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a b s t r a c t 

We present results of a numerical study of turbulent droplet-laden channel flow with phase transition. 

Previous studies of the same system did not take into account the presence of gravity. Here, we do so 

introducing a thin film of water at the bottom wall and permitting droplets to fall into and merge with 

it. We treat the carrier phase with the Eulerian approach. Each droplet is considered separately in the 

Lagrangian formulation, adopting the point–particle approximation. We maintain the film thickness con- 

stant by draining water from the bottom wall to compensate for (a) the droplets that fall onto the film 

and (b) evaporation/condensation. We also maintain on average the total mass of water in the channel 

by inserting new droplets at the top wall to compensate for the water that has been drained from the 

bottom wall. We analyze the behavior of the statistically averaged gas and droplet quantities focusing 

on the heat exchange between the two phases. We increase (a) the initial droplet diameter keeping the 

same initial droplet volume fraction and (b) the initial number of droplets in the channel keeping their 

diameter the same. In both parameter studies we find that droplets grow less than in the reference case. 

In case (a) this is explained by the larger velocity with which they travel to the bottom wall and in case 

(b) by the lower rate of condensation of vapor due to the presence of neighboring droplets. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

In the field of multiphase systems droplet-laden channel flow

presents a challenging topic not only because of how turbulent

flow influences the mass and heat transfer properties of droplets

but also how, in turn, droplets modulate the flow. In particular,

the two-way coupling influences the heat transfer which is rele-

vant both in nature and in industrial applications. Important ex-

amples are cloud formation and particle dispersion in atmosphere

and oceans along with combustion in engines and heat transfer in

power stations ( Barigou et al., 1998 ). 

Several studies dedicated to multiphase flows with a large num-

ber of dispersed droplets have been conducted. The first investiga-

tion was done by Mashayek (1998) . He applied an Euler–Lagrange

approach to describe two phases which were coupled by trans-

fer of momentum, mass and energy. Later, a study of the mix-

ing layer with embedded evaporating droplets was conducted by
∗ Corresponding author. Tel.: +31 53 489 4125. 

E-mail address: a.bukhvostova@utwente.nl (A. Bukhvostova). 

a  

b  

a  

h  

a

http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.04.007 

0142-727X/© 2016 Elsevier Inc. All rights reserved. 
iller and Bellan (1998) . The presence of evaporating droplets in a

urbulent planar jet was investigated by Masi et al. (2010) . We fo-

us on a new setting of a wall-bounded turbulent flow in which

roplets not only evaporate, like in the studies cited above, but

lso where condensational growth due to the interaction with the

apor phase is also important. We focus on the enhancement of

he heat transfer between the channel walls. The motivation for

his setting comes from the previous work of Kuerten et al. (2011) ,

here it was shown that the presence of particles increases the

usselt number by more than a factor of two. In this study we

dd several new features into the system among which phase tran-

ition is one. 

In this contribution we generalize earlier work by Bukhvostova

t al. (2014a ), Russo et al. (2014a ) and Bukhvostova et al. (2014b )

nd introduce gravity in the wall-normal direction which acts both

n the flow and the droplets. Gravity leads to a mean motion of

roplets towards the bottom wall where they accumulate and form

 film of water. Initially we introduce a thin film of water at the

ottom wall and account for droplets which fall into the film by

dding new droplets at the top wall. In this paper we keep the film

eight constant by draining water from the film at the bottom wall

nd keep the surface of the film stationary. 

http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.04.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijhff
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatfluidflow.2016.04.007&domain=pdf
mailto:a.bukhvostova@utwente.nl
http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.04.007
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Fig. 1. Sketch of channel geometry, bounded by two horizontal planes, with water 

droplets and film of fixed height h . The size of the computational domain in the 

periodic stream- and spanwise directions is equal to 4 πH and 2 πH , respectively, 

where H is half the channel height. The temperature at the bottom and top wall is 

kept constant, equal to T b and T t , respectively. 

Fig. 2. The outer bound of the stability region for solid: RK4 dashed: RK3. The fig- 

ure shows the region in which the amplification factor of the scheme is smaller 

than 1. 
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First, we investigate the reference case for the flow conditions

onsidered in Bukhvostova et al. (2014a ) using 1 million droplets

nitially distributed in the channel. We consider statistically aver-

ged heat and mass transfer properties of the droplets and gas,

btained by averaging over all droplets present in the channel and

ver the periodic directions, respectively. To illustrate the included

echanisms better we also follow the trajectory of a single droplet,

nserted at the top wall, and examine its motion and evolving

roperties. In real applications of systems with a large number of

ispersed droplets, important parameters are the droplet size and

he number of droplets. This motivates us to perform two addi-

ional sets of simulations. In the first we increase the initial droplet

iameter keeping their initial volume fraction constant. In the sec-

nd set of simulations, we increase the number of droplets up to 2

illion keeping their initial diameter the same as in the reference

ase. We report and analyze differences in the results confronting

hem with the results of the reference case. 

The computational setting is similar to a simple heat exchange

idely used in industry ( Abdul Karim et al., 2012 ). The better un-

erstanding of heat transfer enhancement for liquids and gases

ade it possible to incorporate different types of heat exchangers

nto gas turbines to improve their efficiency ( Donald et al., 2010 ).

n our situation the heat exchange between the channel walls at

iven temperature difference between the walls is an important

roperty to study. 

The structure of the paper is as follows. In Section 2 the math-

matical model for the two phases and for the film is given along

ith the details on the numerical method. In Section 3 we describe

he initial conditions of the simulations. In Section 4 the results of

he reference case and of the two sets of simulations are presented.

inally, we collect concluding remarks in Section 5 . 

. Models and methods 

This section is divided into four sections. Section 2.1 is dedi-

ated to the mathematical model for the droplets and gas which

s identical to the model which was adopted in Bukhvostova et al.

2014a ). In Section 2.2 we describe the model for the film of water.

ection 2.3 is dedicated to the spatial discretization which is used

n this study and finally, in Section 2.4 we give details on the time

ntegration. 

.1. Mathematical model for the carrier and dispersed phases 

We consider a water–air system in a channel, bounded by two

arallel horizontal plates. In particular, a two-phase system, con-

isting of a carrier phase of dry air and water vapor and a dis-

ersed phase of liquid water droplets next to a continuous water

lm will be investigated. The mixture of air and water vapor will

e referred to as the carrier gas or gas and the liquid droplets as

he dispersed phase. We use an Eulerian approach for the gas and

rack every droplet individually in a Lagrangian manner. In addi-

ion, we treat the carrier gas as compressible. In Fig. 1 a sketch of

he flow domain is presented. The domain has a size of x l = 4 πH

n the streamwise direction, which is denoted by x , and z l = 2 πH

n the spanwise direction, z , where H is half the channel height.

n addition, y is the coordinate in the wall-normal direction. The

op wall of the channel is located at y = H and the bottom wall at

 = −H. We use periodic boundary conditions in the stream- and

panwise directions because there is no dependence of the results

n these directions ( Pope, 20 0 0 ) and the same approach was used

n the early work by Kim et al. (1987) . A thin film of water of a

xed thickness h is maintained at the bottom wall, such that h �
 . The temperatures at the top and bottom walls of the channel are

enoted by T t and T b , respectively, and kept fixed such that T t < T b .

n addition, no-slip conditions are applied to the carrier phase at
he upper wall and at the film surface. In this study we consider

 simplified problem where the film surface does not move and is

ept perfectly flat. 

We first present the system of ordinary differential equations

or the droplets which are described in a Lagrangian manner by the

quations for the change of the position, mass, velocity and tem-

erature of each droplet. The dispersed phase of the system con-

ists of small water droplets, which, when sufficiently small, can

e assumed to be spherical as surface tension will be dominant

nd drives droplets to this shape. Droplets are in addition assumed

o be smaller than the local turbulence scales, which motivates the

oint–particle approach. In the current study the droplet volume

raction is chosen to fluctuate around 10 −4 and therefore we con-

ider two-way coupling according to the classification proposed by

lghobashi (1994) . 

