation equations for such a fluid 
were derived in [ 151 and [l7]. These equations are 
summarized here as follows. 

Continuitj~ equation 
A combined time-averaged equation for the con- 

servation of the mass of the suspension may be written 
in terms of the number and size of particles (or drop- 
lets) as follows : 

where N is the number density of the particles (par- 
ticles per m’), ii is the time-average local longitudinal 
velocity, p the density (which is assumed free of time 
fluctuations), z the instantaneous radius of the par- 
ticles (variable because of the change of phase). The 
subscripts p and g refer to the particles and the gas, 

respectively. Droplets and particles are relatively rigid 
and for this reason the density of the particles is 
assumed to be constant. The density of the gaseous 
phase is given as a function of its pressure, tem- 
perature and composition. 

The momentum equations for the two phases 
The momentum equation may be written as a force 

balance on a particle of radius CY as follows : 

4 d 
~np,dt(a3U,) = F,-:rrr’gradP 
3 

(2) 
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where the bold letters represent vectorial quantities, g 

is the acceleration due to the gravity and v the dynamic 
viscosity of the gas. 

The left-hand side of the above equation represents 
the instantaneous change of momentum of the 
particle. The first term on the right-hand side rep- 
resents the drag force. The second term is due to the 
pressure gradient; this term is negligible, unless the 
particles are in the presence of very strong pressure 
gradients, a case never met in duct flows [13]. The 
third term is due to the added mass of the particles 
because of the acceleration of a small quantity of gas 
with it. This term is of importance when the density 
of the gas is comparable to or higher than that of the 

particles. In the cases examined here pp/pB >> I and 
the added mass term is neglected also. The fourth term 
represents the so called Basset force, which is due to 
the history of the acceleration of the particles. The 
Basset force may become important when the particles 
are in the submicron range. The effect of this force in 
the case of particle sublimation was examined in ref. 
[14] and found to be negligible for the applications 
considered here. For this reason this term was 
neglected in the calculations that follow. Finally, the 
last term represents the action of the gravity forces on 
the particles. 

The viscous drag force F,, is given by an empirical 
relation in terms of the relative velocity of the particles 
as follows : 

F,, = ~C,,nr’p,lU,-li,l(U,--U,), (3) 

where C,, is the drag coefficient, a known function of 
the Reynolds number of the particles [I 5-l 71. 

The momentum equation for the gas is used in the 
form of the pressure drop equation in the longitudinal 
direction. The usual assumption for duct flows is 
employed here that the radial component of the pres- 
sure gradient is negligible in comparison to the other 
forces. The friction coefficient for this flow is obtained 
from a semiempirical model developed in ref. [ 161 
which reads as follows : 

(QY)“~~ 
,f’= .fo + O.O72m* T--- 

f 
(4) 

where nt* is the loading of particles (ratio of con- 
densed phase to gaseous mass fluxes) and .f; is the 
friction factor for the gaseous phase flowing alone in 
the duct. 

The heut transfer and energy rquutions 

Evaporation of the particles occurs because of the 
heat transfer from the gas to the particles or from the 
hot walls of the duct to the particles. Convection is 
the predominant mode of heat transfer from the gas 
to the particles and from the wall to the gas, while 
radiation is the predominant mode for the heat trans- 
fer from the wall to the particles. Conduction from 
the walls to the particles is neglected for the following 
two reasons : First, the time of collision of the particles 

with the wall is very small for appreciable amounts of 

energy to be conducted to the particles. Second, the 
volumetric concentrations of particles are less than 

1% ; therefore at any moment there arc very few par- 
ticles in the immediate vicinity of the wall, where any 
thermal interactions by conduction have to take place. 
For simplicity the gaseous phase is considered trans- 
parent and the particles completely opaque. However, 
the model can be easily modified to take into account 
the cffccts of a Gray gas or partially reflecting par- 
ticles. 

