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The numerical study of the local flow structure and heat transfer in a gas-droplet turbulent flow behind a forward-

facing step in the two-phase gas-droplet flow is carried out. Two-dimensional steady-state Reynolds-averaged

Navier-Stokes (RANS) equations are used for the numerical solution. They were written taking into account the

presence of a dispersed phase. The Eulerian two-fluid approach is used to describe the flow dynamics and heat

and mass transfer in the gaseous and dispersed phases. The turbulence of the carrier phase was described using

an elliptical model for the transport of Reynolds stress components, taking into account the presence of droplets.

The effect of evaporating droplets flowing after the forward-facing step on the local flow structure, turbulence,

distribution of the dispersed phase, and heat transfer inetensification is analyzed.
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Introduction

The problem of heat transfer intensification continues to

be one of the most urgent in modern technology. The

control of the flow structure and heat transfer in fluid

flows is implemented using active (for example, imposition

of flow pulsations, etc.) and passive (for example, heat

transfer intensifiers, etc.) methods. Passive methods of flow

and heat exchange control are simpler and more reliable

than active ones. Passive heat exchange intensifiers are

placed on the protected surfaces of the flow part of the

working channels and have the form of protrusions and (or)
recesses of various configurations [1–4]. The examination of

influence of shapes and locations of the protrusions located

on the surface of a flat channel or a pipe on the flow

structure and the heat transfer to study both forced [1–4]
and free [5] convection of a single-phase liquid is important

in this context. By definition such flows can be divided into

two groups. The first one is the flow after the backward-

facing step (BFS) and the second one is forward-facing step

(FFS). The case of flow and heat transfer in the flow of

the single-phase fluid behind the BFS was studied much

better. Let us note some monographs [3,4,6] and review

papers [7–9] on this topic.

A one- or two-phase flow in the flat channel behind

the FFS has two pronounced vortex (separation) domains

immediately before and behind the flow narrowing cross-

section (Fig. 1). Separation of the two-phase flow before the

sudden narrowing cross-section, the formation of sections of

flow recirculation (before and behind the sudden narrowing

of the flow) and its subsequent reattachment behind the

forward-facing step are often encountered when flowing

after the airfoil and heat-power equipment elements. In

this case, significant changes in the averaged velocity,

turbulence, pressure, and heat transfer are observed in the

vicinity of separation. The case of flowing behind the

forward-facing step is more complicated then flow past BFS

due to the presence of two domains of flow recirculation

that are formed when it is separated (Fig. 1) [10 –12]. The
boundary layer detaches from the surface on approach to a

forward-facing step. The length of this small flow separation

domain is xR1 = (1− 1.5)h [12], where h is the step height.

Beyond a sudden narrowing of the channel, a domain of

flow separation from its sharp edge forms. The length of

this domain is normally several times greater than the step

height: xR2 = (1.7− 4)h [12].
Previously, experimental and numerical studies of the

evaporation of atomized finely dispersed liquid droplets in

flows behind a sudden expansion of the channel [13,14]
were executed, for a finned flat channel [15] or a

pipe [16,17]. These studies show that the use of the

latent heat of phase transition leads to a noticeable increase

in heat transfer (by several times in comparison with

a single-phase flow under other identical conditions) in

comparison with traditional forced convection in a single-

phase flow. So, note that very few studies focused on

the flow structure and the heat transfer in a turbulent two-

phase flow upon presence of evaporating droplets flowing

behind two-dimensional obstacles (backward-facing steps

and two-dimensional obstacles of other shapes) have been

published [13–17].
We have already performed detailed numerical studies

of the flow structure, turbulence, and the heat transfer in

separation gas-droplet flows behind the flat backward-facing

step [14], and a sudden expansion of the pipe [16,17]. The
validity of the numerical code used in these studies was
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Figure 1. Scheme of gas-droplet flow flowing after the forward-

facing step. The arrow designates a direction of movement of the

gas-droplet flow. Wall with heated surface is shown in red (in
on-line version).

verified by comparing the results with measurement data

on the flow structure and the heat transfer for the gas-

droplet flow behind the backward-facing step [13]. As far

as we know, the gas-droplet flow flowing after the forward-

facing step were not studied yet. In the present study the

influence of the sudden narrowing of the flat channel on the

local structure of the turbulent flow and the heat transfer

in the separation gas-droplet flow with evaporating droplets

is examined numerically. Note that this paper is a logical

continuation and extended version of the paper [18].