In the Lagrangian method for the droplets adopted here a sys-

em of ordinary differential equations for each droplet is obtained

ollowing the model used in Miller and Bellan (1998) and Masi

t al. (2010) . The location of a droplet is governed by the kinematic
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condition: 

d x i (t) 

dt 
= v i (1)

where x i is the location and v i is the velocity of droplet i . Maxey

and Riley (1983) derived the equation of motion for a sphere

in a non-uniform flow. In the water–air system considered here

droplets have a much higher mass density than the carrier fluid

and, consequently, the Stokes force acting on a droplet is domi-

nant ( Armenio and Fiorotto, 2001 ). We solve the following equa-

tion of motion with the standard Schiller–Naumann drag correc-

tion ( Schiller and Naumann, 1933 ): 

d v i 
dt 

= 

u ( x i , t ) − v i 
τd,i 

(1 + 0 . 15 Re 0 . 687 
d,i ) + g (2)

where u ( x i , t) is the velocity of the carrier gas at the droplet po-

sition. Moreover, τd,i = ρl d 
2 
i 
/ (18 μ) defines the droplet relaxation

time where ρ l and d i stand for liquid water mass density and

droplet diameter of droplet i , respectively. In addition, Re d, i is the

droplet Reynolds number based on the diameter of the droplet and

on the relative velocity of droplet with respect to the local instan-

taneous flow: 

Re d,i = 

d i ρ| u ( x i , t) − v | 
μ

(3)

Vector g stands for the vector of gravitational acceleration and has

the following components (0; –g; 0). Apart from the contribution

by gravity, the equation for the change of droplet velocity is equiv-

alent to the equation for the change of droplet momentum used in

Bukhvostova et al. (2014a ). 

We also take into account how the energy of a droplet, given by

E i = c l m i T i , changes in time. Here, c l is the specific heat of liquid

water and m i , T i are droplet mass and temperature, respectively.

We take into consideration two mechanisms for energy changes:

mass transfer by phase change and heat exchange by convection at

the droplet surface: 

d 

dt 
E i = h v 

dm i 

dt 
+ h m 

A i ( T ( x i , t) − T i ) (4)

where h v = λ0 + c pv T i denotes the specific enthalpy of water vapor.

In the current study we use the following correlation for the heat

transfer coefficient h m 

for forced convection around a sphere ( Bird

et al. , 1960 , p. 439): 

h m 

d i 
K 

= 2 + 0 . 60 Re 1 / 2 
d,i 

Pr 1 / 3 (5)

Finally, A i denotes the surface area of droplet i and T ( x i , t) the car-

rier phase temperature at the droplet position. 

To complete the system of equations for water droplets we still

require an expression for dm i / dt , for which the following equation

( Bird et al. , 1960 , p. 711) is adopted: 

dm i 

dt 
= − m i Sh d,i 

3 τd,i Sc 
ln 

(
1 − Y v ,δ,i 
1 − Y v ,s,i 

)
(6)

where Y v, δ and Y v, s are the vapor mass fractions at a distance δ
from the surface of the droplet and on the surface of the droplet,

respectively. The vapor boundary layer thickness around a droplet

is denoted by δ. For the Sherwood number of a droplet we use the

correlation for a sphere ( Bird et al., 1960 ): 

Sh d,i = 2 + 0 . 60 Re 1 / 2 
d 

Sc 1 / 3 (7)

The vapor mass fraction at the surface Y v, s corresponds to ther-

modynamic equilibrium at the surface, which determines the sat-

uration vapor pressure. Y v, s is found using the saturation pressure

p v, sat following from Antoine’s relation ( Antoine, 1888 ): 

p v ,sat = 10 

5 exp 

(
A − B 

C + T 

)
in Pa (8)
i 
here A = 11 . 6834 , B = 4089 . 59 K , C = 500 . 02 K and T i is taken in

elvin, in combination with the ideal gas law for water vapor while

 v, δ is considered as the vapor mass fraction of the carrier phase

t the position of the droplet. 

We use the following model for the carrier phase ( Bukhvostova

t al., 2014a; Miller and Bellan, 1998 ): 

 t ρ + ∂ j (ρu j ) = Q m 

(9)

 t (ρu i ) + ∂ j (ρu i u j ) = −∂ j πi j + F i + Q mom,i + g i ρ (10)

 t e t + ∂ j 
(
ρu j e t 

)
= −∂ j q j − ∂ j (u i πi j ) + Q e (11)

 t (ρY v ) + ∂ j (ρu j Y v ) = −∂ j J v , j + Q m 

(12)

here Q m 

, Q mom, i , Q e are sink/source terms expressing the two-

ay coupling between the carrier and droplet phases. These will

e discussed later. In addition, ( ρ , u j , e t , Y v ) are the carrier phase

ass density, components of the velocity, total energy density and

apor mass fraction, respectively. Moreover, π ij defines pressure

nd viscous contributions to the momentum flux; we use Suther-

and’s law to compute the dynamic viscosity. Among the compo-

ents of the gravity vector g only the vertical component g 2 is

ot equal to zero. The term F i is an external force density which

s obtained from the conservation of total streamwise momentum

n time. In addition, q j denotes the components of the heat flux

ector, which consists of heat transport by conduction and by dif-

usion and the vector J v defines the diffusive mass flux of water

apor and the flux caused by the pressure gradient. The pressure

nd temperature of the carrier phase are denoted by p and T . The

apor mass fraction, p and T are connected by the ideal gas law for

n air–water vapor mixture given by Miller and Bellan (1998) : 

p = ρT R air (1 − Y v ) + ρT R water Y v (13)

here R air and R water stand for the specific gas constants for air

nd water vapor, respectively. They are equal to the universal gas

onstant, divided by the corresponding molar mass. 

The presence of gravity leads to a potential energy density con-

ribution to the total energy density of the gas, which is equal to: 

 pot = ρg 2 y (14)

he total energy density e t equals: 

 t = e kin + e int + e pot (15)

nd two other contributions e kin and e int are specified in

ukhvostova et al. (2014a ). 

Finally , two-way coupling between the two phases is imple-

ented via momentum, energy and mass source terms in the gov-

rning equations of the carrier phase by requiring conservation

f mass, momentum, energy and vapor mass ( Bukhvostova et al.,

014a ). For example, the two-way coupling terms in continuity

quation (3.1) and in total energy density equation (3.3) are given

y expressions: 

 m 

= −
∑ 

i 

dm i 

dt 
δ( x − x i ) (16)

 e = −
∑ 

i 

d 

dt 
(c l m i T i ) δ( x − x i ) (17)

here the sum is taken over all droplets in the domain. The math-

matical expression (17) contains delta-functions which reflects

hat the two-way coupling terms act on the carrier phase only at

he locations of the droplets. 