The velocities of the two-phase mixture are low 
enough, so that critical conditions are never met in 

the flow domain. Therefore, there is no reason to 
cxpcct thermodynamic non-equilibrium between the 
gaseous phase and the particles. This is equivalent to 
saying that frozen flow is not expcctcd in the appli- 
cations considered for this study. In addition, the 
density ratio of the condensed to the gaseous phase is 
large enough for the Kelvin- Hclmholtz effect [I 81 to 
be negligible. Hence, the temperature of the particles 
is a function of the partial pressure of its vapor in the 
gaseous phase (but is not equal to the vapor tem- 
perature). When the composition of the flowing mix- 
ture is homogeneous then the particle temperature is 
given as a function of the total pressure. Changes of 
the pressure result in particle temperature changes 
according to the ClausiussClapeyron relation. The 
rate of change of temperature in terms of the partial 
pressure may be written as follows : 

where /rrg is the latent heat of the substance, z),~ is the 
volume change related to the phase change and T is 
the absolute tcmperaturc. 

Heat transfer to the particles occurs via the con- 
vection mode from the gas and the radiation mode 
from the walls. Thus, the heat flux absorbed by the 
particles is written as follows : 

f& = 4~-x’NIz,(T,-T,,)+47cu’rrN(T~.-TV). (6) 

where rr is the StefanBoltzmann constant, and irp is 
the convective heat transfer coefficient for the 
particles. which must bc supplied by an empirical 
relation. A scmicmpirical expression recommended in 
ref. [13] is adopted here for this purpose. Because 
low particle concentrations are assumed, the effect of 
particle shadowing in the radiation term is negligible. 
Regarding the radiation term it may be proved by 
dimensional analysis (and was also observed in the 
calculations) that unless T, is greater than 1500 K. 
the convection part dominates the two modes of heat 
transfer in the case of small particle (less than 1 mm 
diameter) flows. 

The heat flux absorbed by the particles manifests 
itself in two ways : it causes the evaporation of some 
of the mass of the particles and contributes to the 
change of its temperature. Thus, one may write the 
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following expression for the rate of mass per unit 
volume undergoing phase change : 

(7) 

where /I~~ is the latent heat of the substance (for sub- 
limation or vaporization) and c,, is the specific heat 
of the particles or droplets. Given that the rate of 
temperature change of the particles is controlled by 
the pressure change, according to equation (8), the 
last two equations yield the rate of mass exchange 
(per unit volume) between the condensed and the 
vapor phase. The latter is related to the rate of change 
of the radius of the particles by a mass balance equa- 

tion 

d 
tit, = - Z(Nm,) = -4nr’lVy,,$. (8) 

Heat flux is also transferred to the gaseous phase 
from the wall at a rate, which is given by the usual 
convection relations in terms of a convection co- 
efficient h,. This coefficient is given by an empirical 
relationship [5. 14. 151 which takes into account the 
presence of particles in the flow. 

With the heat fluxes to the particles given by equa- 
tion (8) and the convection to the gas known. the 
energy equation for the gaseous phase may be reduced 
to an expression for the temperature change of the gas 
as follows : 

411, 
n (T,,.-Tg)+4m2Nhp(Tp-TJ 

(9) 

where cPX is the specific heat of the gas at constant 
pressure. In the above equations the particles are 
assumed to absorb the radiation completely. This 
assumption is made for the simplicity of the cal- 
culations which arc focused on the phase changes 
rather than radiation characteristics of the mixture. 
The effects of finite reflectivity can be easily incor- 
porated in the heat Rux equations by including the 
appropriate reflectivity and absorbtivity coefficients. 

The Reynolds decomposition of gas velocities was 
used for the two-dimensional how field considered 

and 

u, = D’,+u; (IOa) 

1’, = Vg + 1,; (!Ob) 

where the denotes time average quantities and ’ the 
time fluctuations. The flow domain is a cylindrical 
pipe and for this reason the usual pipe-flow assump- 
tions are made, namely that the time average longi- 
tudinal velocity profile obeys the I/n velocity profile 
with n = 7 [!9, 201 and that the radial time-average 

velocity is zero. The fuctuating components U’ and 
~1’ follow z Gaussian probability density distribution 
function with standard deviation equal to the tur- 
bulent intensity of the flow. Since turbulence in a pipe 
Bow is anisotropic the intensities in the radial and 
longitudinal directions arc di!ferent. Furthermore, the 
turbulence fluctuations arc correlated with a cor- 
relation coefficient R which is a function of position 
in the pipe [20]. Thus, the turbulence model may be 
written as follows : 

and 

(I la) 

