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Abstract

Present work is directed to further perfection of a modeling of the structure and heat transfer processes in gas-

droplets near-wall screens in a tube. The problem statement in the present work is based on the Eulerian–Eulerian

two-fluid model for transport processes in the gas and dispersed phases in the turbulent gas-droplets jet. We

used the model [High Temp. 40(1) 2002 78] for computation of averaged motion, heat transfer and squared veloc-

ity fluctuations of dispersed phase. The gas phase turbulence was modeled with the LRN k–ee [AIAA J. 36(1) 1998
38] model with taking into account the effect of evaporating droplets on the kinetic turbulence energy and the rate

of its dissipation. The present paper takes into account the influence of droplets deposition and vaporization of depos-

ited particles on the tube wall and particles evaporation in the near-wall jet. Developed numerical model was tested by

comparison with experimental and numerical data for gas-droplets non-isothermal flow in a tube and in a near-wall

screen.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The thermal shielding of walls from the destructive

action of high-enthalpy or reactive flows with the help

of wall screens is an urgent problem of importance in

developing various apparatuses and facilities. In many

practical cases, highly efficient are hydrodynamic meth-

ods for thermal protection of channel walls, which use

injection of a protecting gas (liquid) into the boundary
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layer through the wall surface. The simplest approach

here is injection of a protecting gas (liquid) through a

tangential slot. In this case, either a co-current an oppo-

sitely directed secondary flow can be organized. Since,

nowadays, the temperature of working media in com-

bustion chambers and other calorifically intense compo-

nents of various apparatus permanently increases,

thermal protection of wall surfaces still remains a very

important matter.

The theory of single-phase screens both in relatively

simple and more complex dynamic conditions is a

well-developed theory whose foundations were outlined

in [1–5]. The main approaches used in developing the

theory of single-phase screens are worth noting. Those

are works based on using the integral relations for

turbulent boundary layer [1–4,6] or the Prandtl
ed.
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Nomenclature

A ¼ ðx�x0Þ
Sm Re0:25S parameter

b1D = (KVS� KV)/(1� KVS) diffusional injection para-

meter for the vapor released by an evaporation,

which should be found from the saturation

curve

CD coefficient of resistance

Cp, CpA, CpL, CpV heat capacities of mixture, air,

liquid, and vapor (J/kg K)

D vapor diffusivity in air (m2/s)

DxL, DrL turbulent diffusivities of drops in the axial

and radial directions due to the stochastic

motion of drops and their entrainment into

the gas flow by intense vortices (m2/s)

d droplet diameter (m)

dP particle diameter (m)

g gravitational acceleration (m/s2)

gk, ge coefficients of droplet entrainment into the

micropulsational motion of the gas flow

H enthalpy (J/kg)

J mass flux of vapor from the surface of evap-

orating droplet (kg/m2s)

k turbulent kinetic energy (m2/s2)

KA, KV mass concentration of air and vapor in bin-

ary vapor–air mixture

KVS mass concentration of vapor at the droplet

surface an evaporating corresponding to sat-

uration parameters at the droplet tempera-

ture TL
L heat of vaporization (J/kg)

Le = Pr/Sc Lewis number

m = qSUS/q0U0 blowing parameter
MA, MV, ML air, vapor, and liquid mass concentra-

tion in the triple air–vapor–liquid mixture

NuL = ad/k droplet Nusselt number
NuP = aPdP/k Nusselt number non-evaporating

particle

P pressure (N/m2)

Pr = Cpl/k, Prandtl number
R absolute gas constant, (J/kg K)

R tube radius (m)

ReJ = Jd/l Reynolds number calculated from the

mass rate of the vapor flow from the surface

of an evaporating droplet

ReL = qd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU � ULÞ2 þ ðV � V LÞ2

q
=l Reynolds num-

ber of disperse phase

ReT = k2/em turbulence Reynolds number
S slot height (m)

U, V velocity component in axial and radial direc-

tions (m/s)

huvi ¼ �mT oU
or turbulent stresses in gas phase

(m2/s2)

huLvLi correlations between the longitudinal and

transverse pulsating velocities of liquid

droplets (m2/s2)

hu2i, hv2i root-mean-square velocity fluctuations in
axial and radial directions (m2/s2)

U* wall friction velocity (m/s)

Sc = m/D Schmidt number
Sh = bd/D Sherwood number

StD ¼ �qVD
oKVS
or =qUðKVS � KVÞ diffusional Stanton

number

T temperature (K)

htvi ¼ � mT
PrT

oT
or turbulent heat flux in gas phase (Km/s)

Tu turbulence intensity in the flow

VLW droplet deposition velocity (m/s)

W ¼ ð1þ Re2=3L =6Þ correction factor for the Stokes
law

We ¼ q j ~U � ~UL j d1=v Weber number
x0 initial region length of near-wall screen,

where HT = 1 (m)
y coordinate normal to the wall (m)

yk ¼ y=
ffiffiffiffiffiffiffiffiffiffi
mk=eep

Taylor microscale

Greek symbols

a heat transfer coefficient (W/m2 K)

b mass transfer coefficient (m/s)

d thickness of the boundary layer (m)

e ¼ ee þ ê dissipation rate (m2/s3)ee dissipation rate (m2/s3)

ê ¼ 2l=q½oð
ffiffiffi
k

p
Þ=or�2 rate of energy dissipation in the

near-wall zone (y+ 6 15) (m
2/s3)