The thin film, located at the warmer bottom wall, can con-

ribute to evaporation and water vapor can also condense on its

urface. We will give the mathematical formulations for these

echanisms when discussing the model for the film. 
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.2. Simplified model for the film 

The presence of gravity in the channel leads to the mean move-

ent of droplets towards the bottom wall where they form a film

f water. We introduce initially a thin film of water at the bottom

all simplifying its properties to a constant height and stationary

urface. Moreover, the film is considered thin, i.e., h � H . Under

hese assumptions it is sufficient to describe the film behavior by

he equation of change of its thermodynamic characteristics. We

hoose to use the film energy per unit area E s because energy is

 conserved quantity and moreover, it permits an easier treatment

f the interface condition on the film surface as will be specified

ater. There are three origins of change in the film energy: evap-

ration of water from the film surface or condensation of vapor

nto the film surface, the conductive heat transfer from/to the gas

nd droplets merging with the film because of their motion in the

ownward direction. The film is assumed to be sufficiently thin so

hat derivatives of its temperature parallel to the film are so small

ompared to derivatives in the wall-normal direction that they can

e neglected. The film is assumed not to move. Consequently, the

onvective flux is not taken into account. These assumptions and

implifications permit to write the change in the film energy per

nit area as: 

∂E s 

∂t 
(x, z) = q 2 − q 1 + s 2 − s 1 (18) 

here q 1 and q 2 represent the fluxes in the wall-normal direction

t the bottom wall y = −H and at the film interface y = −H + h,

espectively. Source terms s 1 and s 2 refer to changes in energy at

he bottom wall and at the film interface, respectively, which will

e specified below. The energy flux at the bottom wall is given by

hermal conduction: 

 1 = k w 

∂T f 

∂y 

∣∣∣
y = −H 

(19) 

here k w 

is the thermal conductivity of water and T f denotes the

lm temperature. The film temperature is a function of time and

patial coordinates. Formally it requires the solution of a partial

ifferential equation for it. However, in this study we approximate

he temperature in the film by a second-order polynomial in the

all-normal coordinate, closely following Russo et al. (2014b ), as

ill be discussed in detail further in this section. The energy flux

t the interface contains the conductive transport of energy be-

ween the gas above the film and the film surface: 

 2 = k g 
∂T g 

∂y 

∣∣∣
y = −H+ h 

(20) 

here k g and T g are the thermal conductivity and the temperature

f the gas, respectively. 

The thickness of the film can change because of two reasons:

1) the film evaporates or water vapor condenses on the film and

2) droplets fall and merge with the film because of gravity. These

wo contributions compose the source term s 2 at the interface of

he film with the carrier gas. We assume that at the liquid/carrier

as interface a mass ˙ m v of water evaporates or condenses per unit

ime and per unit area of the film. If ˙ m v has a negative sign, then

vaporation from the film surface occurs; if it is positive, then

ater vapor condenses on its surface. This quantity ˙ m v is mod-

led in a similar way as the evaporation from a spherical droplet

 Bukhvostova et al., 2014a ): 

˙ 
 v = 

Dρg 

δ
(Y v ,δ − Y v ,s ) (21) 

here D is the diffusion coefficient of water vapor in air and ρg is

he carrier gas density. Moreover, Y v, δ and Y v, s denote the vapor

ass fraction at a small distance δ from the film surface in the

arrier gas, and at the film surface, respectively. Y v, s is found from
he saturation condition at the film interface computed using An-

oine’s law ( Antoine, 1888 ) while we choose to compute Y v, δ at the

rst cell-center in the carrier gas for convenience. Consequently, δ
s equal to the distance between the first cell center and the film

nterface. We model the film evaporation or the condensation on

ts surface of the water vapor in this way because this is consis-

ent with the expression for the flux J v, j in (4) . The combination

f (11) and the expression for the vapor flux J v, j in (4) results in a

onstant vapor mass density in time in case the vapor mass frac-

ion is a linear function of the wall-normal coordinate between the

lm interface and the second grid cell. 

In order to maintain a constant film thickness we extract or add

ater at the bottom of the film. This defines the source term s 1 in

18) . We compute the net amount of water ˙ m which enters/leaves

he film in the form of water droplets ˙ m d and water vapor ˙ m v 
hrough the film interface per unit area per unit time: 

˙ 
 = 

˙ m d + 

˙ m v (22) 

onsequently, the energy source at the bottom of the film is: 

 1 = 

˙ m c w 

T b (23) 

here c w 

is the specific heat of water. In this way we maintain

 constant film thickness h . The criterion for merging of a droplet

ith the film is that the distance between the droplet center of

ass and the film surface is smaller than its radius. 

In order to maintain on average a constant mass of water in the

hannel we distribute new droplets from the top wall according to

he procedure which will be described in Section 3 . 

We define the energy of the droplets which enter the film per

nit area per unit time by ˙ E d . This is equal to the sum of kinetic,

otential and internal energy of the droplets which merged with

he film per unit area per unit time. In our simplified model we

um the energy of all droplets which merge with the film and dis-

ribute it uniformly over the total film. Since we do not take into

onsideration the local change of the film height caused by droplet

erging with the film, the corresponding energy is not be added

ocally as well but averaged over the total film. Consequently, s 2 
an be written as: 

 2 = 

˙ m v h w 

+ 

˙ E d (24) 

here h w 

is the specific enthalpy of liquid water. 

Since some terms in the proposed model contain the film tem-

erature, for instance, the conduction term (19) , we also need the

lm temperature T f as a function of the wall-normal coordinate.

he relation between the film energy and the film temperature

s: 

 w 

ρw 

∫ −H+ h 

−H 

T f (x, y, z) dy = E s (x, z) (25) 

here ρw 

denotes the mass density of water. 

Since the film height is very small compared to the height of

he channel, instead of discretizing the film, we approximate the

lm temperature by a second-order polynomial in the wall-normal

oordinate, closely following Russo et al. (2014b ). 

 f (x, z, y, t) = A 0 (x, z, t) + A 1 (x, z, t) 
y + H 

h 

+ A 2 (x, z, t) 
(y + H) 2 

h 

2 

(26) 

he coefficients in (26) are recovered from the boundary condi-

ions on the bottom wall and on the film surface. The following

onditions should be satisfied. The first condition is the prescribed

emperature at the bottom wall, T b : 

 f | y = −H = T b (27) 
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The second boundary condition is the continuity of the heat flux

at the interface. It is given by: 

−k w 

∂T f 

∂y 

∣∣∣
y = −H+ h 

+ h v ˙ m v 

∣∣∣
y = −H+ h 

= −k g 
∂T g 

∂y 

∣∣∣
y = −H+ h 

+ h w 

˙ m v 

∣∣∣
y = −H+ h 

(28)

where h v is the enthalpy of water vapor. The left-hand side of

(28) is the flux into the gas at the film interface which has two

contributions: the conductive term in the film and the term from

evaporated/condensed vapor from/on the film surface. In a similar

way we write the flux into the film which also reflects two mech-

anisms: conductive transport in the gas and the contribution from

evaporation or condensation. 

The final condition is the expression for the film energy per

unit area E s in terms of the film temperature, (25) . From the three

described conditions the three unknown coefficients in the poly-

nomial representation of the film temperature (26) can be deter-

mined. 

2.3. Spatial discretization 

The spatial discretization of the equations in the gas is based on

a finite volume method which follows the method in Bukhvostova

et al. (2014a ). The geometry is divided into rectangular cells. A uni-

form grid is used in the two periodic directions. In the wall-normal

direction a non-uniform grid is applied which is finer near the

walls in order to resolve the boundary layers. We apply the same

non-uniform grid in the wall-normal direction as in Bukhvostova

et al. (2014a ) but the height of the first cell is smaller since it starts

from the film interface y = −H + h . The film thickness is taken

equal to 1/3 of the height of the first cell. The variables are stored

in the centers of the cells. We use 128 cells in each direction. This

choice for the resolution is motivated in detail in Marchioli et al.

(2008) where simulation results obtained with various numerical

methods are compared. In that paper, simulations of a particle-

laden turbulent channel flow at Re τ = 150 using second-order cen-

tral differences, similar to our method, on the same grid as used

here were reported. The results of the simulation showed a differ-

ence on the order of 1% in the mean fluid velocity profile and on

the order of 2% in the RMS of fluctuating quantities of carrier and

dispersed phases with other studies based on, e.g., pseudo-spectral

methods. Moreover, in Bukhvostova et al. (2014b ) we performed a

simulation on a finer grid with 192 points in each direction and

found that this grid refinement leads to differences on the order of

less than 1% between the averaged results. 