I$ =a,u’,,[RR,+Rz(!-R’)“‘] (!!b) 

where R, and Rz arc Gaussian random numbers, R is 
their correlation coefficient, uF,c is the centerline gas 
velocity and c,, and (T, are the turbulence intensities, 
The last three variables are position functions and are 
obtained from a compilation of experimental data 

WI. 
The interaction time between the particles and a 

turbulent eddy is the minimum of three time scales : 

(a) the characteristic time of the particle 

T,, = 4x’p,,/ 181’ (12a) 

(b) the residence time of the particle in an eddy 

and 
(c) the eddy life-time 

Z, = l,.(2k/3) “” (!2c) 

where k is the kinetic energy of the turbulent eddy, 1, 
its length scale [20. 211 and U,,, is the relative velocity 
of the particle with respect to the eddy. It was observed 
in the calculations that in horizontal flows the eddy 
life-time was usually the interaction time of the par- 
ticle with the eddy, except for the cases when the 
particles became close to complete sublimation. In the 
latter case the radius of the particle is extremely small 
and the characteristic time of the particle is the mini- 
mum of the three time scales. For vertical flows it is 
the residence time of the particle which dominates 
except again for the cases when particles are close to 
complete sublimation. 

The above set of equations (1)~-( 12) constitute a 
system of diffcrcntia! and algebraic equations, which 
describes the phase change of the gas-particle system. 
This system of equations may be solved by a time 
marching method to yield the time evolution of the 
system. Since random numbers are being used for the 
simulation of turbulence a Monte Carlo approach has 
been used to obtain ensemble-average quantities of 
interest. It must be pointed out that a dimensionless 
representation of the conservation equations is given 
in ref. [15] and more details for the choice of the 
closure equations may be found in refs. [!5, 17, 201. 
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PARTICULATE FLOW PAST A WALL 

TEMPERATURE STEP 

As an application of the subject of heat transfer in 
particulate flows with phase change we consider the 
case when the two-phase mixture passes through a 
section where the wall temperature of the duct under- 
goes a temperature step from T,.,, to T,. For simplicity 
it is assumed that this happens at t = 0 and that the 
solids and gas have equal velocities and temperatures. 
Because the effects of radiations are taken into 

account there is no restriction on the magnitude of 
the temperature step imposed. 

When the suspension enters the domain of higher 
temperature T,, the gas is heated up and accelerates, 
thus causing the acceleration of the particles. At the 
same time heat is transferred to the particles causing 
some of them to sublimate. The phase change is a 
source of mass for the gaseous phase resulting in fur- 
ther acceleration of the gas and, through the drag 
mechanism, of the whole mixture. The process of 
phase change and acceleratton stops when all the con- 
densed phase has evaporated and the resulting vapor 
is heated up to the wall temperature. It must be 
pointed out that the continuous acceleration of the 
gas causes a hnite relative velocity between the gas 
phase and the particles, which always lag behind the 
gas. Thus, the Reynolds number of the particles (mea- 
sured in terms of relative velocity) becomes finite, a 

phenomenon which results in higher particle accel- 
eration and convective heat flux from the gas to the 
particles. This in turn accelerates the phase change 
process. 

Part of the relative velocity is due to the acceleration 
of the vapor phase and another part to the presence of 
velocity fluctuations which are modelled as eddies. 
The instantaneous velocity of the eddy includes the 
random components U’ and I”. Particle(s) entering 
an eddy experience the effect of these fluctuations in 
addition to the time-average relative velocity. Hence, 
their instantaneous relative velocity is higher and 
because of this their convective heat and mass trans- 
port coefficients arc enhanced. 

CALCULATIONS AND RESULTS 

Numerical calculations were made for the tem- 
perature step case based on the phase-change model 
described above. The working equations were solved 
by an explicit time-marching scheme. For accuracy 
and for computational stability the time step in the 
calculations was taken as the interaction time of the 
particles with an eddy as defined in equations (12a)- 
(12~) (actually, for higher computational accuracy 
0.2~~ was taken as the characteristic time for the par- 
ticles instead of T,,). The evaporating droplets have 
the properties of water substance in all calculations. 
The Gaussian random numbers for the simulation 
of the turbulence quantities were obtained from a 
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FIG. I, Three trajectories of droplets released at the center 

of the pipe. 

standard computer subroutine. Some of the results of 
the computations are shown in the figures that follow. 