1. Mathematical model

The system of equations for modeling the motion of the

dispersed phase in the Eulerian continuum representation

is obtained from the kinetic equation for the probability

density function of particle distribution in the turbulent

flow [19]. The problem of dynamics of a two-phase gas-

droplet turbulent flow with an interphase heat transfer

flowing past a flat forward-facing step (Fig. 1) is con-

sidered. Two-dimensional steady-state RANS (Reynolds-

averaged Navier-Stokes) equations written with account for

the influence of particles on transport processes in gaseous

phase [14] are used to solve this problem. The Eulerian

continuum approach is applied to characterize the dynamics

of flow and heat-and-mass transfer in gaseous and disperse

phases.
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Here Ui(Ux ≡ U , Uy ≡ V ), u′

i (u′

x ≡ u′, u′

y ≡ ν ′) —
components of the average velocity of the carrier phase

and its pulsation, x i — projections on the coordinate axes,

〈u′, u′

i〉 — Reynolds stresses, τ = ρLd2/(18µW ) — particle

dynamic relaxation time, written taking into account the

deviation from the Stokes flow law, W = 1 + 0.15Re0.687L ,

ReL = |US − UL|d1/ν — Reynolds number of the dispersed

phase, constructed from the interfacial velocity, US and

UL — vectors of the actual velocity of the gaseous phase

at the location of the particle [20] and droplets, respectively.

Turbulent heat and diffusionsl fluxes in the gaseous phase

are determined according to the Boussinesq hypothesis. For

turbulent Prandtl and Schmidt numbers PrT = ScT = 0.9 is

accepted.
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All equations of system (1) are written taking into

account the presence and influence of the dispersed phase

evaporation on the transport processes of momentum, heat,

and mass in the gas flow. The system of averaged equations

describing the transport processes in the dispersed phase

has the following form:
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Here DLi j , D2
L,i j — tensors of turbulent diffusion

and turbulent heat transfer of the dispersed phase [19];
τ2 = CPLd2/(12λY ) — droplets thermal relaxation time,

Y = 1 + 0.3Re
1/2
L Pr1/3; CPL, ρL — heat capacity and

material density of droplets.

The system of equations (3) takes into account the

change in the amplitude of fluctuations in the velocity and

concentration of the dispersed phase both in the longitudinal

and transverse directions. The significant nonisotropy of

the amplitudes of turbulent fluctuations of particle velocity

is taken into account. The equations do not take into

account the thermophoresis of dispersed phase droplets,

the Magnus and Saffman forces due to small value of

these force factors in comparison with those taken into

account in this paper. The radial movement of droplets is

caused by convection, viscous friction force, turbophoresis

force (turbulent migration) due to the heterogeneity of

the turbulent energy of the dispersed phase, as well as

turbulent diffusion of the dispersed phase associated with

their concentration gradient. The coefficients of turbulent

diffusion of the dispersed phase in the momentum equations

of the system (3) are due to the chaotic motion of droplets

and their involvement by energy-intensive vortices of the

carrier phase and, are determined by the model [19].
Equations for calculating the second moments of fluctua-

tions of the dispersed phase velocity 〈u′

Li u
′

L j〉, temperature

〈θ′
2
L j〉 and turbulent heat flux 〈θuL j 〉 are given in [19]. The

second moments of fluctuations of the dispersed impurity

velocity in the longitudinal and transverse directions take

into account the involvement of particles in turbulence as

a result of the action of viscous forces, convective and

diffusion transfers, as well as an increase in the intensity

of the pulsating motion of the dispersed phase in the

longitudinal direction due to the generation of turbulence

from the average motion. The turbulent heat flux in the

dispersed phase is due to the particles involvment in the

fluctuations of the velocity and temperature of the gas, and

the heat transfer as a result of the chaotic motion of droplets.

The intensity of particle temperature fluctuations is deter-

mined by heat transfer between the continuous medium and

particles, convective transfer, turbulent diffusion of heat, as

well as the generation of temperature fluctuations as a result

of non-isothermal flow.