2.4. Time integration 

We use the three-stage time integration method proposed by

Spalart et al. (1991) . It consists of three stages and in order to

compute the value of a variable at the new stage the values at up

to two previous stages are required and not at the old time. In

the previous studies Bukhvostova et al. (2014a ) and Bukhvostova

et al. (2014b ) an explicit four-stage low-storage Runge–Kutta time-

stepping was applied. This time-stepping method is a second-order

low storage algorithm, in which the solution needs to be stored at

the previous time and at the current stage only. For convenience

we denote the algorithm used in Bukhvostova et al. (2014a ) by

RK4 and we will refer to the algorithm proposed by Spalart et al.

(1991) used here as RK3. Method RK3 is somewhat more efficient,

as it requires only three stages and is almost third-order accurate. 

RK3 method is a hybrid implicit–explicit time iteration method.

For the nonlinear terms each stage is analogous to forward Euler

or second-order Adams–Bashforth but with different coefficients

while for the linear part the method is similar to the Crank–

Nicolson scheme but again with different coefficients. The coef-
cients are derived from the condition of highest possible order

f the algorithm and can be found in Spalart et al. (1991) . In the

resent work we only use the explicit part of the algorithm and

rite the system of governing equations for the carrier gas (9) –

12) in the following way: 

∂w 

∂t 
= N(w ) (29)

here w stands for the vector of variables which are mass den-

ity, momentum, total energy density and water vapor mass den-

ity: w = [ ρ, ρu , e tot , ρY v ] . The right-hand side of (29) is the sum

f convective and viscous terms of the governing equations for

he carrier phase. In a similar way we also apply only the explicit

art of RK3 to the system of ordinary differential equations for the

roplets. The treatment of the right-hand sides of the systems of

quations for the gas and droplets system of equations as nonlin-

ar terms guarantees the third-order accuracy of the scheme. 

The disadvantage of RK3 is a slightly more severe restriction on

he time step. We show this performing a stability analysis for the

ystem of Eqs. (9) –(12) and two time integration schemes in the

ame way as done by Müller and Rizzi (1989) for an explicit algo-

ithm for compressible, viscous flow. The stability analysis consists

f two parts. First, the equations are linearized and discretized in

pace. This leads to a large system of coupled, linear ordinary dif-

erential equations. Fourier analysis results in a diagonal system of

quations of the form: 

dv 

dt 
= �v (30)

here v represents the vector of amplitudes of the Fourier modes

nd � is a diagonal matrix which contains the complex eigenval-

es, λi . Second, the regions in which λi 	t is stable for the specific

unge–Kutta schemes are determined. 

In order to find the maximum time step we used the re-

ult of Bukhvostova et al. (2014b ) where the time integration

chemes RK3 and RK4 were applied as well. The stability analy-

is in Bukhvostova et al. (2014b ) yields that for RK4 and RK3 are

table for 	t ≤ CFL × Ma 	x 
u with CFL = 2 and CFL = 1 , respectively,

here u is a typical value for the velocity and 	x is a typical grid

ize. 

From numerical tests we also found that the optimal time step

n RK3 is twice smaller than in RK4. With this time step we are

till in the regime of affordable computing times, also because the

PU time of one time step of RK3 is smaller than that of RK4. This

esults in approximately the same computing time of the full sim-

lation for both integration methods. 

One stage of a time step is executed in the following order.

irst, we find the properties of the droplets at the new stage, then

e renew the properties of the carrier gas and finally, we solve the

ystem of equations for the film. This order is motivated by the oc-

urrence of the gas temperature at the new stage in Eq. (28) for

he film. In order to calculate the gas temperature at the new

tage the two-way coupling terms, which are directly connected

o the system of ordinary differential equations for the droplets

 Bukhvostova et al., 2014a ), need to be known. 

In the next section we will give the details on the initial con-

itions for the simulations along with the validation of the model

nd results of the simulation cases. 

. Initial conditions and simulation cases 

In this section we specify initial conditions for the carrier gas,

lm and droplets. Then, we introduce two sets of simulations

hich we perform in this study. 

We start the simulations from turbulent velocity, density and

emperature fields obtained from a simulation without droplets
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nd with adiabatic boundary conditions at the walls ( Bukhvostova

t al., 2014a ). This simulation was performed until a statistically

teady state was reached. In the present study we keep the wall

emperatures constant. We keep the temperature difference be-

ween the walls equal to 3 K choosing T b = 293 . 15 K and T t =
90 . 15 K . This temperature difference is the same as in the steady

tate in the reference case in Bukhvostova et al. (2014a ) where

e applied a constant heat flux through the walls. The reference

ase was initialized with ‘mild’ conditions, such as room temper-

ture, atmospheric pressure and saturated vapor pressure. In this

aper we make the setting as close as possible to a possible exper-

ment, using fixed wall temperatures. In Bukhvostova et al. (2014a )

e used the boundary condition of constant heat flux at the walls

hich is convenient in terms of the exact energy conservation in

he system. In the present paper the total energy slightly varies

ecause of the droplets which are added and removed. In order to

ompute the heat flux q j through the walls as a boundary condi-

ion for Eq. (11) we use the value of the temperature at the wall

nd at the first cell center from the channel wall. 

The reference scales of the system define the non-dimensional

arameters, such as the Reynolds number based on the bulk ve-

ocity Re b , the Mach number Ma, the Prandtl number Pr and the

chmidt number Sc, along with the thermodynamic parameters of

he simulations. We choose the same reference scales as in the ref-

rence case in Bukhvostova et al. (2014a ). The reference tempera-

ure and mass density are equal to the mean initial temperature

nd mass density. Specifically, the reference temperature is taken

qual to room temperature, T re f = 293 . 15 K . The reference velocity

s taken as the initial bulk velocity of the carrier gas. The refer-

nce length is chosen as half the channel height, H , and it is equal

o 0.02 m. From the initial pressure, which is taken as the atmo-

pheric pressure, and the initial relative humidity of 100% every-

here in the channel we find the initial mass density of the car-

ier gas and the initial vapor mass fraction. The thermodynamic

alues of the system along with the non-dimensional parameters

re shown in Table 1 . 

Initially, we take the film temperature uniform and equal every-

here to T b . The gas temperature above the film surface is slightly

arger than 293 . 15 K and this leads to initial condensation of water

apor on the film surface. 

We randomly distribute droplets over the volume of the chan-

el. We define a reference case in which the initial number

f droplets is equal to 1,0 0 0,0 0 0 and the initial diameter d 0 is

 . 09 × 10 −3 in non-dimensional units. The diameter is made non-

imensional with the reference scale which is equal to half the

hannel height, H . 

We perform two sets of simulations which are described in

able 2 . In the first set we vary the initial number of droplets keep-

ng their initial volume fraction equal to that used in the reference
Table 1 

Thermodynamic and non-dimensional parameters of simulations. 

K , (W/m · K) μ, (kg/m · s) D , (m 

2 /s) Re b Pr Ma Sc 

2 . 5519 × 10 −2 1 . 86766 × 10 −5 2 . 0917 × 10 −5 2333 0.7478 0.05 0.6283 

Table 2 

The test cases. No. drop, d 0 and V 0 denote the 

initial number of droplets, initial droplet diameter 

and their initial volume fraction. 

Case No. drop d 0 V 0 

1M 1 million 3 . 09 × 10 −3 10 −4 

M/2 1/2 million 3 . 89 × 10 −3 10 −4 

M/4 1/4 million 4 . 91 × 10 −3 10 −4 

V 2 million 3 . 09 × 10 −3 2 × 10 −4 

w  

v  

n  

t  

w  

W  

i  

p  

(  

h  

s  

c

4

 

e  
ase. As a consequence, the initial droplet diameter is different,

able 2 . In the second set of simulations we increase the initial

umber of droplets to 2,0 0 0,0 0 0 keeping their initial diameter the

ame. The droplet volume fractions in the performed simulations

orrespond to the two-way coupling regime according to the clas-

ification proposed by Elghobashi (1994) . 