Figure I shows the trajectories of three water drop- 
lets released at time t = 0 at the center of a horizontal 
pipe. The initial diameter of the droplets was 0.5 mm 
and the wall temperature step from 120 to 700°C ; 
the initial pressure was 2 bar and the flow Reynolds 
number based on the initial conditions 51 500. For the 
computations it was assumed that droplets collided 
elastically and instantaneously with the wall. Thus, 
no droplet deposition was allowed in the model. The 

effect of random fluctuations of the vapor velocity is 
evident in the three trajectories. Several collisions with 

the walls are also obvious. 
Figure 2 shows the instantaneous radii of two evap- 

orating droplets initially of 0.5 mm radius experi- 

encing a wall temperature step from 120 to 700°C and 
with an initial Reynolds number for the flow equal to 
51 500. The difference in the instantaneous sizes is 
caused by different rates of evaporation. This is due 
to the fact that because of turbulence the two droplets 
experience different vapor velocity fields and their 
transport properties differ accordingly. However, it is 
obvious from the final results that despite the fact that 
the droplets are subjected to two different random 
fields the difference in two times of complete evap- 
oration is only 2%. 

Of importance to engineering calculations is the 
pipe length and the total time it takes for the droplets 
to evaporate as well as the temperature of the vapor 
at the instant the droplets evaporate as a function 
of wall temperature. For the computation of these 
quantities it is necessary to average the corresponding 

1 50 2 

0.50 I_rm 0 00 /_ 
0 00 0 10 TX7 0 30 0 40 0.50 0 60 

$/To 

FIG. 2. Instantaneous 
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FIG. 3. (a) Effect of the wall temperature on the time required 
for complete evaporation. (b) Effect of the wall temperature 

on the evaporation length. 

quantities of an ensemble of particles subject to the 
turbulent flow field as described by equations (lO)- 
(12). A sensitivity analysis of the computation results 
showed that the average quantities of interest con- 
verged to within 0.5% when more than 700 particles 
were used in the ensemble. In the calculations that 
follow 990 particles were released from different initial 
radial positions and the results obtained were aver- 
aged to obtain the ensemble averages. 

Figures 3(a) and (b) show the influence of the wall 
temperature on the evaporation length and time. The 
results are for water droplets of initial sizes equal to 
0.5 and 0.2 mm and initial temperatures of 120°C (393 
K). As expected the higher wall temperature results 
in a shorter evaporation time and shorter evaporation 
lengths. It is also of importance that smaller droplets 
evaporate much faster than the bigger ones. This is 
due to the much higher initial amount of mass the 
bigger droplets have. 

The time evolution of the gas temperature during 
the droplet evaporation process is shown in Fig. 4 

0 00 100 2.00 300 400 5.00 

t (s) 

FIG. 4. Vapor temperature as a function of time for three 
different wall temperatures. 

for three different wall temperatures of 500, 700 and 
1100°C. It is assumed that initially the gas is at the 
same temperature as the droplets (120°C). The three 
curves show a fast increase in the gas temperatures 
initially, followed by a very slow rate of increase. The 
rapid temperature increase is due to the fact that a 
great deal of heat is absorbed from the wall by the gas 
and not much from the gas by the droplets (because 
initially gas and droplets are at the same temperature 
and heat transfer between the two phases is low). 
When the gas reaches an intermediate temperature 
between TgO and T,, the convection of heat from the 
gas to the particles becomes dominant in the heat 
balance and most of the heat flux from the wall to the 
two-phase mixture is finally absorbed by the evap- 
orating droplets (it may be said that the presence of 
droplets keeps the gas cooler). Therefore, the tem- 
perature of the vapor phase rises very slowly as may 
be seen in the figure. When the droplets become very 
small (and hence the convective heat transfer to them 
becomes very low) the rate of increase of the gas 
temperature is faster. When the droplets evaporate 

completely all the heat is absorbed by the gas. Then 
the gas temperature is expected to increase rapidly 
and to finally approach asymptotically the wall tem- 
perature (the usual single-phase relaxation solution to 
the gas temperature will apply). 

