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Droplets-laden turbulent flow downstream of a sudden pipe expansion has been investigated by using
Euler/Euler two-fluid model for the gaseous and dispersed phases. Significant increase of heat transfer
in separated flow at the adding of evaporating droplets has been demonstrated (more than 2 times com-
pare with one-phase flow at the value of mass concentration of droplets ML1 6 0.05). Addition of dis-
persed phase to the turbulent gas flow results in insignificant increase of the reattachment length.
Low-inertia droplets (d1 6 50 lm) are well entrained into the circulation flow and present over the whole
pipe section. Large particles (d1 � 100 lm) go through the shear layer not getting into the detached area.
Comparison with experimental data on separated gas–droplets flows behind the plane backward-facing
step has been carried out.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The detached flows in a sudden expansion pipe frequently
encountered in technical applications [1–5]. The detachment af-
fects momentum, heat, and mass transfer processes to a large ex-
tent determines the turbulent flow structure. Knowledge of the
turbulent flow field and heat transfer in sudden expansion flows
is important from both theoretical and practical points of view.
Sudden pipe expansions are used to stabilize flame in combustion
chambers. Other numerous applications of sudden pipe expansions
imply their use as step diffusers or as heat transfer intensifiers in
ducted flows. Thus such flows have become a subject of many
extensive studies. Studies one-phase separated flows past a back-
ward-facing step or downstream of the sudden expansion were re-
ported in many publications, which are reviewed [6–13].

On the basis of these works we have come to the conclusions
stated further on. At the distance approximately (20–25)H after
detachment the flow gets specificity of the developed flow in the
pipe, although, final stabilization occurs much lower along the
flow. Here H is the step height. In the plane channel it happens
at the distance x/H � 50. Values of fluctuations and Reynolds stress
have complex character of distribution both along the pipe length
and along its radius with specific maximum in the shear layer.
Maximum values of axial fluctuations intensity are hu02i 6 0.2U1,
where U1 is the flow velocity before detachment. Radial fluctua-
tions are less than axial ones and are equal to hv 02i 6 0.15U1. At
ll rights reserved.
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this, at the distance 20H the value of axial fluctuations is higher
than that of the radial ones that serves an extra proof of non-stabi-
lized and non-isotropic flowing in this area. According to the data
[11] the value of velocity fluctuations in transversal direction is
hw02i � hv 02i. Whereas, for detachment behind the plane back-
ward-facing step the measured values are hw02i � ðhu02i þ hv 02iÞ=2.

Heat transfer rate in the area of reattachment of detached flow
is much higher than at intact flow. The value of maximum coeffi-
cient of heat transfer is proportionate to the Reynolds number in
the degree of 2/3. Minimum of heat transfer is approximately at
the distance between the step height and the detachment point
of the flow, that is explained by the present area of secondary recir-
culation of the flow, which effect on heat transfer is mentioned in a
number of works [8,11,12]. The value of average velocity and
intensity of turbulent fluctuations in this area is much less than
in the zone of detached flow. All above mentioned facts prove great
complexity of the modeling of the impulse and heat transfer pro-
cesses in detached one-phase flows.

Two-phase separated flows have been found in many technical
applications. The effect of solid/liquid particles on transport pro-
cess in the gas phase becomes more pronounced with increasing
size and concentration of the particles. Detailed information con-
cerning the turbulent flow, the velocities and temperatures of the
phases, and the distribution of particles over the pipe cross-section
is an important matter for optimization of evaporation/combustion
processes. Two-phase separated flows were investigated [14–26].
These authors showed that, light particles are entrained in the cir-
culating flow, whereas heavy particles escape trapping in the sep-
aration zone by traversing the shear flow region. In the wall zone
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Nomenclature

CD drag coefficient of evaporating droplets
DLij tensor turbulent diffusion of particles (m2/s)
d droplet diameter (m)
ER = (R2/R1)2 or ER = (h1 + H)/h1 expansion ratio
gu, gut coefficients of entrainment of particles into large-eddy

velocity and temperature fluctuation motion of gas
phase

h channel height (m)
H step height (m)
J mass flux of vapor from the surface of evaporating drop-

lets (kg/(m s))
k turbulent kinetic energy (m2/s2)
KA; KV mass concentration of air and vapor in binary vapor–air

mixture
KVS mass concentration of vapor at the drop surface an

evaporating corresponding to saturation parameters at
the drop temperature, TL

L turbulent length scale (m)
ML mass fraction of droplets
R absolute gas constant (J/(mol K))
huvi ¼ �mT