In this paper we use the point–particle approach. This is al-

owed if the droplet diameter is sufficiently smaller than the Kol-

ogorov length ( Marchioli et al., 2006 ). In the channel flow the

olmogorov length varies along the wall-normal direction from a

inimum value of 1.6 near the wall to a maximum value of 3.6

n wall units at the centerline ( Marchioli et al., 2008 ). In this pa-

er we consider three different initial droplet diameters. For the

argest value of the diameter the maximum ratio of the droplet di-

meter, which in wall units equals 0.8, and the Kolmogorov scale

s approximately 0.48. The maximum growth of a droplet is not

arger than 0.14% of its initial diameter and consequently, the ratio

f droplet diameters and Kolmogorov scale is less than 0.5. This

e adopt as sufficient motivation for using the point–particle ap-

roach. 

For the droplets periodic conditions are used in the homoge-

eous directions. This means that if a droplet leaves the domain,

t re-enters the domain from the other side with the same prop-

rties. Moreover, droplets collide elastically with the top wall if

hey approach the wall within a distance of their radius. In order

o maintain on average a constant mass of water in the channel

e distribute new droplets from the top wall according to the fol-

owing procedure. The diameter of the inserted droplets is taken

qual to the initial diameter d 0 and the corresponding mass of

ne droplet is denoted by m 0 . Each stage of a time step we de-

ermine the mass of droplets that should be inserted to keep the

otal mass of water in the system constant. This mass will in gen-

ral not correspond to an integer number of droplets of mass m 0 .

herefore, we insert the nearest integer just below this value and

eep the remainder for the next stage. In this way, on average the

otal mass of water is kept constant. The droplets are inserted at

andom locations at the top wall with the same temperature, T t .

he stream- and spanwise velocity components of these droplets

re equal to zero and the wall-normal component is equal to the

erminal velocity which is found in the following way. Two forces

re acting on a droplet: drag force and gravitational force. For the

rag force we use the Schiller–Naumann correlation ( Schiller and

aumann, 1933 ). The droplet terminal velocity is defined by the

ondition that these two forces balance, so that the initial acceler-

tion of the droplet is equal to zero. This results in the following

xpression for the absolute value of the terminal velocity: 

 T = 

τd g 

1 + 0 . 15 Re 0 . 687 
d 

(31) 

here τ d is the droplet relaxation time, g denotes the absolute

alue of the gravitational acceleration and Re d is the Reynolds

umber based on the droplet diameter and its velocity relative to

he gas velocity at the droplet position which is equal to zero since

e insert droplets at the wall. Eq. (31) is a nonlinear equation.

e find v T iteratively once by first setting Re d = 0 and then each

teration calculating Re d from the terminal velocity found in the

revious step until this method converges. For the solution of Eq.

31) Newton’s method for non-linear equations in principle could

ave been adopted, but in the current study the terminal velocity

hould be found only once and in this respect the efficiency of the

hosen method is insignificant. 

. Results of the film simulations 

In this section we will first discuss in detail the results of ref-

rence case 1M and then investigate the differences between the
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reference case and other test cases in the two series of simulations

described in the previous section. In the analysis of the behavior

of droplets and gas we focus on the evolution of mean quantities

which are averaged over the periodic directions. The averaging is

denoted by brackets, 〈 · 〉 . The averaging procedure is different for

the carrier and dispersed phases. For the carrier gas we know the

values at the cell centers and we can easily perform averaging over

the stream- and spanwise directions. For the droplets we use the

following technique. At each time we average all quantities of in-

terest by averaging over all droplets which are located in a slab

parallel to the walls around a certain wall-normal coordinate. We

use 128 slabs in the wall-normal direction. The boundaries of these

slabs correspond to the grid locations used in the wall-normal di-

rection for the gas. This implies that the averaged carrier gas and

droplet quantities are known at the same locations in wall-normal

direction. All quantities are presented in dimensional units. In all

figures where results at different times are shown, the arrow de-

notes the direction of time. The time step in all simulations is

equal to 0.0 0 02 in non-dimensional units or 2 × 10 −3 s. The du-

ration of the simulation in case 1M is 10 s in order to follow

the droplet dynamics for a long time allowing a clear appreciation

of the well-developed flow. For other cases we performed shorter

simulations of 3 s in order to register the initial differences with

case 1M. 

The structure of this section is as follows. It consists of three

sections dedicated to the analysis of the reference case, to the first

and to the second set of simulations, respectively. Section 4.1 is di-

vided into two parts. The first one is dedicated to the kinematic

properties of the system and the second to the thermal character-

istics. 

4.1. Results of reference case 1M 

4.1.1. Velocity properties of droplets 

We examine the mean wall-normal component of the droplet

velocity at different times as a function of the wall-normal co-

ordinate in Fig. 3 a. The terminal velocity in case 1M is equal to

0.103 m/s, Eq. (31) . In Fig. 3 a we observe that the mean wall-

normal droplet velocity deviates from the terminal velocity by up

to 25%. The theoretical value of the terminal velocity is derived un-

der the assumption of laminar flow. Apparently, turbulence results

in an increase of the wall-normal velocity, especially away from

the walls, where the fluctuations in the wall-normal gas velocity

are highest. Close to both walls the mean wall-normal droplet ve-

locity is slightly smaller than the terminal velocity. The RMS of the
a

Fig. 3. (a) Mean wall-normal droplet velocity (b) RMS of wall-normal droplet velocity a

square-marked: 0.5 s, circle-marked: 1.0 s, solid: 3 s. 
all-normal droplet velocity component, which is shown in Fig. 3 b,

s of the same order of magnitude as its mean value. A similar

ehavior of heavy spherical particles was found in the turbulent

hannel flow in Mortensen and Andersson (2007) where it was re-

orted that a particular behavior of these particles is observed in

he regions near the channel walls. It is also known that this leads

o complex motion of bubbles in turbulent flow from Sene et al.

1994) , Spelt and Biesheuvel (1997) . Even though a different sys-

em was investigated in these papers – gas bubbles in a turbulent

ow of water – we observe a similar behavior for droplets in a tur-

ulent flow of gas. On the other hand, we know that the presence

f particles and droplets at the present volume fractions leads to

 slight decrease in turbulence kinetic energy if the droplet size is

maller than the Kolmogorov length scale ( Russo et al., 2014a ). 

Based on the results shown in Fig. 3 a, we made an estimate of

he rate at which droplets are inserted from the top wall. We first

alculate how long it takes for one droplet on average to travel

hrough the channel: 

 t tr 〉 = 

∫ y = H 

y = −H+ h 

dy 

〈 u y 〉 (32)

here 〈 t tr 〉 denotes the average travel time for one droplet and

 u y 〉 is the mean wall-normal velocity of droplets shown in Fig. 3 a.

nowing 〈 t tr 〉 , we also know after how much time we should in-

ert a new droplet from the top wall to keep the total water mass

onserved. In other words, the frequency with which we have to

eplace one droplet is 1 
〈 t tr 〉 . Multiplying this by the total number

f droplets in the channel, we obtain the estimate for the rate. In

rder to verify this estimate we performed a simulation during a

ime interval [0; T s ] with T s equal to 2 s and we determined N ins ,

he number of droplets inserted from the top wall during this time

nterval, consistent with the condition that the average water con-

ent in the system is kept virtually the same. We verify that: 

N ins 

T s 
� 

〈 N total 〉 T s 
〈 t tr 〉 (33)

here 〈 N total 〉 T s is the mean number of droplets present in the

hannel during the time T s . The left-hand side of (33) equals

,065,432 droplets per second, whereas the right-hand side of

33) equals 2,890,193 droplets per second. The difference between

hese two values is on the order of 6%. 

