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Abstract—The effect of evaporation of several types of liquid (water, ethanol, acetone, and glycerol)
on the turbulence dynamics, propagation of the dispersed phase, and heat transfer in a backward-
facing step for the droplet diameter d1 = 1–100 μm and mass fraction ML1 = 0–0.1 was studied
numerically. The two-fluid two-temperature Euler model was used for calculation of the motion and
heat transfer in the droplet-laden flow. The system of Reynolds-averaged Navier–Stokes equations
(RANS) written down with consideration of the presence and evaporation of droplets of different
liquids was used in the work. The turbulent kinetic energy of the carrier gas phase was described
using the model of transfer of the Reynolds stress model with consideration of the two phases of
the flow. The effect of suppression of the turbulence of the carrier gas phase is minimal for acetone
droplets (more than 7%) and maximal for glycerol and water droplets (up to 15%). The heat transfer
enhancement at the use of ethanol droplets is maximal (more than two times compared with the
single-phase separated flow), and evaporation of acetone droplets led to minimum heat transfer
intensification (up to 25%).

DOI: 10.1134/S1810232822040051

INTRODUCTION

Two-phase gas-droplet flows in various technical devices are usually anisotropic and can be com-
plicated by the interfacial heat transfer, droplet evaporation, or flow separation. The two-phase flow
behind a backward-facing step is one of the most common cases of shear flow around sharp edges of
bodies [1–5]. The process is accompanied by significant changes in the velocity and pressure in the
vicinity of the separation cross section. The presence of separation zone has a significant effect on the
intensity of momentum and heat transfer processes and determines the structure of the turbulent flow.
Sudden expansion of flow in flat ducts is commonly used as flame stabilizer in combustion chambers,
for enhancement of heat and mass transfer processes, in various separators, and in many other technical
devices.

Understanding of complex and multiscale processes of the motion and dispersion of evaporating
droplets and their interaction with turbulent vortices in recirculation flows will enable more efficient use
of two-phase flows in modern power equipment. However, to date, there is no detailed understanding of
the aerodynamics and heat transfer even in the case of single-phase separated flow. One of important
applications of separated two-phase flows is stabilization of combustion of evaporating fuel particles via
creation of separation regions.

Among the studies of separated two-phase flows with solid particles after a backward-facing step
(BFS) in the absence of interfacial heat transfer, we can note experimental [1–3] and numerical [4–
9] works. The authors of these papers show that low-inertia particles are involved in the recirculation
motion, whereas large particles do not get into the separation zone while passing through the shear flow
region. They also note suppression of gas turbulence when small particles are added to the separated
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flow. To date, the literature offers few works on experimental [10, 11] and numerical [10, 13, 14] research
on the flow structure, turbulence, and heat transfer in separated gas-droplet flows. Note that numerical
calculations were carried out for the flow behind a sudden expansion of pipe [13] and for a gas-droplet
flow behind a BFS. [14]. Experimental studies of two-phase gas-liquid flow of mixture of water and oil
(petroleum) after a sudden expansion of the pipe were conducted in [15–17]. The authors constructed a
map of two-phase flow regimes after the pipe expansion and presented the corresponding flow patterns.

The two-phase turbulent flow of gas and solid particles was studied in [18–20] with application of
the large eddy simulation (LES) method for the gas phase and the Lagrangian trajectory method for the
particles. In [21], a numerical simulation of turbulent gas-dispersed flow was carried out with the use of
the lattice Boltzmann method (LBM). All the works were done for the isothermal case of flow behind a
BFS [18, 19, 21] and behind a sudden expansion of the pipe [20]. The model in [19] does not take into
account the reverse effect of the dispersed phase on the transfer processes and gas turbulence; the study
was performed for the two-dimensional case of two-phase flow. In [18, 19, 21], a numerical simulation
of flow behind a BFS was performed for the conditions of work [2]. It is shown that the accumulation of
particles in the separation zone occurs at low Stokes numbers (small particle sizes). The results show
that the dynamics of particle propagation in the separated flow strongly depends on the local level of
turbulence of the carrier phase, especially so for small particles. However, large particles retain inertia
along their trajectories, without reaction to gas pulsations. These conclusions qualitatively agree with
those obtained for two-phase near-wall flows in ducts or pipes [22, 23].