@U
@r ; huLvLi turbulent stresses in gas and dispersed

phases (m2/s2)
hu2i; hv2i root-mean-square velocity fluctuations in axial and

radial directions (m2/s2)
xR reattachment length (m)
yk ¼ y=

ffiffiffiffiffiffiffiffiffiffi
mk=�e

p
Taylor microscale (m)

Pr Prandtl number

ReL ¼ qd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU � ULÞ2 þ ðV � VLÞ2

q
l Reynolds number of disperse

phase
Stk = s/sf mean-flow Stokes number
Tu turbulence intensity in the flow

Greek symbols
e dissipation of the turbulent kinetic energy (m2/s3)
U volume concentration of particles
CE ¼ 2hu2i1=2XL turbulent scale of gas phase (s)
H ¼ ðT � TW Þ=ðT1 � TW Þ temperature profile
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)
s ¼ qPd2

=ð18lWÞ particle relaxation time (s)
sf = 5H/U1 turbulent time scale in the mean motion (s)
sH ¼ CpLqLd2

=ð12kYÞ particle thermal relaxation time (s)

Subscripts
0 parameter at the axis of the pipe
1 parameter before separation
2 parameter after separation
A air
L dispersed phase
P particle
T turbulent parameter
V vapor

Symbol
h i ensemble average

Acronym
LRN low-Reynolds number
PDA phase Doppler anemometer
PDF probability density function
TKE turbulent kinetic energy
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dispersed impurities are accumulated (preferential concentration).
It is noted that papers [14,16–18,21,23,25] were provided for the
backward-facing step flow geometry, and works [15,16,18–
20,22,24]-for the flow downstream of pipe sudden expansion.

Zaichik et al. [16,18] were among the first workers who used
the Eulerian/Eulerian approach in computations of gas-particles
separated flows. Results obtained by these authors fairly well agree
with experimental data obtained for two-phase flows downstream
of a backward-facing step and sudden pipe expansion. The authors
have shown that with the growth of the particle size profile of dis-
perse phase velocity changes, becoming more uniform, and the de-
gree of particles entrainment into recirculation gas motion
decreases. Present interphase averaged and fluctuation interaction
strongly affects the processes of gas and disperse particles mixing.
It should be noted that in the mentioned studies gas flows laden
with solid particles were examined without heat transfer between
channel wall and two-phase flow.

Turbulent flow of gas and solid particles mixture with applica-
tion of the method of large eddy simulation (LES) for the gas phase
and Lagrangian trajectory method for the particles was studied in
the work [23] for the case of non-steady 2D flows. The model does
not take into account two-way coupling effect of disperse phase on
transport process and gas phase turbulence. Numerical modeling
of the flow behind backward-facing step has been carried out for
the experimental conditions of the work [21]. Particles dispersion
depending on Stokes number Stk = s/sf, where s = qLd

2/(18 lW)-
relaxation time of the particles considering deviation from the
Stokes law of flowing W ¼ ð1þ Re2=3

L =6Þ; ReL ¼ ð~U � ~ULÞd=m-Rey-
nolds number of the particle; sf-time scale of the turbulence in
averaged motion. It has been shown that accumulation of particles
in the detached zone occurs at small Stokes numbers (small size of
the particles), at large Stokes numbers disperse phase does not
interact with turbulent gas eddies.

Only several studies in which turbulent flow with evaporating
water droplets behind a backward-facing step were addressed by
[17,24,25]. In [20,28] measured the velocities and turbulent kinetic
energies of the two phases, the dispersed phase mass flow rate, and
the local heat transfer from the heated wall to the gas–droplets
flow. Effect of droplets evaporation was especially pronounced be-
hind the reattachment point of the gas–droplet flow [18]. The
influence of wall temperature, gas-flow temperature, and initial
flow velocity on the heat transfer augmentation was analyzed.

Analysis of the works has shown that given research is carried
out in the narrow diapason of changed main thermogasodynamic
parameters such as drop size and their concentration. Practically
there is no data on heat transfer and structure of gas–drop flow
after sudden pipe expansion. This work logically follows the work
[27], dedicated to numerical modeling of gas–drop flow at present
phase transfers on sudden pipe expansion.

The purpose of the present study was numerical examination
the effect of key parameters of the two-phase flow, namely, the
mass concentration of liquid droplets and the droplet size, on heat
transfer, and to compare data obtained by the developed model
with previously reported experimental and numerical results for
downward turbulent two-phase flows downstream of the sudden
pipe expansions. This paper logically follows the work [24], dedi-
cated to numerical modeling of gas–droplets flow downstream of
the sudden pipe expansion.
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2. Problem statement

In the present paper, evolution of a gas–droplet turbulent flow
in the downstream region of a sudden pipe expansion was exam-
ined. A schematic of the sudden expansion gas–droplets flow is
shown in Fig. 1. The volume concentration of the dispersed phase
was assumed to be low (U1 < 10�4), and the particles were as-
sumed to be sufficiently fine (d1 < 100 lm), so that, according to
[19] he effects due to inter-particle collisions could be neglected
when treating hydrodynamic and heat and mass transfer processes
in the two-phase flow.