.1.2. Heat and mass transfer results 

In Fig. 4 we show the development in time of the mean gas

emperature as a function of the wall-normal coordinate. We start
b

s functions of the wall-normal coordinate at different times. Dashed line: initially, 
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Fig. 4. Mean gas temperature as a function of the wall-normal coordinate plotted 

every 0.2 s in the interval [0 s, 3 s]. The dashed line corresponds to t = 0 . 
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Fig. 6. Mean relative humidity, averaged over the periodic directions, at one point 

near the top wall as a function of time. The insert shows the behavior at early 

times, markers show when the data are recorded. 

Fig. 7. History of mean gas temperature at the first cell center in the carrier gas 

from the film interface. 
rom a statistically steady turbulent solution with adiabatic bound-

ry conditions and at t = 0 suddenly impose fixed temperatures

t both walls, in which the temperature at the top wall is lower

han at the bottom wall. This causes the development and propa-

ation of a thermal front from the colder top wall of the channel to

he warmer bottom wall. We consider separately the history of the

ean gas temperature near the top wall and in the center of the

hannel, Fig. 5 . This figure shows that indeed the temperature near

he top wall starts decreasing almost immediately, while it takes

ome time before the temperature in the center of the channel de-

reases. The mean gas temperature near the top wall initially de-

reases significantly because of the imposed lower temperature at

he top wall, Fig. 5 a, which leads to supersaturation of the gas. This

an be seen in Fig. 6 , which shows the history of the mean relative

umidity near the top wall. We observe a jump at t = 0 starting

rom the initial saturation condition up to a value of around 120%. 

We also considered the history of the mean gas temperature at

he first cell center, Fig. 7 . We see that it also takes some time

efore the thermal front reaches the bottom wall of the channel.

e examine the evaporation and condensation behavior of the film
a b

Fig. 5. History of mean gas temperature (a) near the top wall (b) in the center of the channel. 
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a b

Fig. 8. History of mean of (a) term 

dm v 
dt 

. (b) Relative humidity at the first cell center in the carrier gas from the film interface. Inserts show initial stage. 

Fig. 9. History of mean rate of mass change of a droplet as a function of the wall- 

normal coordinate, plotted every 0.7 s in the interval [0 s; 3 s]. The dashed line 

shows t = 0 . 
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interface by considering the term 

dm v 
dt 

averaged over the periodic

directions as a function of time in Fig. 8 a. We observe the evapo-

ration of the film only during the initial stages of the simulation.

This is explained by the initial condition, in which the tempera-

ture of the film is slightly higher than that in the first cell above

the film. Later in time water vapor condenses on the film surface.

The mean relative humidity history at the first cell center is shown

in Fig. 8 b. The oversaturation is explained by the decrease of the

mean temperature shown in Fig. 7 , and the approximately constant

amount of water vapor in this region. 

We start the analysis of the droplets by considering the mean

rate of droplet mass change, 
dm d 

dt 
, in Fig. 9 . We observe growth of

droplets everywhere in the channel as a result of a net conden-

sation of vapor from the gas onto the droplets. In order to ana-

lyze better this behavior we focus the analysis on the region near

the colder top wall considering the algebraic expression for 
dm d 

dt 
hich is: 

dm d 

dt 
= − m d Sh 

3 τd Sc 
ln 

(
1 − Y v ,δ,d 
1 − Y v ,s,d 

)
(34)

here m d and τ d are the droplet mass and relaxation time, respec-

ively. Moreover, Sh is the Sherwood number for which we use an

mpirical correlation; further details can be found in Bukhvostova

t al. (2014a ). The driving quantity in (34) is the difference Y v ,δ,d −
 v ,s,d where Y v, δ, d and Y v, s, d are the vapor mass fractions at a dis-

ance δ from the surface of the droplet and on the surface of the

roplet, respectively. For small values of the vapor mass fractions,

he rate of mass change of a droplet is approximately proportional

o Y v ,δ,d − Y v ,s,d which can be also written in the following way us-

ng the definition of relative humidity ( Incropera et al., 2007 ): 

 v ,δ,d − Y v ,s,d = RH ( x d , t) 
p sat (T ( x d ) , t) 

T ( x d , t) 
− p sat (T d ) 

T d 
(35)

here RH ( x d , t) and T ( x d , t) are the relative humidity and gas

emperature at the droplet location x d and p sat and T d denote the

aturation pressure and droplet temperature, respectively. 

In our simulation droplets grow because of a combination of:

he larger gas temperature at the droplet location compared to the

roplet temperature, Fig. 10 a, and the high value of the relative hu-

idity at the droplet location. The saturation pressure p sat is cal-

ulated using Antoine’s relation ( Antoine, 1888 ): 

p sat = 10 

5 exp 

(
A − B 

C + T d 

)
in Pa (36)

here A = 11 . 6834 , B = 4089 . 59 K and C = 500 . 02 K . Consequently,

he function 

p sat (T ) 
T is an increasing function of temperature. The

ositive value of the difference between T ( x d , t) and T d on its

wn already results in positive values of the difference 
p sat (T ( x d ) ,t) 

T ( x d ,t) 
-

p sat (T d ) 
T d 

near the top wall as shown by the insert in Fig. 10 b. The

act that the gas temperature is higher than the droplet temper-

ture is explained by the quite rapid movement of cold droplets,

nserted from the top wall, towards the bottom wall during which

hey do not have sufficient time to adapt to the temperature of

he surrounding carrier gas. The vapor condensation on the droplet

urface is augmented by the high relative humidity near the top

all, as the dashed-dotted line in Fig. 10 b shows. 

We performed the same analysis of the individual terms on

he right-hand side of (35) near the film interface. The insert of

ig. 11 shows that initially droplets evaporate in this region since
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a b

Fig. 10. (a) History of mean difference between gas temperature at droplet location and droplet temperature, plotted every 0.7 s in the interval [0 s; 3 s]; (b) history of 

RH ( x i ) 
p sat (T ( x i )) 

T ( x i ) 
(dashed-dotted), p sat (T ( x i )) 

T ( x i ) 
(dashed) and of p sat (T d ) 

T d 
(solid) at the first cell center from the top wall. The insert shows the initial stage of the simulation in detail. 

Fig. 11. History of RH ( x i ) 
p sat (T ( x i )) 

T ( x i ) 
(dashed-dotted), p sat (T ( x i )) 

T ( x i ) 
(dashed) and of p sat (T d ) 

T d 
(solid) at the first cell center from the bottom wall. The insert shows the initial 

stage of the simulation in detail. 
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heir temperature is higher than the temperature of the surround-

ng gas and the value of the relative humidity is not large enough

o compensate this as is seen from the insert in Fig. 8 b. This leads

o the negative right-hand side of Eq. (35) . 

Fig. 11 shows that initially droplets evaporate in this region

ince their temperature is larger than the temperature of the sur-

ounding gas and the value of the relative humidity is not large

nough to compensate this temperate difference. Further in time

ater vapor condenses on their surface since colder droplets from

he top wall reach the region near the bottom wall. Moreover, the

arger value of the relative humidity also contributes to the growth

f droplets. 