The effect of the turbulence level intensity on the 
time and length of evaporation was examined. It is 
known that turbulence intensity may be artificially 
modulated by the placement of certain components 
in the boundary layers. For this reason parametric 
calculations were conducted on the turbulence inten- 
sities. Thus, cror oV and u* (the friction velocity) were 

multiplied simultaneously by a factor 1 ranging 
between 0 and 2. The case for i = 0 represents com- 
plete suppression of turbulence, the case i. = 1 rep- 
resents normal turbulence levels with the closure equa- 
tions for the turbulence intensities obtained from ref. 
[20] and the case 1 = 2 assumes a turbulence level 
twice as much as the normal. The results for the time 
of evaporation and for the length of pipe required for 
evaporation are shown in Figs. 5(a) and (b), respec- 
tively. The two curves represent two initial Reynolds 
numbers (51 500 and 17200). It is apparent that the 
level of turbulence intensity plays an important role 
in the evaporation time and pipe length ; a reduction 
of up to 20% on both is achieved by doubling the 
level of normal turbulence. 

One parameter, which influences the results of the 
evaporation considerably is the initial radius of the 
particles or droplets a,. Its influence lies in the fact 
that the heat flux to the particles is proportional to 
the square of the radius, while the concentration by 
volume or mass is proportional to the cube of the 
radius. The effect of the initial radius (LX,,) on the time 
required for complete evaporation is shown in Fig. 6. 
T, is 900°C for the two curves which represent 
Reynolds numbers of 51 500 and 17 200. It is observed 
that the originally smaller droplets, which have larger 
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FIG. 5. (a) Effect of turbulence modulation on the time 
required for complete evaporation for two Reynolds 
numbers. (b) Effect of turbulence modulation on the pipe 
length required for complete evaporation for two Reynolds 

numbers. 

total surface area, evaporate in a small fraction of the 
total time required by those with bigger original sizes. 

Since the emphasis of the present work is on the 
effect of turbulence on evaporation and sublimation, 
computations on other parameters were not made. 
The qualitative influence of several other parameters 
on phase change may be found in ref. [ 151 where more 
parametric calculations and results with substances 
other than water are reported. 

CONCLUSIONS 

This study shows the development of a math- 
ematical model for the turbulent motion of particles 

or droplets in a duct, while they undergo a phase 

0 ~,““““,““,““,“‘,“,,,,,,,,,,,,,,,_,_ 
00 0.2 04 0.6 0.8 1 .o 

M. (mm) 

FIG. 6. The effect of the initial droplet radius on the time 
required for complete evaporation. 

change. The model treats the two phases separately 
and allows for thermal and mechanical non-equi- 
librium. The conservation and closure equations for 
the properties of the flowing mixture of gas and par- 

ticles are obtained. The turbulence closure equations 
were obtained from standard experimental data avail- 
able in the boundary layer literature. A Monte Carlo 
simulation of the trajectories of 990 particles in the 
flow was used for obtaining the quantities of interest. 
Thus, the instantaneous velocity field is obtained by 
the use of two Gaussian random numbers correlated 
according to experimental data in order to simulate 
the relationship between U’ and v’. The differential 
equations, which describe the phase change process, 
are solved for each one of these particles and the final 
results are averaged. 

The solution of the system of differential equations 

was accomplished for a substance having the thermo- 
dynamic and transport properties of water. The 
results showed that the rate of phase change increases 
with higher wall temperature or lower particle diam- 
eter. The temperature of the gaseous phase remains 
almost constant. during the time when phase change 
occurs and increases rapidly when the phase change 

is completed. Therefore, during most of the phase 
change process the temperatures of both phases 
remain almost constant (although the two are differ- 
ent). It was found that turbulence plays an important 
role in the phase change process and that the evap- 
oration time is reduced by 20% when the turbulence 
level is doubled with respect to the normal. Therefore, 
it may be concluded that, other things being equal, 
turbulence enhancement elements may be advanta- 
geously used for the improvement of phase change 
processes. 
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EFFET DE TURBULENCE SUR LE CHANGEMENT DE PHASE DES GOIJTTES OU 
DES PARTlCULES DANS LES CONDITIONS DE NON-EQUILIBRE 