U volume mass concentration of droplets

CE = mT/hu2i turbulence scale of gas phase (m)
/ humidity of the flow

k thermal conductivity (W/m K)

l dynamic viscosity (N s/m2)

m kinematic viscosity (m2/s)

HT = (T0�TW)/(T0�TS) relative thermal efficiency

profile

hhvLi correlation between the droplet-temperature

fluctuations and droplet-velocity fluctua-

tions (Km/s)

Xe = (15m/e)1/2 time microscale (s)
XE Eulerian time macroscale (s)

XL Lagrangian time macroscale (s)

XeL time of particle interaction with the intense

vortices (s)

Xhu time of droplet contact with intense gas-tem-

perature pulsations (s)

q, qL, qV mixture, liquid, vapor densities (kg/m
3)

v surface tension (N/m2)

s = qLd
2/18lW particle relaxation time (s)
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sH = CpLqLd
2/(6kNuL) particle thermal relaxation

time (s)

n ¼ x
mS ðlSReS=l0Þ

�0:25 parameter

Subscripts

0 parameter at the main flow

1 parameter under inlet conditions

A air

D diffusional parameter

i current calculation cross-section along the

axial direction

i � 1 previous calculation cross-section along the

axial direction

L droplet

P non-evaporating particle

S parameter at the secondary flow

T turbulent parameter

V vapor

W parameter under condition at the adiabatic

wall

+ denotes the dimensionless variables in

dynamic universal units
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mixing-length theory [5]. The authors of [1–6] consid-

ered the case of single-phase turbulent boundary layers

with gas screens organized on an adiabatic, a non-adia-

batic, or on a reacting surface. Simple design formulas

were derived to predict the thermal efficiency of wall

screens. Many experimental and numerical data were re-

ported concerning the spreading pattern of single-phase

near-wall flows. Various methods for organizing wall

jets were considered, including porous blowing, injection

through tangential slots, blowing through stepped con-

structions, and injection of inert or reacting gases.

The organization of two-phase gas-droplet wall

screens offers a most promising way for raising the

screen efficiency. The main mechanism underlying good

protective properties of two-phase gas-droplet systems

consists in utilizing the phase change heat in the imme-

diate neighborhood of the wall. Previous experimental

and numerical studies ([7–16]) proved it possible to ob-

tain a 50–100% gain in the screen efficiency by using

gas-droplet wall screens.

The use of two-phase coolants in technical appara-

tuses is seriously impeded by the lack of reliable simula-

tion data for two-phase flows. Here one meets a very

complex problem whose statement involves too many

factors to be taken into account. The involvement of

the liquid phase in the problem and its boundary layer

evaporation necessitates taking into account the inter-

phase heat, mass and momentum transfer. Moreover,

the presence of the second gas phase component, e.g.,

air mixed to water vapor, makes the solution of the

problem rather difficult since there arises a necessity in

joint solution of energy and diffusion equations for the

vapor–gas mixture.

Presently, the numerical studies of two-component

gas-droplet screens performed with the use of integral

approaches are few in number (see, for instance, [8–

11]). Available publications fall into two groups:

1. Models based on the analogy between heat and mass

transfer [8,9,11].

2. The ‘‘evaporation front’’ model [10].
The model was developed in papers [8,9,11] can be

further subdivided into equilibrium models [8] (wherein

the temperatures of the two phases are assumed identi-

cal, equal to the adiabatic evaporation temperature)

and non-equilibrium models [9,11] (when the tempera-

tures of the two phases are assumed different). In partic-

ular, calculations according to these models boil to

solving the energy equation written as an expression

for the mean dimensionless temperature in the current

cross-section of the two-phase boundary layer. The rela-

tions for screen efficiency can be obtained from the con-

dition of similarity between vapor concentrations and

temperatures or from the similarity between the concen-

tration fields of components in the two-phase mixture

and the fields of total enthalpies in the gas–vapor–liquid

flow. The thermal, dynamic, and diffusion boundary lay-

ers here are assumed to have identical thickness. The

fact is taken into account that the mass concentration

of the vapor in the calculation cross-section is deter-

mined not only by mass mixing of the mainstream and

secondary flows, but also by the increase in the mass

of vapor due to liquid evaporation from the drop sur-

face. Both approaches yield similar results.

The second approach, developed in [10], treats a pla-

nar turbulent boundary layer developing on an adiabatic

wall behind the point of injection. Differential energy

and diffusion equations were solved by the integral

method with invoking the Reynolds analogy. To predict

the distributions of temperatures and concentrations, the

diffusion combustion front model was used [17]. The

basic limiting integral of the asymptotic theory of turbu-

lent boundary layer was divided into two parts: from the

wall to the evaporation front (two-phase zone) and from

the front to the outer border of the wall jet (single-phase

zone). The evaporation rate was assumed to be infinitely

high. Heat transfer and mass transfer in the boundary

layer both were assumed conditioned by diffusion trans-

fer. The evaporation front is impermeable to the liquid

phase, and the front contains only the saturated gas–va-

por mixture. The vapor diffuses from the front region to

the outer border of the boundary layer. In this work, a



Fig. 1. The scheme of the gas-droplets near-wall screen in a

tube.
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relation for the thermal-protection efficiency of adia-

batic wall with blowing of a two-phase coolant is pro-

posed, which agrees rather well with experimental data

and allows one to predict the characteristics of the

screen in its single-phase and two-phase parts.

Available integral theoretical approaches, developed

in a series of works, employ a number of simplifying

assumptions that still require detailed substantiation.