All computations were performed for monodispersed gas–drop-
lets flow. The computational domain is the pipe with the zone of sud-
den expansion. All calculations were performed assuming a uniform
wall heat flux (qW = const). The heat flux was qW = 1 kW/m2. The pipe
surface was dry, that no liquid film from deposited droplets formed
on the wall. This assumption for heated channels was allowably (see
[26]). This condition is valid, if the temperature difference between
the wall and the droplet is higher than 40 �C. The authors believed
that the drop temperature along its radius remains constant since
Bio number is Bi = aLd/kL� 1.

3. Numerical model

The momentum, heat and mass transfer process in the gas and
dispersed phases were studied using the Eulerian approach. This
approach is based on the PDF for the coordinates, velocities and
temperatures of droplets in the turbulent flow (see [27]).

3.1. Gaseous phase equations

The system of Reynolds-averaged Navier–Stokes equations for a
two-phase steady-state axisymmetric flow with ignored mass
forces is
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Fig. 1. The schematic of the sudden expansion gas–droplets flow. 1 – gas–droplets
flow.
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Here, CD is the evaporating droplets drag coefficient [29]

CD ¼
CDP

1þ CPðT � TLÞ=L
;

where CDP is the drag coefficient of non-evaporating particles,
which can be calculated from the relations presented by Clift
et al. [28]

CDP ¼
24=ReL; ReL � 1
24=ReLð1þ 0:15Re0:687

L Þ; ReL > 1:

�

The turbulent Prandtl and Schmidt numbers were assumed con-
stant, equal to PrT = ScT = 0.85. In addition in the work we have
used correlation for calculation of turbulent Prandtl number spec-
ified in the work [29]. Difference in calculation results for the Nus-
selt number for one-phase flow at the use of PrT = 0.85 and formula
in [29] turned out to be insignificant (not more than 3%).

The turbulent Reynolds stresses and the turbulent heat and
mass fluxes in the gaseous phase were determined according to
the Boussinesque hypothesis; they have the form
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Here, dij is the Kronecker delta, and mT is the turbulent kinematic
viscosity.

3.2. LRN k–~e turbulence two-equation model

The equations for the turbulent kinetic energy k and for the dis-
sipation rate ~e modified to the case of a two-phase flow can be
written as
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The constants and the damping functions were employ in the
form of Hwang and Lin [30]. The adoption of the Taylor microscale
in the damping functions and the inclusion of pressure diffusion
terms in both the k and ~e equations were key features of this mod-
el. The designed model not only to conform with the near-wall
characteristics obtained from DNS data but also to possess correct
asymptotic behaviors in the vicinity of the solid wall. The perfor-
mance of the model of [30] is assessed by comparison with DNS re-
sults for fully developed channel flow, with DNS results for
developed Couette–Poiselle flow, and with the experiments of
the 2D backward-facing step flow with heat transfer of [31]. The
present model predicted correctly the skin friction and heat trans-
fer between the wall and the air stream in the separation flow.

In (4), E is the constant in the Rotta approximation for the corre-
lations of pressure pulsations with deformation rate (see [32]). With
P=~e ¼ 1 and Ak = 0, expression (4) yields the classical expression
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lT ¼ qClflk2
=~e appearing in the turbulence model. The minimum

admissible value of E = 1 [33]. With E = 1, Eq. (4) reduces to
lT ¼ qClflk2

=P [16]. In the present study, with due consideration
given to data reported by Zaichik et al. [16,18] the value E = 2 was
adopted. Relation (4) results when one expands the system of impli-
cit algebraic equations for Reynolds stresses in terms of the mean
velocity gradient [16]. This modification of (4) leaves the turbulence
equations unchanged. Here, the coefficient Ak stands to allow for the
backward influence of particles on the shear stresses [18].

The terms Sk and Se characterize the additional dissipation of
the gas phase turbulence due to fine evaporating droplets present
in the flow and due to the non-uniform particle concentration pro-
file; for these terms, expressions previously used by Terekhov and
Pakhomov [34] were adopted.