The aim of this work is a numerical study of evaporation of droplets of various liquids (water,
ethanol, acetone, and glycerol). These liquids differ markedly in the latent heats of evaporation and
thermophysical properties. For instance, acetone and ethanol are volatile liquids, while glycerin does
not evaporate at the temperature regime studied in the work.

This study is a continuation of our series of works [12–14, 24]. In the model in [12, 14, 24], we used
our own numerical code to simulate a turbulent flow with droplets in a pipe with a sudden expansion.
In a series of works [12, 14, 24], the Euler RANS model was developed and a numerical simulation of
the flow and heat transfer during the evaporation of water droplets in a pipe with sudden expansion was
performed. In [12, 14, 24], the turbulence of the carrier phase was calculated within the elliptic Reynolds
stress model (second moment closure (SMC)) [25], the two phases of the flow taken into account [8].
All the above works of the group of authors were devoted to numerical study of the effect of evaporation
of water droplets on the particle dynamics, modification of gas phase turbulence, and intensification of
heat transfer in the separated flow.

1. MATHEMATICAL MODEL

1.1. Governing Equation Set for Turbulent Polydispersed Bubbly Flow

For description of two-phase flow, two main calculation methods are offered: the Eulerian and
Lagrangian ones [26, 27]. The first method, the Eulerian continuous description, employs the so-called
two-fluid models. The second method applies the Lagrangian trajectory approach [27, 28]. Both methods
have their pros and cons and complement each other, advantages of one approach being disadvantages of
the other. For description of the dynamics of the dispersed phase in two-phase turbulent flows, including
in the presence of a sudden expansion of the flow, both the Eulerian and Lagrangian approaches are
used.

The paper considers the problem of dynamics of a turbulent gas-droplet separated flow in the presence
of heat transfer with the channel wall. The solution uses two-dimensional RANS equations [12, 14, 24],
written down with consideration of the effect of particles on the transport processes in the gas [8]. The
use of the SMC approach makes it possible to abandon the hypothesis of isotropic viscosity, strictly
speaking, inapplicable for calculating separated flows [29, 30]. For description of the dynamics of the flow
and heat and mass transfer in the gaseous and dispersed phases, the Eulerian continuous approach or
the so called two-fluid and two-temperature models is used [22, 23, 26, 27]. The problem of dynamics of a
gas-droplet turbulent separated flow in the presence of heat transfer with the channel walls is considered.
Figure 1 presents a schematic representation of the flow. The volume fraction of the dispersed phase is
low (Φ1 = ML1ρ/ρL < 10−4), and the particles are rather small (d1 < 200 μm). Therefore, the effects of
their collisions with each other can be neglected [23, 23, 27]. Here ML1 is the initial mass concentration
of the droplets and ρ and ρL is the density of the gas and droplets, respectively.
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Fig. 1. Scheme of development of two-phase flow behind flat backward-facing step.