Models constructed around sets of differential boundary

layer equations for two-component two-phase mixtures

are devoid of many such drawbacks ([13,14,16]). Such

models make it possible to take into account specific

features of heat and mass transfer processes in gas-drop-

let wall jets in a more rigorous formulation. The present

study is a continuation of our previous works [13,14,16]

aimed at development of mathematical models for com-

plex gas-droplet flows with phase transitions.

A calculation model is developed in papers [13,14]

and numerical investigation performed of the heat and

mass transfer characteristics in a turbulent gas-droplet

near-wall screen. The model is based on the system of

transfer equation written in the boundary-layer approx-

imation. To close the system, the two-layer algebraic

model of turbulence was used. It was assumed that the

disperse phase exerts no influence on gas turbulence.

Of course, this assumption is valid only if the drop con-

centration is low and the drop size is small. The case of

small parameters of injection m = qSUS/q0U0 < 1 was
investigated, where the prevailing part in the process

of wall jet development is played by the regularities of

wall turbulence [1]. The subscripts ‘‘S’’ and ‘‘0’’ indicate

the parameters of the secondary and main flows, respec-

tively. The effect of the characteristics of a two-phase

vapor–gas-droplet flow on the thermal efficiency is ana-

lyzed. The evaporation of droplets in a two-phase wall

screen brings about a significant improvement in the

protective properties of an adiabatic wall compared with

a single-phase flow mode. The results of calculations

of two-phase cooling are compared with experimental

data.

In such a formulation, we solve the heat and mass

transfer problem for a wall jet developing in a cocurrent

gas flow. In the present formulation, the wall is assumed

adiabatic; therefore, primary attention in the present

study was concentrated on studying effects of various

factors (liquid phase content of the mixture, injection

parameters, flow nonisothermality, and droplet diame-

ter) on the variation of the adiabatic wall temperature,

which directly defines the efficiency of a two-phase gas-

droplet wall screen.
2. Formulation of the problem

The flow diagram of the wall jet flow is shown in Fig.

1. Here S—slot height; d—the boundary layer thickness.
The present statement of the problem is based on

using the set of Eulerian–Eulerian two-fluid model [19–

24], written both for the gaseous phase and for the par-

ticles within the framework of the two-liquid model of

transport processes in the gas and dispersed phases. This

set of equations takes into account the effect of turbu-

lence-induced droplet migration on the rate of heat

and mass transfer between the gas flow and the liquid

droplets, the force due to turbophoresis, and the diffu-

sion of particles due to gradients of their concentration.

On the whole, the equations for the averaged flow veloc-

ity and for the root-mean-square fluctuations of the dis-

persed phase velocity answer the model used in [25]. To

close the set of transfer equations for the gas phase, the

k–ee model of turbulence was used [24].
We consider a gas-droplet wall jet injected into a

piped single phase turbulent flow of hot air with allow-

ance for droplet evaporation, interaction between the

phases, deposition of particles onto the wall, heat trans-

fer with the wall, turbulent migration of the particles,

turbophoresis, and vapor diffusion into the vapor–gas

mixture. Both the wall jet and the main stream are

downward flows. The main assumptions in the present

study are the same as in Terekhov and Pakhomov

[16,18]. The volume concentration of the liquid phase

is low (U < 10�4), and the liquid droplets are fine (drop-
let diameter d1 < 100 lm). In the flow, the droplets do
not coalesce (because the dispersed phase content is

low), and no droplet fragmentation occurs (the Weber

number We ¼ ð~U � ~ULÞd=v constructed on the droplet
diameter and on the slip velocity of the phases is well be-

low unity). According to Volkov et al. [19], in the case of

two-phase flows, the collisions between particles can be

disregarded if U < 0.1%. The droplets are shaped as
spheres with stationary boundaries. The adiabatic wall

is assumed to always remain dry because the droplets,

as they come into contact with the wall, undergo instan-

taneous evaporation. The particle concentration perma-

nently decreases in the downstream direction because of
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droplet deposition onto channel walls and jet flow

expansion. The droplet diameter is assumed to vary both

along and across the pipe because the evaporation inten-

sity is spatially variable, dependent on the local gas

phase temperature. The temperature of an individual

droplet along its radius is assumed constant.

A comparison of numerical results with experimental

data for the case of turbulent airflow with evaporating

liquid drops was reported in [29]. In this study, a com-

parison between numerical and experimental results

was also made for gas flows with solid particles and

no heat exchange with the channel wall.
3. The system of governing equations

3.1. Gas phase

Under the adopted assumptions, the set of equations

including the continuity equation, the equation of axial

motion, the energy equation, and the equation of diffu-

sion of vapor to the binary vapor–gas mixture for an

axisymmetric two-phase gas-droplet flow in the bound-

ary layer approximation has the form

U
oU
ox

þ 1
r
oðrV Þ
or

¼ 6JU
qd

q U
oU
ox

þ V
r
oðrUÞ
or

� �

¼ � oP
ox

þ q
r

o

or
rðl þ lTÞ

oU
or

� �

� UðU � ULÞ
d

3

4
CDq j ~U � ~UL j þ6J

� �
� qg

qCp U
oT
ox

þ V
r
oðrT Þ
or

� �

¼ 1
r
o

or
r

l
Pr

þ lT
PrT

� �
oT
or

� �

� a
d
ðT � T LÞ þ qDT

oKV
or

ðCpV � CpAÞ
oT
or

q U
oKV
ox

þ V
r
oðrKVÞ

or

� �
¼ 1
r
o

or
r

l
Sc

þ lT
ScT

� �
oKV
or

� �
þ JU

d

q ¼ P=ðRT Þ; oP=or ¼ 0; ð1Þ

where Cp—heat capacity of the gas–vapor mixture;

DT—coefficient of vapor diffusivity in vapor–air mix-

ture; d—droplet diameter; oP/ox—longitudinal pressure

gradient.