3.3. Dispersed phase

The set of mean governing equations in the dispersed phase has
the form
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Here, DLij = s(huLiuLji + guhuiuji), DH
Lij ¼ sHhuLjtLi þ sguthujti – ten-

sors of turbulent diffusion and turbulent heat flux in dispersed
phase [18]. gu, gut – coefficients of entrainment of particles into
large-eddy velocity and temperature fluctuation motion of gas
phase [18].

3.4. Relations for the Reynolds stresses, temperature fluctuations and
turbulent heat flux in the dispersed phase

The Reynolds stresses huLiuLji and temperature fluctuations hh2
L i,

and also the turbulent heat flux in dispersed phase hhLuLjiwere cal-
culated using the equations by Simonin [35], and Zaichik et al. [16].
We utilized the model of [35] for Reynolds stresses, and model by
Zaichik et al. [16] for temperature fluctuations and the turbulent
heat flux in dispersed phase
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In system (6), convective transport of fluctuations and temper-
ature (I), diffusion (II), production of fluctuations from gradients of
dispersed phase average motion and temperature (III), and the
interaction between the phases (IV) are taken into account.

The heat and mass transfer model for the evaporation of single
droplet was described in detail [34].
4. Numerical realization and boundary conditions

4.1. Numerical realization

The numerical solution was obtained using the finite-volume
method by Patankar [36]. For convective terms, the QUICK proce-
dure was applied [37]. The diffusion fluxes were written using cen-
tral differences. The pressure field was corrected by the finite-
volume SIMPLEC procedure [38].

A computation non-uniform staggered grid was used. Densen-
ing of mesh nodes was applied in the recirculation zone, in the flow
detachment region, and in the reattachment zone. All computa-
tions were performed on the basic grid that comprised 350 � 120
control volumes. Additionally, a series of test computations for a
gas–droplet flow with droplet evaporation containing 400 � 240
CVs was performed (not shown). Nusselt numbers obtained in dif-
ferent computation runs differed within 1% for the single-phase
flow and within 3% for the gas–droplet flow with evaporating
droplets. The Nusselt number being rather sensitive to variation
of mean-flow quantities and to the temperature of the two-phase
flow, in the majority of computations a grid comprising
350 � 120 control volumes was used.

In calculating the two-phase jet flow initial conditions were set
at the pipe inlet, either in the form of uniform profiles of phase
parameters or in the form of distributions obtained in preliminary
calculations of two-phase pipe flow. At the pipe outlet, boundary
conditions consisted in setting zero derivatives of variable quanti-
ties in the longitudinal direction. At the pipe axis, for both phases
conditions of symmetry were adopted. At the wall, the wall imper-
meability condition and the no-slip condition for the gaseous
phase were used. For the dispersed phase boundary conditions
were adopted [29]. After precipitation at the channel wall, droplets
were assumed to stick to the surface and never return to the flow.
5. Testing for the one-phase separation air flow

At the first stage we have made a comparison with experimen-
tal data on Nusselt number distribution for one-phase turbulent
flows behind sudden pipe expansion. Comparison results are pre-
sented in Fig. 2, where Nufd is Nusselt number for one-phase devel-
oped flow at other parameters being equal. Calculations and
experiments have been carried out at approximately equal Rey-
nolds number and variable step height. It is apparent that with
the growth of correlation R1/R2 heat transfer intensity decreases
in the detached area, at this, far from detachment section heat
transfer increases with the growth of R1/R2. At that, note present
secondary vortex placed near the back wall of the ledge. Indirect
proof of its presence is local minimum in Nusselt number distribu-
tion at the distance x/H � 1, which concords with the data
[8,11,12].

In addition, comparison with the measurement data on de-
tached zone length for the case of friction after sudden pipe expan-
sion [10,13] and behind the backward-facing step [31] has been
carried out. This data is given in Table 1.

A good agreement was found to exist between the measured
and predicted data sets, this agreement serving a basis for subse-
quent computations of two-phase flows.



Fig. 2. Heat transfer intensification ratio downstream of the sudden pipe expan-
sion. Symbols are experimental results of Baughn et al. [11]. 1 – R1/R2 = 0.27,
H = 35 mm, Re = 16700; 2 – R1/R2 = 0.42, 29 mm, 17700; 3 – R1/R2 = 0.53, 22 mm,
19400; 4 – R1/R2 = 0.8, 10 mm, 20100.

Table 1
Comparison of flow reattachment length for single-phase flow.