Turbulence of the carrier phase is described using the

elliptical model for the transport of Reynolds stress compo-

nents [21] written taking into account the two-phase nature

of the flow [19]. The basic equations of the model [14] are
given in [17], but not here. The particles effect on the carrier

phase due to pulsating interfacial slip has the form [19]:

AL =
2ρL8

ρτ
(1− f u)〈ui ui〉, εL =

2ρLε8

ρτ
(1− f ε), (4)

where f u and f ε — coefficients characterizing the particles

involvement in the turbulent motion of gas [19]. The

functions f u and f ε are determined by the time of the

droplet contact with the energy-intensive vortices of the

carrier phase [19]. The constants and functions of the

turbulence model are given in [21]. The redistributing

term describes the energy exchange between the individual

components of the Reynolds stress components due to the

correlation pressure−strain rate. It is written taking into

account the influence of the two-phase flow [22]. The

system of equations (1) −(4) is supplemented by the

heat transfer equation at the interface, provided that the

temperature is constant along the droplet radius, and by

the equation of vapor mass conservation on its evaporating

surface [16].

The schematic flow diagram is presented in

Fig. 1. The volume concentration of droplets is low

(81 = ML1ρ/ρL < 2 · 10−4), and they are rather small

(initial diameter d1 ≤ 20µm). Here ML1 — initial mass

concentration of droplets, ρ and ρL — density of gas

and droplets. Therefore, the breakup and coalescence of

droplets in a flow are neglected [14,16,17].

2. Numerical implementation

A numerical solution was obtained using the finite-

volume method on a structured grid. The authors

Eulerian in-house code was used to find this solution.

For the convective terms of differential equations, the

QUICK (Quadratic before Interpolation for Convective

Kinematics) [23] procedure of the second order of accuracy

was used. Central differences of the second order of

accuracy were used for diffusion flows. The pressure

field was corrected using the SIMPLEC (Semi-Implicit

Method for Pressure Linked Equations-Consistent) finite-

volume consistent procedure [24]. All calculations were

performed on a
”
base“ grid containing 400 × 100 control

volumes (CVs). The length of the calculation section before

of the sudden channel narrowing was 5h, and behind the

narrowing it was 10h long. In order to verify the obtained

independent solution from the number of computational

cells, calculations were carried out on
”
coarse“ 200 × 50

and
”
fine“ 600 × 150 grids. The difference in calculated

data on the turbulent kinetic energy of the carrier phase

and the Nusselt number between the base and
”
fine“ grids

was below 0.1%. Calculations were performed on the

grid with clustering towards all solid surfaces and in flow

recirculation domains. To resolve the mean flow field and

turbulent characteristics of the two-phase flow in a viscous

sublayer (y+ < 10), at least 10 CVs were used, and the first

computational node was located at a distance from any of

the walls y+ ≤ 1.

We already compared the calculated data with the results

of experiments [25] with a two-phase turbulent flow of

gaseous with solid particles flowing past a backward-facing

step without heat transfer. These data were reported
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in [14,17] and are not presented here. For comparison with

the measurement data for the gas-droplet flow behind the

flat BFS the measurement data in [13] were used. The

satisfactory agreement with measurement data [13,25]. This
was used as a basis for numerical modeling of the gas-

droplet flow flowing after forward-facing step.

3. Results of numerical calculations
and their analysis

All numerical calculations were performed for a monodis-

perse gas-droplet mixture at the duct inlet and for the case of

a downward flow. The channel height before of the sudden

narrowing is H = 60mm, step height is h = 20mm, and

channel narrowing ratio is ER= (H − h)/H = 2/3 (Fig. 1).
The origin of coordinates corresponds to the cross section of

sudden constriction of a two-phase flow. The mass-averaged

velocity of gas before of the separation cross section is

Um1 = 5m/s, and the Reynolds number for the gas phase

is Re = hUm1/ν = 6.7 · 103 and ReH = HUm1/ν = 2 · 104 .
Water droplets are added to a single-phase air flow in the

inlet cross section of the computational domain (i.e., at a
distance of 5h from the cross section of sudden narrowing of

the two-phase flow), and their initial velocity UL1 = 0.8Um1

does not vary over the channel height. The initial

mass fraction of water droplets ML1 = 0−0.1 and vapor

MV1 = 0.005. The diameter of water droplets in the inlet

cross section is d1 = 20µm. Stokes number in averaged

motion is Stk = τ /τ f , where τ f = 5h/Um1 — characteristic

turbulent scale [13,25]. The expression for τ f is used for

both the flow behind the flat backward-facing step [15] and
sudden pipe expansion [16,17]. At Stk ≪ 1 the particles are