The continuity, energy, and diffusion equations con-

tain source and sink terms that model the effect of liquid

droplets on transport processes, and the equation of mo-

tion involves an additional term that takes into account

the dynamic interaction between the phases.
At the initial section of the pipe, the relation for

determining the derivative oP/ox, which appears in the

equation of motion, is represented by the Bernoulli inte-

gral with allowance for the additional inflow of vapor

mass due to droplet evaporation.

3.2. Two-equation k–ee model of turbulence

The equations for the kinetic turbulence energy k and

for the dissipation rate of this energy ee, modified so that
to cover the case of a dispersed phase present in the flow,

have the form

q U
ok
ox

þ V
r
oðrkÞ
or

� �

¼ q
r

o

or
r l þ lT

rk

� �
ok
or

� �
þ P � qe þ Pk þ Sk

q U
oee
ox

þ V
r
oðreeÞ
or

� �
¼ q
r

o

or
r l þ lT

re

� �
oee
or

� �

þ Ce1eef1P
k

� Ce2ee2qf2
f2k

þ Ce3

4

k2ee oU
ox

V
r

� �2
þ Pe þ Se

lT ¼ Clflqk
2=ee: ð2Þ

The constants and the damping functions are as fol-

lows [26]:

Cl ¼ 0:09; rk ¼ 1:4� 1:1 exp½�ð0:1ykÞ�; Ce1 ¼ 1:44;
Ce2 ¼ 1:92; re ¼ 1:3� exp½�ð0:1ykÞ�;

f l ¼ 1� expð�0:01yk � 0:008y3kÞ; P ¼ lT
oU
or

� �2
;

f 1 ¼ f 2 ¼ 1; Pk ¼ � l
2

o

or
k
e
oê
or

� �
;

Pe ¼ � l
r

o

or
r
e
k
ok
or

� �
:

The coefficient Ce3 = 0.79, which takes into account

the deformation of turbulent eddies in the internal flow,

is borrowed from the well-known model by Jones and

Lounder [27]; e ¼ ee þ ê; In the flow core (for y+ > 15),
the parameter ê is assumed to be zero. The coefficient
Ce3 = 0.79, which takes into account the deformation

of turbulent eddies in the internal flow, is borrowed

from the well-known model by Jones and Lounder [27].

The components defining the additional dissipation

of gas-phase turbulence energy by fine droplets and

the exchange with energy with the averaged motion

due to the averaged slipping in the flow with nonuni-

formly distributed droplets have the form [19,28]

Sk ¼ � 2MLqk
s

expð�XL=sÞ � gklTðU � ULÞ
oU
ox

oML
ox

� 6kJU
d

1� XL

XL þ s

� �
: ð3Þ

The effect of fine droplets on the rate of dissipation of

the flow-carrier turbulence energy, and the backward
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effect on the turbulence due to averaged slipping and due

to nonuniform distribution of the dispersed phase, are

given by the following relation [19,28]:

Se ¼ � 2MLqLee
s

expð�Xe=sÞ

� 2
3
geqee ðU � ULÞ

oML
ox

þ ðV � V LÞ
oML
or

� �

� 6eeJU
d

1� XL

XL þ s

� �
; ð4Þ

where Xe = (15m/e)1/2—Eulerian micro-time scale of tur-
bulence; XeL—time of droplet interaction with intense

eddies; XL—Lagrangian time turbulence macroscale.
The last terms in Sk and Se stand to allow for the effect

of droplet evaporation on the gas phase turbulence

structure [18,19]. The coefficients of particle involvement

into the micropulsational motion of the gas flow are

[18,19]

gk ¼ XeL=s � 1þ expð�XeL=sÞ;
ge ¼ Xe=s � 1þ expð�Xe=sÞ:

The turbulent Prandtl and Schmidt numbers,

PrT = ScT = 0.9, are assumed to be uniform both along

and across the pipe. The Lewis number is Le = Pr/

Sc = 1.

3.3. Dispersed phase

3.3.1. Momentum and energy equations for the droplets

Numerous reported studies prove that the main

forces acting on a particle in a turbulent flow under

the conditions of interest are the aerodynamic drag,

the gravity force, and the turbophoresis.

The set of equations that includes the continuity

equation for the dispersed flow, the axial-velocity equa-

tion in the axial and radial directions, and the equation

of continuity in the cylindrical coordinate system, has

the form [25]

oðUULÞ
ox

þ 1
r
oðrUV LÞ

or
¼ � 6JU

qLd

UL
oUL
ox

þ V L
r

oðrULÞ
or

þ ohv2Li
ox

þ 1
rU

o

or
rUhuLvLi½ �

¼ U � UL � sg
s

� DxL

s
o lnU
or

UL
oV L
ox

þ V L
r

oðrV LÞ
or

þ ohv2Li
or

¼ V � V L
s

� DrL

s
o lnU
or

: ð5Þ

The quantities huLvLi, which represent correlations
between the fluctuations longitudinal velocity and the

pulsational transverse velocities of the particles and,
simultaneously, turbulent stresses in the dispersed phase,

are written as [25]

huLvLi ¼ qLhuvi �
1

2
shv2Li

oUL
or

; qL ¼ 1� expð�XeL=sÞ;

pL ¼ XeL=s � qL; DxL ¼ sðhu2Li þ pLhu2iÞ;
DrL ¼ sðhv2Li þ pLhv2iÞ: ð6Þ

The energy equation for the averaged droplet temper-

ature TL is [25]