Source D2/D1 or h/H Re � 104 xR/H

Measured Predicted

[10] 1.6 1.56 10 10.4
[13] 2.7 8.4 8.3 8.5
[31] 1.25 2.8 6.6 6.8
[21] 1.5 1.8 7.4 7.6
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6. Numerical computations and its discussions

All calculations were carried out for a monodispersed gas–drop-
let mixture. The diameter of small tube before expansion
2R1 = 20 mm, behind expansion it was 2R2 = 60 mm, the expansion
ratio was ER = (R2/R1)2 = 9, and the step height was H = 20 mm. The
gas flow velocity before detachment was U1 = 10 m/s, Reynolds
number for the gas phase was ReH = HU1/m = 13300. The initial
velocity of the dispersed phase was UL1 = 0.8U1. The initial droplet
sized varied within d1 = 0–100 lm, and their mass concentration
changed within ML1 = 0–0.1. The length of calculation region after
the tube expansion was 30H. The density of heat flux fed to the
tube surface was qW = 0.5–2 kW/m2.

6.1. Flow structure

The profiles of axial velocity, turbulent kinetic energy, temper-
ature of the gas phase and droplets diameter are shown in Fig. 3.
Initial velocity is distributed uniformly in the inlet cross-section
before flow detachment (line 1). Curves 2–4 correspond to the zone
of recirculation, and curves 5 and 6 correspond to the zone of two-
phase flow development after attachment. We should note that a
drastic change in the flow structure is observed downward from
the detachment cross-section. For the gas velocity profiles there
are areas of negative velocities, corresponding to the zone of flow
recirculation.

Maximum value of gas turbulence energy can be observed in
the shear layer (see Fig. 3b). Moving down the flow maximum va-
lue of turbulence energy decreases and its profile becomes more
plane.

The profiles of dimensionless temperature of the gas phase
H = (T � TW)/(T1 � TW) are shown in Fig. 3c, where T1 and TW are
the initial temperature of the flow in the detachment cross-section
and the wall temperature. The uniform temperature profile is set at
the inlet (line 1). While moving downward the flow the profile of
gas temperature changes (curves 2–6). In initial cross-sections
(curves 2–3) in the axial zone temperature U < 1, what is explained
by local gas cooling because of adiabatic evaporation of droplets.
Analogous results have been obtained in measurements and calcu-
lations [34] in the studies of wall mist screens. The temperature
profiles directly after flow detachment (x/H = 2) testify an in-
creased in thickness of the thermal mixing layer behind a back-
ward-facing step. Intensive turbulent mixing in the detachment
area leads to the fact that the most part of temperature difference
is within a thin wall layer (whose thickness is about 3–5% of tube
radius). Correspondingly, the value of heat transfer of the two-
phase flow with the tube surface is determined by intensity of tur-
bulent mixing of gaseous phase in the wall layer.

Fig. 3d demonstrates calculation results for the changed drop
size. Note that droplets for the case Stk < 1 exist over the whole
pipe section. Drop diameter decreases both along the pipe length
and its section for the account of evaporation processes, at that,
in axial zone of the pipe are much larger particles than near the
wall and in the area of flow recirculation.

The radial profiles of the dispersed phase mass loading ratio and
mass flux at different locations over the pipe length are shown in
Fig. 4 for various initial particle diameters, d1 = 10 lm, Stk = 0.03
(Fig. 4a), d1 = 50 lm, Stk = 0.7 (Fig. 4b), and d1 = 100 lm, Stk = 2.7
(Fig. 4c). It should be noted that entrains fine dispersed droplets
into the separated flow readily, which are present in the stream
throughout the whole pipe cross-section, whereas large particles,
due to their inertia, almost never enter the recirculation region,
being present only in the shear layer region (curves 2–4). Behind
the detachment point the mass fraction of fine droplets decreases
sharply because of intense evaporation of particles and due to
the sudden expansion of the flow field. In the wall zone, owing
to evaporation the mass concentration of droplets is much lower
than in the axial zone of the cylindrical channel.

Distribution of wall shear stress coefficient Cf ¼ 2s2
W=U2

1 behind
the detachment point is shown in Fig. 5 depending on the drop size
value. It is apparent that added disperse phase has no significant
impact on the value Cf both in the area of flow detachment and
after reattachment point. Note there is only insignificant growth
of wall shear stress in the two-phase flow. The same is valid for
the one-phase flow [1], Cf = 0 in the area of reattachment point.