1.2. Numerical Realization
The numerical solution was found by the finite volume method on staggered meshes. For the

convective terms of the differential equations, the QUICK procedure of the second order of accuracy
was used. For the diffusion fluxes, central differences of the second order of accuracy were applied.
The correction of the pressure field was performed according to the agreed finite volume procedure
SIMPLEC. All calculations were done on the basic mesh of 400 × 100 control volumes (CVs). The
length of the calculated section after the expansion of the pipe was 30H , where H is the step height.
For verification of the independence of the solution on the number of computational cells, calculations
were also carried out on meshes containing 200 × 50 CVs (“coarse” mesh) and 500 × 150 CVs (“fine”
mesh). The difference in the calculation results for the basic and “fine” meshes is less than 0.1%.
Further increase in the number of CVs does not significantly affect the results of numerical calculations.
The calculations were performed on a mesh with thickening toward all solid surfaces, in the flow
recirculation region. A coordinate transformation suitable for such a two-dimensional problem was used:
Δψj = K ×Δψj−1, where Δψj and Δψj−1 are the current and previous mesh steps in the axial or radial
direction, and K = 1.08 and 1.06 (in the longitudinal and transverse directions). At least 10 CVs were
used for resolving of the mean flow field and turbulent characteristics of two-phase flow in a viscous
sublayer (y+ < 10).

On the pipe axis, conditions for smooth conjugation for both phases are set. Boundary conditions
from [31] are used for the dispersed phase on the channel wall. It is taken that after the contact with
the bounding surface, the droplet evaporates instantly and becomes a source of vapor mass and a sink
of heat necessary for its evaporation heating. In the exit section, conditions of zero derivatives of all the
desired parameters in the longitudinal direction are set.

2. NUMERICAL RESULTS AND THEIR DISCUSSION
All numerical calculations were performed for a monodispersed mixture of air with droplets of various

liquids at the inlet to the channel, for the case of downward motion of two-phase flow. Further, after the
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cross section of the sudden separation of the flow, the droplet size decreases due to their evaporation,
both in the longitudinal and transverse directions. The air duct height before the sudden expansion is
h1 = 20 mm; after expansion it is h2 = 40 mm; the backward-facing step height is H = 20 mm; the
expansion ratio ER = h2/h1 = (h1 + H)/h1 = 2 (see Fig. 1). The mass-average gas velocity in the
flow detachment cross section varies, Um1 = 5–20 m/s, and the Reynolds number for the gas phase,
constructed from the mass-average gas velocity at the inlet and step height, is ReH = HUm1/ν ≈
(0.66–2.66) × 104.

2.1. Flow Structure

Figures 2 and 3 display the profiles of the averaged longitudinal velocity and temperature of the
gas phase in the single-phase (solid lines) and gas-droplet (dashed lines) flows, respectively, along the
channel length in the wall units. The bold lines in Fig. 2 show the velocity profile in the wall coordinates
for the single-phase stabilized flow in the channel, described by the following dependences [32]:

Fig. 2. Profiles of (a) averaged longitudinal velocity component and (b) gas phase temperature in universal logarithmic
coordinates. ML1 = 0.05, d1 = 30 μm, ReH = 1.33 × 104.
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Fig. 3. Variation of turbulence modification parameter in gas-droplet flow behind backward-facing step. ML1 = 0.05,
x/H = 2, ReH = 1.33 × 104.

⎧
⎨

⎩

U+ = y+,

U+ = 2.5 ln y+ + 5.5,

where U+ = U/u∗, u∗ = (τW /ρW )0.5 is the friction speed, and y+ = yu∗/ν is the dimensionless distance
from the channel wall. The profiles were calculated versus the influence of the mass concentration of
particles (a) and their initial size (b). For clarity, the velocity profiles in the wall coordinates are shown in
Fig. 2 only for the two-phase flow with water droplets. For other liquids, the difference in the simulation
results was insignificant as compared with water droplets.

The dimensionless temperature of the gas phase, written down in universal coordinates, was deter-
mined from the relation T+ = (TW − Tm)/T∗, where T∗ = (λ/ρCpu∗) (∂T/∂y)W is a thermal analogue
of the friction velocity [33]. The bold lines in Fig. 3 show the temperature profile in the wall coordinates
for the single-phase stabilized flow in the channel, described by the following dependencies [32]:

⎧
⎨

⎩

T+ = Pr y+,

T+ = 2.79 ln y+ + 2.08,

where Pr = 0.71 is the molecular Prandtl number.
The results of numerical calculations of the average longitudinal velocity and temperature are below

the classical logarithmic distributions. The profiles of the average longitudinal velocity (see Fig. 2)
and temperature (see Fig. 3) written down in the wall units in the separated flow differ markedly from
the classical logarithmic distributions for the flow in a channel [32]. This indicates a difference in the
mechanisms of the momentum and heat transfer in two-phase misty separated flows compared with the
classical single-phase turbulent boundary layer. For the velocity profiles, the effect of droplet evaporation
on the velocity distributions is minor (see Fig. 2). However, for the gas temperature profiles, a noticeable
difference is observed during the evaporation of various liquids (see Fig. 3). The temperature profiles
of the gas phase in the two-phase flows are much higher than those for the single-phase flow. This
indicates intensification of heat transfer during the evaporation of liquid droplets. The greatest differences
were observed for evaporation of ethanol and water droplets, and the smallest differences were seen for
droplets of glycerol (since it does not evaporate under these temperature conditions) and acetone. The
velocity profiles in the region of separation of the two-phase flow (x/H < 7) exhibit presence of negative
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velocities (flow recirculation zones). The longitudinal velocity and temperature profiles tend to recovery
to the fully developed flow regime in a plane channel at a large distance from the flow reattachment point
(x/H = 15).

Figure 3 shows variation of the turbulent kinetic energy (TKE) of the gas phase in the gas-droplet
flow after a sudden expansion of the channel versus the mean-flow Stokes number Stk. Here k0 is the
level of turbulence of the gas phase in the single-phase flow. The mean-flow Stokes number Stk = τ/τf ,
where τ = ρLd2/(18μW ) is the particle relaxation time, written down with consideration of the deviation
from the Stokes flow law, τf = 5H/Um1 is the time scale of the carrier phase (passage frequency of
large vortices) [2, 10], W = 1 + 0.15Re0.687

L , and ReL = |US − UL| d/ν is the Reynolds number for the
dispersed phase, determined for the interfacial velocity. Here US,i = Ui + 〈u′

S〉i is the actual gas velocity
at the particle location point (gas velocity seen by the particle) and UL is the average drop velocity, where
U is the average gas velocity (obtained from the RANS calculation), 〈u′

S〉 is the drift velocity between
the liquid and particles [8], and ν is the kinematic viscosity. The numerical simulation is carried out in the
wide range of mean-flow Stokes numbers Stk = 0.01–3.5. With increase in the droplet diameter at the
inlet, the suppression of the turbulence of the carrier phase grows. The least suppression of turbulence
for all particle materials is observed in the near-wall part of the channel at y/H = 0.1, and the degree
of turbulence gradually decreases as the distance from the heated channel wall grows. The maximum
suppression of turbulence for all distances from the wall is obtained for glycerol droplets, and the smallest
effect is seen for acetone and ethanol droplets. This is explained by the fact that droplets of acetone and
ethanol evaporate intensely, while droplets of glycerol practically do not evaporate under these conditions
and behave almost like solid particles. Evaporating water droplets exhibit intermediate suppression of the
TKE level of the gas phase.

Figure 4 shows distributions of the mass concentration of droplets of various liquids versus the Stokes
number. Here ML1 is the mass concentration of droplets in the inlet cross section. Obviously, due to
the heat transfer with the heated channel wall, the droplet concentration is the lowest in the near-wall
region y/H = 0.1 and the highest far from the heated channel wall at y/H = 0.5–1. The lowest droplet
concentrations are for acetone as the most easily evaporating liquid. The highest concentrations of the
dispersed phase are for droplets of glycerol and water. The near-wall region of the channel (y/H = 0.1) is
practically free from small droplets (the Stokes number Stk < 0.1, d1 < 10 μm) due to their fast heating
and evaporation process, and here ML/ML1 ≈ 0. The only exception are glycerol droplets, which do
not evaporate under the given temperature conditions, are present in the recirculation region of the
flow, and affect the turbulence of the carrier phase (see Fig. 3). Increase in the droplet diameter (at a