UL
oT L
ox

þ V L
r

oðrT LÞ
or

þ 1
rU

o

or
ðrUhhvLiÞ

¼ 6

CpLqLd
faðT � T LÞ � J ½Lþ CpVðT � T LÞ�g; ð7Þ

where hhvLi is the correlation between the droplet
temperature fluctuations and droplet velocity pulsations

[25]

hhvLi ¼ fhvhtvi �
1

s
� 1

sH

� ��1

hv2Li
oT L
or

:

Here t is the amplitude of gas-temperature pulsations

and fhv is the function that describes the entrainment

of liquid drops into the intense pulsations of the gas-

phase velocity and the gas-phase temperature

fhv ¼ fs½1� expð�Xhu=sÞ�
þ sH½1� expð�Xhu=sHÞ�gðs þ sHÞ�1:

Here Xhu- time of droplet interaction with intense gas

temperature fluctuations.
3.3.2. Equations for the pulsating dispersed-phase velocity

The equations for the second moments of turbulent

fluctuations of the droplet velocity in the longitudinal

and transverse directions can be found in [25]:

UL
ohu2Li
ox

þ V L
r

oðrhu2LiÞ
or

þ 1
rU

o

or
oðrUhu2LvLiÞ

or

� �

þ 2hu2Li
oUL
ox

¼ 2
s
ðqLhu2i � hu2LiÞ

UL
ohv2Li
ox

þ V L
r

oðrhv2LiÞ
or

þ 1
rU

o

or
oðrUhv3LiÞ

or

� �

¼ 2
s
ðqLhv2i � hv2LiÞ: ð8Þ
3.3.3. Friction, and heat and mass transfer, for the

single evaporating droplet

For evaporating droplets, the drag coefficient CD is

[29]:

CD ¼ CDP
1þ CpðT � T LÞ=L

: ð9Þ
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Here CDP is the drag coefficient of non-evaporating

droplets. It is determines on the quantities for solid par-

ticles in Volkov et al. [19].

CDP ¼
24=ReL; ReL 6 1
24

ReL
ð1þ Re2=3L =6Þ; ReL > 1;

8<
: ð10Þ

where ReL ¼ ð~U � ~ULÞd=m—droplet Reynolds number.
The equation of vapor–mass conservation on the

evaporating droplet surface is

J ¼ JKVS � qVD
oKV
or

� �
drop

: ð11Þ

Expression (11) finally assumes the form [13]

J ¼ ShLqð~U � ~ULÞb1D=ðReLScÞ: ð12Þ

Here b1D is diffusional injection parameter for the

vapor released by an evaporation.

Within the framework of the ‘‘film model’’, the effect

of the transverse inflow of mass on the heat- and mass

transfer coefficients of evaporating droplets are given

by the relations used in [19].

NuL ¼
ReJPr

expðReJPr=NuPÞ � 1
;

ShL ¼
ReJPr

expðReJPr=ShPÞ � 1
; ð13Þ

NuP ¼ aPd=k ¼ 2þ 0:6Re1=2L Pr1=3;

ShL ¼ bd=D ¼ 2þ 0:6Re1=2L Sc1=3: ð14Þ

Here Sh—Sherwood number; Sc—Schmidt number.

3.4. Determination of the intensity of gas-phase pulsations

To perform a comparison of numerical results with

experimental data on the components of gas-phase

velocity pulsations and droplet velocity pulsations, it

was necessary to calculate these quantities. It was as-

sumed that the droplets are relatively large, so that the

dynamic time s of their relaxation is longer than the inte-
gral Euler time scale XE of the turbulence.
The time macroscale of the flow core turbulence was

calculated from the relation borrowed from the work of

Simonin et al. [30]:

ðXEÞ0 ¼ 0:22k=e:

Near the duct wall, the integral Euler time scale of

the turbulence, needed for determining the transverse

component of gas-phase pulsations, was approximated

by the following relation [23]:

XEþ ¼ XEU �=m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXEþÞ

2

0 þ ðXEþÞ
2

W

q
; ðXEþÞW � 10:

The radial component of the root-mean-square gas-

phase velocity pulsations is related with the turbulent

diffusivity:
hv2i ¼ mT=X
L:

The amplitude of gas-phase velocity pulsations in the

axial direction was calculated by the following formula

[25]:

hu2i � 1:3k;

and the relation between the time scales of turbulence

for the case of small particles has the form

XL � 0:608XE:
4. Boundary conditions

At the pipe axis, the following symmetry conditions

are set:

oT
or

¼ oKV
or

¼ oU
or

¼ V ¼ oUL
or

¼ V L

¼ ohu2Li
or

¼ ohv2Li
or

¼ oT L
or

¼ ok
or

¼ oee
or

¼ 0: ð15Þ

At the channel wall, the no-slip condition for the gas

phase velocity and the condition of wall impermeability

are adopted; for the heat flow, the boundary condition

on an adiabatic wall disregarding the droplets deposited

onto the wall from the two-phase flow is used:

U ¼ V ¼ oKV
or

¼ 0; oT
or

¼ 0; k ¼ ee ¼ 0: ð16Þ

For the dispersed phase, the boundary conditions for

the squared pulsations of the axial and radial velocities,

and for the squared fluctuations of temperature, have

the form [25]

hv2Li
oUL
or

¼ � 2
s
qLmT

oU
or

� �
W

; V LW ¼ 2

p
hv2Li

� �1=2
;

ohu2Li
or

¼ 0; ohvi
or

¼ �V =s;

hv2Li
ð1=s � 1=sHÞ

oT L
or

¼ �fhv
mT
Pr

oT
or

: ð17Þ

We assume that the droplets deposited onto the wall

never return into the flow and do not affect the heat

transfer with the channel wall.