The mechanism behind droplet growth can be illustrated better

y following the trajectory of one droplet which is inserted at the

op wall and monitoring its properties in time. We first consider

he wall-normal coordinate and velocity component of the droplet

n Fig. 12 . The wall-normal velocity component fluctuates consider-

bly in time, sometimes even becoming positive. This could be ex-
ected from Fig. 3 b, which shows that the RMS of the wall-normal

roplet velocity component is of the same order of magnitude as

ts mean value. There are also droplets which move with higher

elocity towards the bottom wall. In addition, we consider this

roplet’s condensation rate as a function of time in Fig. 13 . We ob-

erve that the droplet grows during most of the time while falling

owards the bottom wall. Second, we consider the history of the

as temperature at the droplet location and the droplet tempera-

ure in Fig. 14 a. We see that while the droplet is located near the

op cold wall its temperature is smaller than the temperature of

he surrounding gas; later in time the temperature difference de-

reases and eventually the two temperatures are almost equal and

he difference is sometimes positive, sometimes negative. This be-

avior is analyzed in more detail by considering the temperature

quation of a droplet. The droplet temperature changes because

f two reasons: (1) condensation on the droplet surface and (2)

emperature difference between the droplet and the surrounding

as: 

dT d 
dt 

= 

λv 
dm d 

dt 

c w 

m d 

+ 

h m 

A d ( T ( x d , t) − T d ) 

c w 

m d 

(37) 

here λv is the specific enthalpy of evaporation, h m 

is the heat

ransfer coefficient and A d denotes the surface area of the droplet.

e show the history of the two separate terms on the right-hand

ide of (37) in Fig. 14 b. We observe that the latent heat contribu-

ion 

λv 
dm d 

dt 
c w m d 

is dominant during the initial droplet movement, un-

il t = 0.02 s. Later in time the two terms on the right-hand side

f (37) have the same order of magnitude and attain both positive

nd negative values. This implies that the droplet intensively grows

ntil a characteristic time t = 0 . 02 s during which the heat ex-

hange with the carrier gas mainly occurs through the latent heat

ontribution. After this adaptation time the rate of droplet growth

ecomes smaller, Fig. 13 , and the droplet temperature is closer to

he temperature of the surrounding gas, Fig. 14 a. 

As the final characteristic of the droplet behavior we consider

he evolution of the mean droplet diameter normalized by the ini-

ial diameter as a function of the wall-normal coordinate in Fig. 15 .

 noticeable feature is the presence of a hump in this profile which

oves and eventually disappears. It appears because of the inten-

ive initial condensation of water vapor onto the droplet surface

hich is the result of the two mechanisms discussed above: first,

he positive difference between the gas temperature at the droplet

ocation and the droplet temperature and second, the high relative
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a b

Fig. 12. (a) Wall-normal coordinate (b) wall-normal velocity component of the inserted droplet as functions of time. 

Fig. 13. Mass rate history of a single droplet. The dashed line indicates the rate at 

t = 0 . 
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Fig. 14. (a) Droplet temperature (dashed) and gas temperature at droplet position (solid);
umidity. Droplets fall towards the bottom wall under the action

f gravity and the hump moves with them. The hump disappears

n time since the mean droplet growth rate decreases later in

ime because of the decreasing over-saturation, as shown in Figs. 6

nd 9 . 

.2. Comparison of the results of the first set of simulations 

In this section we discuss the results obtained from cases M/2

nd M/4 and compare them with the results from case 1M. First,

e compare the kinematic properties, then we analyze the differ-

nces in the droplet properties and in the mean gas temperature. 

We also compare the mean wall-normal droplet velocity com-

onent, normalized by the terminal velocity for each case, as a

unction of the wall-normal coordinate at time t = 3 s which is

hosen to illustrate the typical results in Fig. 16 a. We see that vari-

tions of the mean droplet wall-normal velocity from the terminal

elocity grow from 1% in case M/4 up to 10% and 20% in cases M/2

nd 1M, respectively. The initial Stokes number equals 10.8, 17.1

nd 27.1 in case 1M, M/2 and M/4, respectively. Changes in Stokes

umber due to the growth of droplets during a simulation are very

mall. Fig. 16 a shows that larger droplets with larger Stokes num-

er are less affected by the turbulent character of the flow. We also

ompare the ratio of the RMS of the wall-normal gas velocity and

he terminal droplet velocity in Fig. 16 b, which is observed to be
b

 (b) history of first (dashed) and second term (solid) on the right-hand side of (37) . 
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Fig. 15. Mean droplet diameter as a function of the wall-normal coordinate plotted 

every 0.2 s in the interval [0 s, 3 s]. The dashed line indicates the result at t = 0 . 
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Fig. 17. Wall-normal velocity of droplets as a function of the wall-normal coordi- 

nate at t = 3 s. Solid: case 1M, dashed: case M/2, circle-marked: case M/4. 
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arger in case 1M than in cases M/2 and M/4. The closer this ratio

s to 1, the more the motion of bubbles is affected by turbulence

ccording to Sene et al. (1994) , Spelt and Biesheuvel (1997) . We

bserve here the same behavior for water droplets in a gas flow. In

ig. 17 we analyze the behavior of the droplet wall-normal velocity

nd we observe a similar trend as reported in the study by Zhao

t al. (2012) and in Hunt (2001) . They investigated the behavior

f heavy particles in turbulent channel flow adopting the particle

lip velocity to measure their behavior. They observed that the slip

elocity fluctuations exhibit a monotonic increase with increasing

article inertia. In Fig. 17 we also see that the wall-normal velocity

f the heavier droplets in case M/4 has a larger magnitude. 

We also consider the mean droplet diameter, normalized by its

nitial value, as a function of the wall-normal coordinate at two

ifferent times, t = 0 . 1 s and t = 0 . 3 s in Fig. 18 which were cho-

en to show the typical behavior at an early and intermediate time.

t the earlier time of t = 0 . 1 s a hump is present in all cases. This

ump is larger for case 1M than for M/2 and M/4 which is ex-

lained by the faster movement of droplets towards the bottom

all in case M/4. Consequently, the droplets do not have enough

ime to grow by vapor condensation as in case 1M. The plot at
a

ig. 16. (a) Mean wall-normal droplet velocity normalized by the terminal velocity; (b) 

all-normal coordinate at t = 3 s. Solid: case 1M, dashed: case M/2, circle-marked: case 
he later time, Fig. 18 b, illustrates that the hump travels faster and

isappears faster in case of larger droplets, because of the larger

all-normal velocity. 

In all simulations of the first set we observe that the relative

roplet diameter growth is less than 1% and this fact justifies the

sage of the point–particle approach during the simulations. The

atio of the droplet diameter and the minimum Kolmogorov scale

ear the channel walls remains smaller than 0.5. Apart from this,

n average there is only one droplet in each computational cell of

he computational domain and consequently, droplet collisions do

ot have a significant effect on the results ( Elghobashi, 1994 ). 

The difference in wall-normal droplet velocity explains the

ean difference between the gas temperature at the droplet lo-

ation and the droplet temperature shown in Fig. 19 a. In all cases

elatively colder droplets move towards the bottom wall through

he carrier gas which has a higher temperature and a relative hu-

idity larger than 100%. The larger droplets in cases M/2 and M/4

ave a higher wall-normal velocity. Therefore, their residence time

n the gas is smaller, but through their larger surface area the rates

f heat and mass transfer with the carrier gas are larger. Note that
b

ratio of RMS of gas wall-normal velocity and terminal velocity as functions of the 

M/4. 
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a b

Fig. 18. Mean droplet diameter normalized with its initial value as a function of the wall-normal coordinate at different times. (a) 0.1 s (b) 0.3 s. Solid: case 1M, dashed: 

case M/2, circle-marked: case M/4. 

a b

Fig. 19. (a) Mean temperature difference between the gas at droplet location and droplets; (b) mean gas temperature as functions of the wall-normal coordinate at t = 0 . 5 s. 

Solid: case 1M, dashed: case M/2, circle-marked: case M/4. 
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both heat and mass transfer result in a temperature increase of the

droplets, the latter by the latent heat associated with condensation

of vapor on the droplet surface, while the former by direct conduc-

tion from the relatively warmer surrounding to the colder droplets.