involved in the separation motion of the gaseous phase, and

at Stk > 1 the dispersed phase does not participate in the

recirculation motion [13,25]. The temperatures of air and

droplets at the inlet are T1 = TL1 = 293K. The temperature

of the wall with step was equal to TW = const = 373K,

and the opposite smooth wall was thermally insulated. The

results of preliminary calculations for a single-phase flow in

a flat duct with height H and length of 75H were used to set

the input distributions of parameters of the gas flow. Thus,

a completely hydrodynamically stabilized flow of the single-

phase gas (air) flow is present at the inlet cross section of

the computational domain.

The structure of a turbulent two-phase flow is altered

substantially in flowing past a forward-facing step (Fig. 1).
The main flow recirculation zone (behind a sudden duct

constriction) extends for xR1 ≈ 3h, and the recirculation

zone upstream of the step is xR2 ≈ 1.1h in length. The flow

reattaches to the end wall of the step at y ≈ −0.3h. The

positions of flow detachment and reattachment points were

identified by zero longitudinal and transverse velocities of

the carrier flow. The positions of flow recirculation centers

for a vortex upstream of the step and the main vortex after

the step are (−0.3h, −0.2h) and (0.8h, 0.15h), respectively.
These conclusions agree qualitatively with the results of

measurements [12,26] and calculations [11,27] for a single-

phase flow past a FFS.

Fig. 2 shows the transverse profiles of the averaged

longitudinal (a) and transverse (b) components of velocity,

turbulence (c) and temperatures (d) in the single-phase flow

(ML1 = 0), as well as for the gas phase and droplets for the

two-phase flow in six cross-sections before and behind the

forward-facing step.

The profiles of the averaged longitudinal and transverse

velocity components of the gaseous and dispersed phases

are similar to those for the single-phase flow mode

(Fig. 2, a, b). The gas velocity in the gas-droplet flow is

slightly (≤ 3%) ahead of the single-phase flow velocity.

Due to its inertia, the particle velocity is higher than the

corresponding value for the gas velocity in two-phase flow in

almost the entire computational domain, except for a small

area at x/h ≤ 1. This is explained by the fact that low-inertia

droplets at small Stokes numbers (d1 = 20µm, Stk = 0.06)
are involved in the averaged motion of the gaseous phase

and rise above the step, behind which they gradually

accelerate. Thus, note that low-inertia droplets present

in the entire computational domain, and they intensify

heat transfer during their evaporation behind the sudden

narrowing cross-section of the flow. In this case, there

are two domains with a negative value of the longitudinal

velocity of the gaseous phase, they locate before and behind

the sudden narrowing of the channel. The maximum

positive value is U/Um1 = 2, and it occurs behind the

sudden narrowing of the channel at x/h > 1 and y/h > 1.

The maximum value of the negative longitudinal velocity of

gas in the single- and two-phase flow in the recirculation

zone behind the step is U/Um1 = −0.25 and −0.2 for the

vortex domain in before the step. This agrees qualitatively

with the data from [14] obtained by DNS method.

The maximum positive value of the averaged transverse

velocity component was obtained before of the leading edge

of the step at x/h = 0 and y/h = 0.5 (Fig. 2, b). Negative

values of the transverse velocity are observed in the flow

recirculation domain. The peak value of the positive value

of the speed is V/Um1 = 0.6, and the largest negative value

is V/Um1 = −0.1 at x/h = 1 and y/h = 0.2.

Transverse distributions of the turbulent kinetic energy

(TKE) of the carrier phase for the two-phase gas-droplet

flow reveal that the TKE value in the mixing layer is the

highest (Fig. 2, c). The turbulent kinetic energy for the two-

dimensional flow was determined by the formula

2k =〈u′

i u
′

i〉 = u′2 + ν ′2 + w ′2

≈ u′2 + ν ′2 + 0.5(u′2 + ν ′2) ≈ 1.5(u′2 + ν ′2).