In the inlet cross-section of the pipe, the temperatures

and velocities of the phases are spatially uniform. For

the main, single-phase flow (0 6 r 6 (R � S)), we as-

sume that

U ¼ U 0; V ¼ V 0; T ¼ T 0; KV ¼ KV1;

k0 ¼ k01; ee ¼ ee01: ð18Þ

For the two-phase gas-droplet jet ((R � S) 6 r 6 R),

we assume that
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U ¼ USLUS; V ¼ V SL ¼ V S; T ¼ T SL ¼ T 1;

ML ¼ ML1; d ¼ d1; KV ¼ KV1; k ¼ kS1; ee ¼ ee01:
ð19Þ

Here VLW—deposition velocity; subscript ‘‘1’’ is the

initial parameter.

For uniform inlet profiles of the turbulent energy k

and for the rate of its dissipation ee, the data of [31] were
used. In the study, the turbulence level of the gas phase

at the channel inlet is adopted to be Tu01 = 4% in the

mainstream flow and TuS1 = 7% in the near-wall flow.

All droplets at the channel inlet are the same size and

temperature. The temperatures of the phases at the noz-

zle exit plane are identical (homogeneous).
Fig. 2. Efficiency of gas wall screen in the single-phase flow

mode. The points here are the experimental data borrowed

from [4]. Curves 1 and 2 were calculated by the Goldstein

formula [2] HT = 1.9Pr
2/3/(1 + 0.329n0.8) and by the Kutate-

ladze–Leont�ev formula HT = (1 + 0.249n)
�0.8 [1] and curve 3

shows the data calculated by the present model.
5. Numerical realization

The numerical solution of the parabolic-type partial

differential equations was obtained by the Crank–Nic-

kolson finite-difference scheme, by way of transforming

the set of initial partial differential equations into a set

of discrete linear algebraic equations; a detailed descrip-

tion of this scheme can be found in Anderson et al. [32].

The system obtained, with a three-diagonal matrix, was

solved by the sweep method using the Thomas algo-

rithm, described in more details in [32]. In the radial

direction, a logarithmically nonuniform calculation grid

was used. In the radial direction, a logarithmically non-

uniform calculation grid was used. This was achieved

using the stretching scheme suggested in [33]. That is

ycomp ¼ 1�
lnf½- þ 1� y=R�=½- � 1þ y=R�g

ln½ð- þ 1Þ=ð- � 1Þ� ; ð20Þ

where - = 1.03 is the stretching parameter.
The distance between the next to the wall calculation

point and the wall was y+ = 1. In the axial direction, the

grid was uniform.

The distance between the first calculation point and

the wall was y+ = yU*/m = 1.5. In the axial direction,
the grid was uniform.

All calculations were performed on a grid containing

a total of 201 nodal points in the axial direction and 101

nodal points in the axial direction. Preliminary method-

ical calculations were performed on a finer, 201 · 201
nested grid. Further increase in the number of nodal

points was found to induce no changes in the calculation

results.

Since system (1)–(19) contains nonlinear equations,

an iteration algorithm was used to solve it. In this pro-

cedure, the following convergence criteria were used:

jYk � Yk � 1j < 10�4, where Y stand for U, k, ee, T, KV,
UL, VL, hu2Li; hv2Li, and TL, and the subscript k enumer-

ates the iterations. The calculations were terminated as

soon as all of the above criteria were fulfilled.
6. The testing of the numerical model

The predicted evolution of velocity profiles in the gas

wall screen along the channel length is shown in Fig. 2.

These profiles are compared with the experimental data

obtained by Sharov and Shishkin. One can observe a

fairly good agreement between the experimental and

numerical data in the near-wall zone.

The present computational model was verified

through comparison of predicted values with available

theoretical and experimental data for single-phase wall

gas screens. The results are shown in Fig. 2. The thermal

efficiency of a wall gas screen was defined as a dimen-

sionless complex reflecting the lengthwise variation of

adiabatic wall temperature [1–5]. This complex was con-

sidered as a function of another dimensionless complex,

n ¼ x
mS ðlSReS=l0Þ

�1=4
, used in the theory of single-phase

gas screens. In the above complexes, x is the longitudinal

coordinate; m = qSUS/q0U0 is the injection ratio;

ReS = USS/mS is the Reynolds number constructed on
secondary-flow characteristics. The points show the

experimental data by [4]. Curves 1 and 2 are theoretical

dependences calculated by the formulas proposed by

Goldstein [2] and Kutateladze and Leont�ev, [1], respec-
tively. It follows from Fig. 2 that, on the whole, the pre-

dicted thermal efficiency HT well agrees with the data
calculated by available integral algorithms and with

experimental data, thus validating the main assumptions

underlying the present computational model.

In the Fig. 3 are shown the data on influence of blow-

ing parameter US/U0 on efficiency of screen cooling. So-

lid curves are the calculation by theoretical formulas [4]

for quasi isothermal screen (q0 � qS):



Fig. 3. Effect of blowing parameter m on the efficiency of

single-phase gas screen. 1—A = 1, 2—A = 5. Solid curves—

calculation by formula (21); dashed curves—data obtained in

the present study.