6.2. Heat transfer characteristics

Figs. 6 and 7 show the distributions of Nusselt number over the
pipe length for various droplets initial diameter (Fig. 6) and its
mass fraction (Fig. 7). The Nusselt numbers were calculated by
the formula

Nu ¼ qW H
kðTW � TmÞ

;

where Tm ¼ 2
U1R2

2

R R2
0 TUrdr is the mean gas-flow temperature. Drop-

lets added to the air flow substantial (more than twofold) enhance
the heat transfer in comparison with the single-phase air flow
(curve 1), all other conditions being identical. Augmented heat
transfer is observed both in the recirculation zone and in the relax-
ation region. The latter is confirmed by data in Fig. 4 showing that
droplets readily become entrained with the separated flow. Fine
droplets evaporate faster (over a shorter pipe length, see curve 2)
due to larger interphase surface. As more and more evaporating
droplets disappear from the flow, the heat transfer rate tends to
the value observed in the single-phase flow. Increased particle size
acts to suppress the entrainment of particles with the recirculation
flow because of increased Stokes number. For 100-lm diameter



Fig. 3. Predicted profiles velocity (a), turbulent kinetic energy (b), temperature (c) of the gas phase and droplets diameter (d). d1 = 50 lm, ML1 = 0.05. 1 – x/H = 0, 2 – 2, 3 – 6, 4
– 10, 5 – 15, 6 – 20.
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droplets (curve 4) the Stokes number is Stk = 2.5, the entrainment of
the dispersed phase with the detached flow being therefore less
pronounced. As a result, in the detachment zone the rate of heat
transfer is roughly the same as in the one-phase flow; behind the
reattachment point the heat transfer intensity increases due to
droplet evaporation. It should be noted that under conditions with
evaporation the Nusselt number in the flow laden with large drop-
lets (d1 = 100 lm) is smaller than the same number for finer drop-
lets (d1 = 50 lm) over the entire calculated flow domain.

Figs. 6 and 7(a) show the position of the reattachment point (ar-
rows). The one-phase flow reattaches to the wall at the distance
xR � 10.6H from the sudden expansion plane. In the case of two-
phase flow the reattachment zone is more extended (see Tables 2
and 3, in which calculated reattachment lengths for gas–droplets
flow are summarized). This conclusion disagrees with data previ-
ously reported by Founti et al. [19,20], who found the reattachment
zone in the case of two-phase flow to be shorter than in the one-
phase flow yet becoming more extended in the downstream direc-
tion with increasing concentration of liquid droplets. Note also
that, in our calculations, with increasing droplet concentration
the recirculation zone also became more extended, which result
qualitatively complies with the data reported by Hishida et al. [17].

Distribution of the maximal Nusselt number depending on the
Reynolds number, plotted by the step height and initial velocity
of the gas phase, is shown in Figs. 6 and 7(b). The empirical corre-
lation [12] was used for comparison at the single-phase flow. This
correlation describes well the results obtained for the flow with
axiasymmetric sudden expansion in a tube under the boundary
conditions TW = const and qW = const,
Numax ¼ 0:2Re2=3
R1 ; ð7Þ

where Numax = amax2R2/k is the maximal Nusselt number, plotted
by the tube diameter after the flow expansion. For the single-phase
flow after an abrupt expansion, the results of calculations by this
model (line 1) correlate satisfactory with dependence Eq. (7). With
increase of Re number the maxima Nusselt number increases, what
is typical both for the single-phase flow and the gas–droplets flow.
For the gas–droplet flow the values of heat transfer coefficients are
higher than the corresponding values, obtained for the single-phase
flow (curves 2–4) because of evaporation of the dispersed phase.
The increase in the particle size decreases heat transfer because of
a significant reduction of the contact interface, what is obvious in
the range of low Re numbers.

Effect of disperse phase on the value of maximum heat transfer
is shown in Fig. 8. Note present pronounced maximum in the dis-
tribution Numax in all studied in the work changed diapason of
mass fraction of droplets. It is observed in the area of small sizes
of the particles (Stk = 0.02–0.05) and conditioned by effecting fac-
tors different in their nature – more intense evaporation of drop-
lets with small diameters, decreased velocity of their inertial
deposition and weakened entrainment of larger particles in the de-
tached flow. However, the issue requires more detailed studies.
Growing concentration of disperse phase results in significant
growth of heat transfer between two-phase flow and the wall com-
pare with the one-phase flow (Stk = 0). Note that the largest
increase of heat transfer is related to the area of small size of the
particles getting into recirculation zone and at fixed fraction value
of the droplets their number is the largest.



Fig. 4. Profiles of droplets mass loading ratio. ML1 = 0.05. (a) d1 = 10 lm; (b) 50 lm, 0.7; (c) 100 lm. 1 – x/H = 0, 2 – 2, 3 – 6, 4 – 10, 5 – 15, 6 – 20.