The turbulent kinetic energy increases on approach to the

duct constriction. The maximum turbulence of the gaseous

phase was found in the mixing layer and at x/h ≈ 2. The

turbulence value decreases on approach to the reattachment

point. Turbulization of the flow in this cross section is

associated with separation flow past a forward-facing step.
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Figure 2. Profiles of the averaged longitudinal (a) and transverse (b) velocity components, turbulent kinetic energy (c) and

temperatures (d) in the single-phase flow (ML1 = 0, thick continuous lines), carrier (thin continuous lines) and dispersed (dotted line)
phases at ML1 = 0.05 along the longitudinal coordinate after the sudden narrowing of the flat channel. The gray rectangle represents the

channel behind its sudden narrowing. ReH = 2 · 104, Re= 6.7 · 103, d1 = 20 µm, Stk = 0.06.

This holds true for both single-phase and two-phase flows.

The TKE distributions of the carrier (thin continuous lines)
and dispersed (dotted line) phases in the gas-droplet flow

have the form similar to that for the single-phase flow

(continuous line) in the flow separation domain. Note that

the suppression of turbulence level of the gaseous phase is

obtained when evaporating water droplets are added to the

flow (up to 15%). The turbulent energy of water droplets

remains lower than the corresponding value for the gaseous

phase throughout the entire length of the computational

domain, but also reaches its maximum at x/h = 1−2. This

indicates the involvement of liquid droplets in the gaseous

motion and their interaction with turbulent vortices of the

gaseous phase.

The dimensionless temperatures of the phases are

shown in Fig. 2, d, where 2 = (TW − T )/(TW − T1,m) and

2L = (TL,max − TL)/(TL,max − TL1) are the dimensionless

temperatures of the carrier phase and water droplets. Here

TL,max and TL1,m is the maximum temperature in the given

cross-section and the droplet temperature in the inlet cross-

section. It can be seen that the relative temperature profiles

of single-phase and two-phase flows have qualitatively

similar form. The gas temperature in the two-phase flow has

a lower value (up to 20%) and, therefore, a more filled form

in comparison with the corresponding profile for the single-

phase flow due to the evaporation of droplets. This causes

the intensification of heat transfer in the gas-droplet flow in

comparison with the corresponding single-phase flow. The

droplets temperature has the smallest value for all data of

calculations shown in Fig. 2, d.

Fig. 3 shows the calculated profiles of the mass con-

centration of the dispersed phase along the channel length

before and behind the cross-section of its sudden narrowing.

The calculations were performed for two droplet diameters

d1 = 20 and 50µm, which corresponds to the Stokes

numbers in the averaged motion Stk= 0.06 and 0.4. Finely

dispersed droplets at Stk= 0.06 are observed over the entire

cross-section of the channel behind the sudden narrowing

Technical Physics, 2023, Vol. 68, No. 6
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Figure 3. Influence of the initial droplet diameter on the

distributions of the mass concentration of the dispersed phase.

ReH = 2 · 104, Re= 6.7 · 103, ML1 = 0.05.

and penetrate into the recirculation domains of the flow. It

can be seen that with the initial size d1 = 50µm they have

large concentration in the vicinity of the FFS at x/h = −1.

This is explained by the inertia of the dispersed phase.

Also, droplets at Stk= 0.4 practically do not penetrate into

the domain of the main recirculation zone of the flow in

the channel behind its sudden narrowing (cross-sections
x/h < 3), and the droplets concentration in this region is

ML/ML1 ≈ 0. They are observed only in the shear mixing

layer and the flow core and penetrate into the near-wall part

of the channel only after the two-phase flow reattachment

point (x/h > 3).
The influence of the initial droplet diameter on the

distributions of the local Nusselt number along the channel

length is shown in Fig. 4. The Nusselt number is determined

by the relation for the condition TW = const:

Nu = −(∂T/∂y)W h/(TW − Tm),

where Tm — gas bulk temperature in the given cross-

section. The addition of evaporating droplets to the

separated single-phase flow leads to significant intensifi-

cation of heat transfer (almost by 2 times) compared

to the single-phase air flow when flowing after FFS.