Fig. 4. The gas phase profiles of gas-droplets jet with various

injection parameters. T0 = 373 K; TS = TL1 = 293 K; d = 30lm;
ML1 = 0.05. (a)—m = 0.8; (b)—m = 1.5. 1—x/S = 0; 2—50; 3—
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HT ¼
ð1þ 62:5=AÞð1þ 62:5 j 1� US=U 0j1:25Þ � 1
h i0:8

ð1þ 0:016AÞ0:16
:

ð21Þ

It is seen, the maximal value of thermal efficiency is

reached at equality of velocities of the main and second

streams US/U0 = 1. The value HT is also reduced with
decrease of blowing parameter US/U0 < 1. The effective-

ness reduction with US/U0 > 1 is not very intensive and

with the big blowing parameter the quantity is asymp-

totic. It is noted, that a fairly good agreement between

the numerical simulation data and theoretical formulas

proposed by [4] for one-phase isothermal screen both

for US/U0 < 1 and for US/U0 > 1.
100; 4—200.
7. Numerical results and its discussion

7.1. Profiles of parameters of gas-droplets screen

The evolution of the longitudinal velocity for two

values of the injection parameter, m = 0.8 and m = 1.5,

is shown in Fig. 4 (a) and (b), respectively. At large dis-

tances from the slot plane, a flow that displays regular-

ities typical of the single-phase flow is observed [1].

These properties of the flow under study are observed

both for m < 1 and for m > 1. This fact can be explained

by the fact that the majority of droplets undergo evapo-

ration and by completion of jet mixing in the channel be-

tween the wall jet and the mainstream flow. At higher

blowing parameter, when a jet with a velocity greater

than the mainstream flow velocity develops in the

near-wall region, restoration of the flow to a developed

turbulent flow is observed, as it follows from Fig. 4b,
over larger distances from the slot exit plane compared

to the case of m < 1.

The complex heat and mass transfer regularities ob-

served in vapor–gas-dropletwall jets canbe analyzedusing

the local distributions of thermal and gas dynamic param-

eters across the boundary layer. The profiles of velocity

(curve 1), steam concentration (2), gas temperature (3), li-

quid-phase temperature (4), and enthalpy (5) are shown in

Fig. 5, where (a)—non-equilibrium conditions, (b)—equi-

librium conditions, d is the boundary-layer thickness. All
the profiles are given in the relative form:

Q� QW
Q0 � QW

¼ f ðy=RÞ; ð22Þ

where Q, QW, and Q0 are the values of parameters at the

point of interest, on the wall, and in the flow core,

respectively.



Fig. 5. The distributions of turbulent flow parameters on the

pipe cross-section. Dotted line is the boundary layer thickness.

x/S = 50; m = 0.8. (a) non-equilibrium regime with T5TL; (b)

equilibrium regime with T = TL. The profiles of velocity U/U0
(curve 1), steam concentration MV (2), gas temperature T (3),

liquid-phase temperature TL (4), and enthalpy H (5).

Fig. 6. The location of steam concentration maximum vs a

change of liquid phase content in the near-wall jet. 1—m = 0.8;

2—1.5. x/S = 50.
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As is seen from Fig. 5a, no similarity is observed be-

tween the distributions of physical quantities across the

boundary layer. This is just what was expected because

the energy and diffusion equations for the flow over an

adiabatic wall lack the property of similarity. The phase

transitions brought about by the evaporation processes

make the absence of similarity even more pronounced;

this mostly affects the vapor concentration distributions.

The mass concentration profile of the vapor exhibits a

distinct maximum, i.e., evaporation front [10]. Fig. 5b

shows the distributions of parameters across the wall-

screen boundary layer for the case of equilibrium eva-

poration regime; these distributions were calculated by

the single-temperature, two-velocity model. No similar-

ity in the distributions of parameters is observed here.

The vapor-concentration maximum is somewhat higher
than in the case of non-equilibrium evaporation regime,

in which the temperatures of the phases are not identi-

cal. This behavior can be explained by the fact that all

the heat supplied to the drop is spent for its evaporation.

The evaporation front position as a function of li-

quid-phase concentration is shown in Fig. 6, where

MVmax is the coordinate of the steam concentration

maximum. Normally, the evaporation front was ob-

served near the upper boundary of the wall jet. The fig-

ure shows that, with increasing droplet concentration,

the evaporation front moves closer to the flow core; on

the contrary, with decreasing flow-core temperature it

shifts to the wall. Thus, the data of Fig. 6 illustrate the

general tendency in the behavior of screen characteristics

as functions of initial thermal and gas dynamic condi-

tions in the main and wall flows.

Fig. 7 illustrates variation of thermal efficiency HT
with the blowing parameter m at various concentra-

tions of the liquid phase in the near-wall jet. As it

could be expected, as the drop concentration increases,

the parameter HT also increases. The curves predicted
for different concentrations behave similarly to the case

of single-phase flow and are equidistant.

The predicted cooling efficiency of the two-phase gas-

droplet screen is shown in Fig. 8. The shown values are

dimensionless, representing the ratios between the effi-

ciency of the two-phase screen, HT, and the efficiency
of the single-phase screen, HTA, all thermal and gasdy-
namic conditions at the channel inlet except for the rate

of coolant supply into the wall jet being identical. This

representation clearly demonstrates the advantages of

using a two-phase coolant instead of a single-phase cool-

ant. The liquid phase present even in rather low mass

concentrations (<5%) results in that the cooling effi-

ciency increases by more than two-fold compared to



Fig. 7. Thermal efficiency of wall jets at various blowing

parameter. ðx�x0Þ
Sm Re0:25S ¼ 5; T0 = 373 K TS = TL1 = 293 K;

d = 30lm. 1—ML1 = 0; 2—0.01; 3—0.05.