Fig. 5. Skin friction coefficient distribution along the pipe length. H = 20 mm,
UL1 = 0.8U1, Re = 13300, ML1 = 0.05. qW = 1 kW/m2. 1 – one-phase flow, 2 –
d1 = 10 lm, 3 – 100.
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Fig. 9 demonstrates data on the heat flux value effecting heat
transfer in the detached gas–drop flow. Dotted lines in the figure
show data on heat transfer in one-phase flow at qW = 1 kW/m2.
As it is shown in many works, for instance in [8,11,12,31], change
of the heat flow value practically has no impact on the heat trans-
fer coefficient. In two-phase gas–drop flow with the growing den-
sity of heat flux on the wall heat transfer intensity droplets. At
minimum value of the heat flux Nusselt number increases more
than 2 times compare with the one-phase flow. At that, increased
heat transfer is observed over the whole length of the calculated
area. Further down the flow as disperse phase evaporates Nusselt
number profile coincides with the one for the single-phase air flow.
7. Comparison with experimental results for turbulent mist
separated flows

Below are given comparison data only for the separated mist
flow behind the plane backward-facing step. In the publications
there is no data on heat and mass transfer for gas–droplets flow
downstream of the sudden pipe expansion. Despite that all predic-
tions have been carried out only for the flow after sudden pipe
expansion, the below presented comparison results are useful
since the detached flow behind the backward-facing step is quali-
tatively similar to the flow after sudden pipe expansion.

The distributions of longitudinal gas and droplet velocities over
the separation length of the flow are shown in Fig. 10 for a back-
ward-facing step of height H = 20 mm. The experiment was per-
formed by Hishida et al. [17]. The our calculations were carried out
for the following initial conditions: downward flow; developed flow
upstream of the flow detachment point; back-facing step of height
H = 20 mm; channel expansion ratio ER = R1/R2 = 1.14; the mean-
flow velocity in cross-section before separation U1 = 10 m/s;
ReH = U1H/m = 11000; mass concentration of water droplets
ML1 = 4%; density of water droplets qL = 1000 kg/m3; initial droplet
size d1 = 60 lm; wall temperatures TW = 308, 323 and 338 K; flow



Fig. 6. Predicted local Nusselt number distribution along the pipe length (a) and maximum Nusselt number as a function of Reynolds number. ML1 = 0.05. Solid line is the
correlation Baughn et al. [12]. 1 – one-phase flow, 2 – d1 = 10 lm; 3 – 50, 4 – 100.

Fig. 7. Local Nusselt number distribution along the pipe length (a) and maximum Nusselt number as a function of Reynolds number. d1 = 50 lm. Solid line is the correlation
Baughn et al. [12]. 1 – one-phase flow, 2 – ML1 = 0.02; 3 – 0.05; 4 – 0.1.

Table 2
Length of separated flow region of gas–droplets flow after sudden pipe expansion
depending on droplets concentration d1 = 50 lm.

ML1 0 0.01 0.02 0.05 0.07 0.1
XR/H 10.6 10.6 10.8 10.9 11 11.1

Table 3
Reattachment length for gas–droplets flow downstream of sudden pipe expansion at
variable size of disperse phase ML1 = 0.05.

d1 (lm) 0 10 50 100
XR/H 10.6 10.75 10.9 10.95

Fig. 8. The effect of the Stokes number on the distribution of the maximum heat
transfer number. 1 – ML1 = 0.02, 2 – 0.05, 3 – 0.1.
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temperature T1 = 293 K. The comparative data show that the gas-
phase velocity behaves similarly to the case of one-phase flow. It
should be noted that immediately behind the step there forms a zone
free of the dispersed phase. Owing to inertia, droplets do not enter
the recirculation flow region and move only in the shear layer. The
mean-flow Stokes number, which characterizes the degree to which
the dispersed phase is involved in the turbulent motion of the carrier
medium for the case of a 20-mm step is Stk = s/sf � 1.1. The particle
velocity is greater than the gas velocity also owing to droplet inertia.
The effect due to added droplets on heat transfer is illustrated
by Fig. 11 for two step heights, 10 mm (see Fig. 11a) and 20 mm



Fig. 9. Enhancement of Nusselt number changing heat flux density. ML1 = 0.05,
d1 = 50 lm. 1 – qW = 0.5 kWt/m2; 2 – 1; 3 – 2.
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(see Fig. 11b). Here, St0,max is the maxima Stanton number for the
one-phase air flow, and xR is the coordinate of the flow reattach-
Fig. 10. Gas (solid curves) and droplets (dashed curves) mean velocity profiles in backwa
are predictions of the work.