The heat transfer increase in comparison with a fully

developed air flow in the flat channel at fixed Reynolds

number for the case of the single-phase flow (ML1 = 0)
in the flat channel exceeds 4 times for ML1 = 0.05 and

d1 = 10µm. The heat transfer intensification is observed

both in the recirculation zone (xR2/h < 2.75) and in the

flow relaxation domain in comparison with the single-phase

flow after the forward-facing step. As droplets evaporate

and movement in the downward flow direction, the heat

transfer intensity tends to the corresponding value for

the single-phase stabilized flow in the flat channel behind

its narrowing. The heat transfer maximum is located

in the flow recirculation domain for FFS, while for the

flow after BFS, the maximum heat transfer in a single-

phase flow is located in the domain of its connection [3].
This is typical for both one- and two-phase flow modes

with small droplets [14,16,17]. Under these conditions

the length of the main separation domain is xR2 = 2.75h
and of the small separation zone before the step is

xR1 = 1.1h.

The smallest droplets in the studied range (d1 = 10µm

and Stk ≈ 0.02) evaporate most intensively due to the larger

area of the phase interface, but over a shorter pipe length.

The greatest increase in heat transfer was obtained for fine

dispersed water droplets at Stk ≤ 0.02−0.03. The increase

in particle size impairs the droplets involvement in the

recirculation movement due to the increase in the Stokes

number, and complicates their rise and penetration into the

channel after its sudden narrowing. This is confirmed by

data in Fig. 3. For droplets with the initial diameter of

d1 = 50µm (Stk ≈ 0.4), it is shown that for them the area

of interface contact is significantly reduced, and accordingly

they intensify heat transfer worse and weakly penetrate

into the main domain of flow separation located in channel

behind its narrowing.

The effect of the Stokes number in the averaged motion

on the heat transfer intensification parameter Numax/Numax,0

is shown in Fig. 5, where Numax,0 is the maximum Nusselt

number for the single-phase flow after FFS. The calculation

is made with a change in the Stokes number in the range

Stk = 0−1.5, which, according to [13,25], corresponds to

the modes both with the particles involvement in the

turbulent motion of the carrier phase, and with the absence

of their involvement. With the increase in the droplet

diameter, the decrease in the maximum value of heat

transfer is observed. The increase in the initial mass

concentration of droplets causes the increase in the transfer

intensification parameter.
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Figure 4. Heat transfer in the separation gas-droplet flow behind

the sudden narrowing of flow under variation of initial diameter.

Nufd = 36, ReH = 2 · 104, Re= 6.7 · 103, ML1 = 0.05.
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Figure 5. Influence of Stokes number in the averaged motion on

the heat transfer intensification parameter.

Conclusion

In this paper the numerical study of the local flow

structure and heat transfer in a gas-drop turbulent flow

behind a forward-facing step in the two-phase gas-droplet

flow is carried out. When solving, two-dimensional steady-

state Reynolds-averaged Navier−Stokes (RANS) equations

are used, written considering the presence of the dispersed

phase. The Eulerian approach is applied to describe the

flow dynamics and heat-and-mass transfer in gaseous and

dispersed phases. Turbulence of the carrier phase is

described using the elliptical model for the transport of

Reynolds stress components written taking into account the

two-phase nature of the flow.

The profiles of the averaged longitudinal and transverse

velocity components of the gaseous and dispersed phases

are similar to those for the single-phase flow mode. The

suppression of turbulence level of the gaseous phase is

obtained when evaporating water droplets are added to the

flow (up to 15%). The turbulent energy of water droplets

remains lower than the corresponding value for the gas

phase throughout the entire length of the computational

domain. Fine droplets (Stk = 0.06) are observed over

the entire cross-section of the channel behind the sudden

narrowing and penetrate into the flow recirculation domains,

while more inertial particles at Stk = 0.4 do not penetrate

into the main flow recirculation domain. The addition

of evaporating droplets to the separated single-phase flow

behind its sudden narrowing leads to significant intensifi-

cation of heat transfer (by more than 2 times) compared

to the single-phase air flow under other conditions being

equal. The change in the initial droplet diameter has a

more complex effect on heat transfer in the two-phase

flow behind the sudden narrowing of the channel. The

smallest droplets at Stk ≈ 0.02 evaporate most intensively

due to the larger area of the interface, but over shorter pipe

length. The greatest increase in heat transfer was obtained

for fine dispersed water droplets at Stk ≤ 0.02−0.03. The

increase in particle size impairs the droplets involvement in

the recirculation movement due to the increase in the Stokes

number. Droplets of the largest initial diameter studied at

Stk ≈ 0.4 intensify heat transfer worse and practically do

not penetrate into the domain of the main flow recirculation

in the channel behind the sudden narrowing.
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