Fig. 8. The ratio between the effectiveness of two-phase jet and

single-phase jet vs change concentration of dispersed phase.

Lines m = 0.8; dotted lines m = 1.5. 1—T0/TS = 1.1; 2—1.27;

3—1.61; x/S = 50; TS = 293 K.

Fig. 9. The ratio between the effectiveness of two-phase near-

wall screen HT and gas jet HTA vs change of initial dispersed
phase diameter. m = 0.8; ML1 = 0.05. 1—x/S = 25; 2—50; 3—

100; 4—200.
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the case of the single-phase flow. An increase in the main

flow temperature substantially reduces the value of HT.
This can be explained by intensification of evaporation

processes, prevailing at the external boundary of the

jet-mixing layer, and not near the wall. Note yet another

important regularity in Fig. 8. It is well known [1–4]

that, as the injection parameter m decreases, the shield-

ing properties of wall jets deteriorate because the rate of

mass flow of the coolant decreases. With two-phase jets,

these effects become even more pronounced since,

according to Fig. 8, the HT/HTA ratio notably decreases
with decreasing injection parameter.

An important question in the optimization of two-

phase wall screens is the proper choice of liquid-drop
sizes. Fig. 9 analyzes the effect of drop sizes on the dis-

tribution of thermal efficiency along the length of the

channel. For particles smaller in size than several

micrometers (d1 < 2–5 lm) the thermal efficiency HT/
HTA is independent of drop diameter, being determined
exclusively by the mass content of the liquid drops in the

flow. Of this range of sizes, equilibrium evaporation is

typical, with the steam–gas mixture being in thermal

equilibrium with the liquid phase. For larger particles

(d1 > 5lm), the thermal efficiency may be either decreas-
ing (for large particles with d1 � 100lm) or increasing
function (for smaller particles with d1 = 30–50lm).
The increase in HT/HTA with increasing d1 can be ex-

plained by the fact that, as the initial size of the disperse

phase increases, the area of the contact surface between

the steam–gas mixture and the liquid drops decreases

markedly. More time is required for larger particles to

be heated and evaporated. Thus, it can be noted that

the optimum particle size in thermal protection of adia-

batic walls under given conditions is 30–50 lm. Drops of
such sizes are efficient in protecting walls at large dis-

tances from the exit plane of the slot used to inject the

cooling jet flow into the channel.

It is known [1–6] that, in treating the screen efficiency

in the case of foreign-gas blowing into the near-wall re-

gion or in the case of screens with phase transitions or

chemical transformations, different definitions of the

protection efficiency can adopted. For instance, the effi-

ciency can be calculated from the temperatures, total

enthalpies, or concentrations of the components. A com-

parison between the distributions of differently defined

thermal efficiencies allows one to judge if similarity ex-

ists between heat- and mass-transfer processes in gas-

drop screens with phase transitions.



Fig. 10. Thermal efficiency of a wall gas-drop screen calculated

from the gas temperature T (1), the enthalpy of the two-phase

mixture (2), the drop concentration (3), the total concentration

of liquid in the drops and water vapor (4), and the liquid-phase

temperature TL (5).
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Fig. 10 illustrates the data calculated from the differ-

ent thermal screen parameters. The profiles of the

above-indicated parameters were calculated by the

formula

Hi ¼ ðW0 � WWÞ=ðW0 � WSÞ;

where W is the parameter defined in terms of the gas
temperature T (1), the enthalpy of the two-phase mix-

ture (2), the drop concentration (3), the total mass of li-

quid in the drops and water vapor (4), and the liquid-

phase temperature TL (5). The enthalpy of the gas-drop

mixture was calculated by the formula

H ¼
X3
i¼1

HiMi ¼ HAMA þ HLML þ HVMV;

where Hi ¼
R
Cp;idT i þ h0i is the enthalpy of the i-th com-

ponent with allowance for its formation energy (h0i ) from
simple substances. The highest value is displayed by the

parameter HL calculated from the droplet temperature.
For this parameter, the thermal efficiency is in excess

of unity, since the droplet deposited onto the wall under-

go evaporation and assume a temperature lower than its

equilibrium temperature at the exit plane of the slot. In

the downstream region of initial flow region with

HT = 1, all other efficiency parameters behave equidis-
tantly, although the difference between them remains

quite appreciable.
8. Conclusions

A calculation model is developed and a numerical

heat and mass transfer study of a gas-droplet wall jet in-

jected into the main airflow, performed. In studying
complex mixing processes proceeding in two-phase wall

jets, the Eulerian–Eulerian two-fluid model proved to

yield rather adequate results. To close the transfer equa-

tions, the LRN k–ee model of turbulence was used, ex-
tended to the case of flows with evaporating drops.

The addition of a small amount of droplets (not more

than 5% of the total mass of the secondary gas flow) sub-

stantially (by a factor of 2) increases the screen effi-

ciency. An increase in the main-flow temperature

worsens the efficiency of the two-phase wall screen,

intensifies the evaporation processes near the upper

boundary of the jet flow, and leads to a more rapid

boundary-layer heating.

The steam concentration profile displays a distinct

maximum, i.e., evaporation front, normally observed

near the upper boundary of the jet flow, where evapora-

tion processes proceed most vigorously.
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