Fig. 11. Heat transfer enhancement in gas–droplets flow behind the backward-facing flow
the present paper. (a) H = 10 mm, (b) H = 20 mm. 1 – TW = 338 K, 2 – 323 K, 3 – 308 K.
ment point. The Stanton number was calculated by the formula
St = a/(qCPU1); here, a is the heat transfer coefficient and U1 is
the flow velocity. An analysis of the data in Fig. 12 shows that
the rate of heat transfer in the case of gas–droplet flow increases
appreciably (more than 50%) for steps of both heights. An increase
in the wall temperature leads to a reduction of the heat transfer
intensity. It is agreed with our measurements and numerical pre-
dictions [34]. For the most part, heat transfer intensification ratio
is observed in the region behind the flow reattachment point, that
indicative of a small number of droplets entering the recirculation
region. Note that for the case H = 10 mm the value St/St0,max is
higher in the area of flow renewal that in the case with the step
with 20 mm high. In the detached area heat transfer in case of
the step H = 20 mm (Stk = 1.1) high is higher than for the case with
the step of H = 10 mm (Stk = 2.2) because of the fact that at lesser
Stokes number droplets are better entrained into recirculation
flow. In Fig. 11a maximum heat transfer is far behind the reattach-
ment point (x�xR

xR
� 2—4), that can be explained by bad entrainment

of the particles into the detached flow at large Stokes numbers. At
that, from Fig. 11b it is apparent that maximum heat transfer
approximately coincides with the reattachment point.
rd-facing step flow. Symbols are measurements of [17]: 1 – gas, 2 – droplets, curves

. Symbols are experimental results by Hishida et al. [17], curves are computations of



Fig. 12. Heat transfer coefficient distributions in two-phase flow behind the
backward-facing flow. Symbols are experiments of [25], curves are the calculations
of the work. 1 – ML1 = 0, 2 – 0.015%.
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Since a small amount of finely dispersed droplets added to the
flow cannot substantially modify the gas phase turbulence, the
heat transfer augmentation in gas–droplet flows should be attrib-
uted to the use of the phase change heat due to droplet evaporation
in the wall region.

Comparison on heat transfer in mist flow with low mass frac-
tion of droplets [25] are demonstrated in Fig. 12. The amount of
mist used here was about 0.015% as a mass ratio to the amount
of the main air flow. The diameter of mist water droplets was about
10 lm. A fully developed temperature field was obtained by the
heated plate downstream the entrance of channel expanded. The
entrance section height was h1 = 60 mm, backward-facing step
height H = 40 mm, the channel expand ratio ER = 1.67. Reynolds
number is Re = U1H/m = 12500 and main flow velocity U1 = 5 m/s.
Experiments carried out in heat flux qW = 176 W/m2. Spray was
blown out of the small hole situated in the upper part of the step.

In the local heat transfer distribution, the maximum heat trans-
fer coefficient located at x/H � 6 without mist. The heat transfer
coefficient distributions upstream the reattachment point shows
lower values because of forming the recirculation zone witch
was surrounded the shear layer of the separating flow and duct
wall. On the other hand, with respect to be induced mist to the
main flow, the maximum heat transfer coefficients amax was ob-
tained in experiments at x/H � 4.5, which was shorter than that
in our computations. The heat transfer rate considerably increased
both in the recirculation and the reattachment regions compared
with no-mist conditions. It is seen that the local heat transfer dis-
tributions upstream the maximum point especially increase, due to
decrease the temperature in the gas stream. The heat transfer was
enhanced by air flow contained the mist of even fine and small
quantity of liquid water droplets. This is specific both for the mea-
surements [25] and our calculations.
8. Conclusions

Fine droplets (with a small Stokes number) get readily en-
trained with the detached flow, spread throughout the whole pipe
cross-section. On the contrary, large particles, due to their inertia,
avoid trapping in the recirculation zone, being therefore present
only in the shear layer region. In the wall zone, due to droplet
evaporation, the concentration of liquid droplets is much lower
than in the axial region of the cylindrical channel. Addition of li-
quid particles to the flow results in a pronounced (twofold) heat
transfer intensification in comparison with the single-phase air
flow, all other conditions being identical. Here, intensification of
heat transfer both in the recirculation zone and in the flow devel-
opment region in the case of fine particles (Stokes number
Stk < 0.7) is noteworthy. The latter observation lends support to
the conclusion that finely dispersed particles get entrained with
the detached flow. Relatively large particles (Stk = 2.7) added to
the flow almost never enter the recirculation zone, the heat trans-
fer intensity in this zone remains roughly unchanged, and en-
hanced heat transfer is only observed in the reattachment zone.

An increase in the initial droplet diameter decreases the Nusselt
number due to interphase contact area reduction at fixed mass
concentration of droplets.

Results of a comparative analysis with previously reported
experimental and numerical data for sudden expansion two-phase
flows through round pipes and for plane flows past a backward-
facing step are presented.
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