RCsumLOn dheloppe un modele qui decrit le changement de phase (par sublimation ou par evaporation) 
d’une goutte liquidc ou d’une particule solide dans un tcoulement gazeux turbulent. Pour ce faire, on 
donne les equations de conservation et de cloture approprites. La turbulence est represent&e par une 
distribution altatoire convenablement corrclec. Le systtme d’equations est rcsolu numeriquement dans le 
cas ou le melange de deux phases est soumis d une augmentation subite de la temperature de la paroi. La 
methode de Monte Carlo est appliquee pour obtenir Ies valeurs moyennes de grandeurs qui caracterisent 
lc champ d’ecoulcment. On &die I’influence dc certains paramttres (taille initiale des particules. intensite 
de la turbulence, importance du saut de la temperature de la paroi) sur le taux d’evaporation ou de 
sublimation de la phase condenste. La temperature du gaz, sa vitesse, la distance parcourue et le temps, 

necessaires au changement total de phase, sont calculi%. 

EINFLUSS DER TURBULENZ AUF DEN PHASENWECHSEL AN TROPFEN UND 
PARTIKELN UNTER NICHT-GLEICHGEWICHTSBEDINGUNGEN 

Zusammenfassung--Zur Beschreibung des Phasenwechselvorganges (Sublimation oder Verdampfung an 
Tropfen und Partikeln in einem turbulent stromenden Gas wird ein Model1 entwickelt. Zu diesem Zweck 
werden die zugehorigen Erhaltungs- und SchlieBungs-Gleichungen hergeleitet. Die Turbulenz wird durch 
eine geeignete Korrelation von Gauss’schen Zufallszahlen simuliert. Fiir den Fall, daD das Zwei- 
phasengemisch einer sprunghaften Anderung der Wandtemperatur ausgesetzt ist, wird das Gleichungs- 
system numerisch gellist. Die gemittelten interessierenden GriiBen des Strijmungsfeldes werden unter 
Verwendung des Monte-Carlo Verfahrens ermittelt. Der EinRul3 unterschiedlicher Parameter (wie z. B. 
antSdngliche Partikelgrogc. Turbulenzintensitit und Stlrke der sprunghaften Wandtemperaturlnderung) 
auf die Geschwindigkeit des Phasenwechsels der kondensierten Phase wird untersucht. Die Gastem- 
peraturen, Gcschwindigkeiten, Abstandc und Zeiten fur einen vollstandigen Phasenwechsel werdcn 

berechnet und dargestellt. 

BJIARHME TYP6YJIEHTHOCTR HA aA30BbIR l-IEPEXOA KAnEJIb H sACTMH TIPH 
HEPABHOBECHbIX YCJIOBHIIX 

hIIOTaUII~Pa3pa6OTaHa MoPeJIb 2~1s OnllcaHIia nponecca @i30BOrO nepexona (cy6nuMawe UnB 
ncnapemra) Kanenb B gacran B rasoo6pasrrol cpene B ycnosanx Typ6yneHTHoro ‘reSemi% HonyYeHbI 
ypaanermn coxpauerrea A aaMbtrramiri &im rrccnenyeMoro nponecca. Typ6ynerrrrtocrb MonenHpyeTcn 

CooTseTcTByro~aM rayccoBcKsiM pacnpenenemieM cnyVafiHbIx skicen. %cneHHo pemaeTcrr CHcTeMa 

ypamtemiti &IIK cnyqan, Korna neyxr&3Han CMecb HarpeBaeTcn 38 CWT cKarKoo6pa3Horo yBenu9eaas 

TehmepaTypbr CTBHKW. MeronoM Morrre-Kapno 0npenenmoTcn cpenmie nenri~tlnbr nona reSe”Bfl. Ycra- 
nannrinaerca BnaeHBe HecKonbrcrrx napaMeTpos (TaKnx KBK HaYanbHble pa3Mepbl sacTBq miTeHcBB- 

“OCTb Typ6yJIeHTHOCTA A Benli’I~Ha CKa=IKa TeMEpaTypbI CTCHKA) Ha cKopocTb npeepamemir 

KoHnefic5iposaHHok +asbI. II~HBOAHTC~ percynb-rarbr pacgeTos TehfnepaTyp, crtopocrefi, a TaKme pacc- 

~onmii A npoMemyTKon epehleaa, Heo6xoneMbrx nnK ocynrecrenemin (pa3onoro nepexona. 