The results indicate that the smaller residence time has the biggest

effect: a lar ger droplet size leads to a larger temperature difference

between carrier gas and droplets. 

We consider the mean gas temperature as a function of the

wall-normal coordinate for the three cases at t = 0 . 5 s in Fig. 19 b.

The decrease of the mean gas temperature for increasing initial

droplet size can be explained in the following way. Fig. 19 a showed

that the larger the droplet size, the larger the temperature dif-

ference between carrier gas and droplets. The total droplet sur-

face area also plays a role in the heat exchange between the two

phases. We verified for the typical time t = 0 . 5 s that even though

the total droplet surface area is larger in case 1M than in cases

M/2 and M/4, this effect is outweighed by the larger temperature

difference between gas and droplet in cases M/2 and M/4 than in

1M. This can be understood from the following. The droplet vol-

ume fraction V is in a good approximation in all three cases con-

stant and proportional to the number of droplets N and the droplet

radius R to the third power: 

 ∝ NR 

3 (38)
t the same time the total droplet surface area A is proportional to

he number of droplets N and to the square of the droplet radius

 : 

 ∝ R 

2 N ∝ 

(
V 

N 

)2 / 3 

N ∝ N 

1 / 3 (39)

here the last step follows since V is constant. We observe in

ig. 19 a that the mean difference between the gas temperature at

he droplet position and the droplet temperature decreases faster

han N 

−1 / 3 with increasing number of droplets. Therefore, we con-

lude that the rate of heat exchange between droplets and carrier

as is larger for the cases with larger droplets. 

.3. Comparison of the results of the second set of simulations 

In this section we compare the results from cases 1M and V by

nalyzing the effect of doubling the number of droplets in the sys-

em and keeping their size constant. We compare the mean droplet

iameter normalized by its initial value as a function of the wall-

ormal coordinate at two characteristic times, t = 0 . 1 s and t = 1 s

n Fig. 20 . The figure shows that in case V droplets grow less and

he difference in droplet size compared to case 1M between the

esults of the two cases becomes more pronounced at later times.

o understand this trend we will first consider two limiting cases.

or very dilute systems, the effects of two-way coupling between
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a b

Fig. 20. Mean droplet diameter normalized with its initial value as a function of the wall-normal coordinate at different times. (a) 0.1 s (b) 1.0 s. Solid: case 1M, dashed: 

case V. 

Fig. 21. Mean relative humidity averaged over the periodic directions at one point 

near the top wall as a function of time. Solid: case 1M, dashed: case V. Insert shows 

in detail the initial time of simulations. 
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as and droplets are negligible. This means that droplets are not

ffected by the presence of other droplets. In such a case a dou-

ling of the number of droplets will not change the results for

ean droplet diameter and temperature. On the other hand, in

he hypothetical case that the volume fraction of droplets is very

arge, they will influence each other, not only in terms of their mo-

ion via two-way coupling but also in terms of the mass transfer

ith the carrier gas. Condensation of vapor on one droplet will de-

rease the relative humidity near a neighboring droplet and influ-

nce the condensation rate on that droplet. If in such a case the

umber of droplets is doubled, the same amount of vapor is avail-

ble for condensation on twice as many droplets and the growth of

he droplets will be less by a factor of two. The results show that

e are not in one of these limiting cases. In case V the growth of

he mean droplet size is less than in case 1M, but the reduction

s much lower than a factor of two. In order to illustrate this fur-

her, we focus on the region near the top wall and consider the

istory of the relative humidity in this region for cases V and 1M

n Fig. 21 . We observe a smaller relative humidity in case V, indi-
ating that more vapor condensed onto the available droplets, but

he change in RH is not twice as large in case V as in case 1M

hen considering the total effect over a longer interval, e.g., 1 s.

or sufficiently small times the difference in the change in relative

umidity is equal to 1.7 and closer to a factor of two than at later

imes, as can be seen in the inset in this figure. This indicates that

he initial mass transfer is not yet affected much by the competi-

ion for vapor. 

We consider the mean gas temperature at two times in Fig. 22

hich is found to be lower in case V than in case 1M. The sit-

ation is similar to the one described for the difference between

ases M/4 and 1M in the previous section. In case V droplets grow

ess, so that their temperature increases less by the latent heat as-

ociated with condensation. Therefore, the mean temperature dif-

erence between the gas at the droplet location and droplet is

arger in case V than in the reference case. Recalling the analysis in

ukhvostova et al. (2014a ), we know that the main contribution to

he change in gas temperature is − ∑ 

d 

h m 

A d ( T ( x d , t) − T d ) δ( x − x d )

n the two-way coupling term, where the sum is taken over all

roplets in the domain. Both the larger difference ( T ( x d , t) − T d )
nd the larger number of droplets result in a larger change in the

as temperature which is observed in Fig. 22 . 

. Conclusions and future work 

In this work turbulent droplet-laden channel flow with phase

ransition was studied in the presence of gravity in the wall-

ormal direction. The gravitational force motivated us to investi-

ate the following setting. In the initial state we introduced at the

ottom wall of the channel a thin film of water with a thickness

hich was kept constant in time. In addition, the surface of the

lm was treated as stationary. Because of the direction of the grav-

tational force from the top to the bottom wall, droplets moved to

he bottom wall and merged with the film. In order to keep a con-

tant film thickness, we drained water from the bottom wall. In or-

er to have on average the same total mass of water in the channel

e were adding droplets at the top wall. In addition, we imposed a

emperature difference of 3 K between the channel walls, keeping

he top wall colder than the bottom wall. The mathematical mod-

ls for the carrier and dispersed phases were identical to the mod-

ls in Bukhvostova et al. (2014a ) and we solved an additional equa-

ion for the film energy per unit area which was coupled to the

quations of gas and droplets. We investigated the heat and mass

ransfer characteristics of the two phases for different process con-

itions. First, we focused on a reference case of 1 million droplets,
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a b

Fig. 22. Mean gas temperature as a function of the wall-normal coordinate at different times: (a) 0.1 s (b) 1.0 s; solid: case 1M, dashed: case V. 
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initially present in the channel investigating both averaged proper-

ties and following the trajectory of one single droplet which was

inserted at the top wall. We observed the development and prop-

agation of a thermal front from the top wall to the bottom wall.

Droplets tended to grow by condensation of vapor on their sur-

face. We investigated the reason for this behavior by analyzing the

rate of droplet mass change and droplet temperature. There were

two reasons for the droplet growth. First, since the droplets moved

from a colder to a warmer region and needed time to adapt to

the local gas temperature, their temperature was in general lower

than the temperature of the surrounding gas. Second, the relative

humidity was larger than 100% due to the decrease of the gas tem-

perature by the condition imposed at the upper boundary. 

We performed two sets of additional simulations. In the first

we varied the initial droplet diameter keeping their initial volume

fraction the same. We considered two cases with initially 1/2 mil-

lion and 1/4 million droplets and compared the results of these

simulations with the reference case. The main conclusion is that in

cases of larger initial droplet size they tended to fall towards the

bottom wall faster and consequently, had smaller residence time

in the gas. This resulted in less heat exchange between carrier gas

and droplets and hence, in a smaller growth rate and larger tem-

perature difference between the gas and droplets for the case of

larger droplets. 

In the second set of simulations we increased the initial num-

ber of droplets present in the channel by a factor of two. Con-

fronting the results with the results of the reference case, we found

that in the case of a larger number of droplets they grew less be-

cause of a lower rate of condensation due to the presence of neigh-

boring droplets. 

In future we plan to quantify the effective heat transfer be-

tween the channel walls for all investigated cases in terms of the

Nusselt number. Moreover, a more sophisticated model for the film

will be developed including the following characteristics: the mo-

tion of the film and the change of the film thickness in time and

space caused by the interaction between the film and the turbulent

character of the flow above it. 
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