Fig. 4. Influence of mean-flow Stokes number on change in mass concentration of dispersed phase. ML1 = 0.05,
x/H = 2, ReH = 1.33 × 104.
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fixed concentration) leads to significant reduction of the interfacial surface. Therefore, further, as the
droplet diameter (Stokes number) grows, the droplet concentration goes up because of their slower
heating up and evaporation. This is what explains the presence of a local maximum in the concentration
distributions for y/H = 0.1 and 0.5. Large particles at Stk > 1 practically do not penetrate into this part
of the channel (recirculation region) because of their weak involvement in the turbulent gas flow and,
therefore, the ML/ML1 value decreases sharply and ML/ML1 → 0. Evaporation of droplets in the flow
core at y/H = 1 is extremely minor, and the mass concentration profiles for all droplet diameters and
types are almost constant.

2.2 Heat Transfer

Figure 5 show the influence of the mean-flow Stokes number (Fig. 5a) and the initial mass concen-
tration of droplets (Fig. 5b) of various liquids on the magnitude of the maximum local and average heat
transfer. The dashed lines in these figures display the data for the maximum heat transfer in the single-
phase separated flow, Numax ≈ 61 at ML1 = 0. Initially, in the region of small particle sizes (Stk ≈ 0.1),
there is observed a slight noticeable growth of the heat transfer intensity with increase in the Stokes

Fig. 5. Effect of (a) mean-flow Stokes number and (b) mass concentration of droplets of various liquids on distribution
of maximum Nusselt number in two-phase separated flow behind backward-facing step. (a): ML1 = 0.05; (b): d1 =
30 μm.
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number (initial droplet diameter), after which it sharply decreases. Such behavior of the maximum heat
transfer value is due to the influence of factors of different nature: more intense evaporation of small-
diameter droplets, decrease in the rate of their inertial deposition, and weakening of the involvement
of large particles into the separated flow. Increase in the mass concentration of the dispersed phase
causes significant heat transfer enhancement in the two-phase flow compared with the single-phase one
(dashed line, ML1 = 0). Note that the largest intensification of the heat transfer in the gas-droplet flow
occurs in the region of small-size particles, which penetrate into the recirculation zone to the heated
pipe wall and, evaporating in this region, enhance the heat transfer between the channel wall and the
two-phase flow.

The greatest increase in the heat transfer intensity (up to 2.4 times compared with the single-phase
flow) was obtained for evaporation of ethanol droplets, and the minimum increase (up to 1.6 times)
was at evaporation of acetone droplets. For glycerin, which does not evaporate under these conditions,
practically no heat transfer intensification is observed. It should be noted that water droplets evaporate
more slowly due to the high value of the phase transition heat. The heat transfer enhancement does not
exceed 2 times; due to the slower evaporation of droplets, the effect of heat transfer growth increases for
the case of large droplet sizes. It is quite obvious that increase in the mass concentration of droplets at
the inlet for all types of liquids enhance the heat transfer because of the larger number of droplets and,
accordingly, the larger area of the interfacial surface.

CONCLUSION

The effect of evaporation of a few types of liquid (water, ethanol, acetone, and glycerol) on the change
in the turbulence, propagation of the dispersed phase, and heat transfer in a backward-facing step is
numerically studied for the droplet diameters d1 = 1–100 μm and mass fraction ML1 = 0–0.1.

The RANS model developed earlier by the authors of the article in the Eulerian approximation was
used to simulate the turbulent flow of gas with droplets of various liquids behind a backward-facing step.
The turbulent kinetic energy of the carrier gas phase is described within the Reynolds stress model with
consideration of the two phases of the flow. The effect of suppression of the turbulence of the carrier gas
phase is minimal for acetone droplets (more than 7%), and is maximal for glycerol and water droplets (up
to 15%). The heat transfer enhancement is maximal (more than 2 times compared with the single-phase
separated flow) with the use of ethanol droplets and minimal at evaporation of acetone droplets (up to
25%).
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