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The effect of flow swirl parameter and thermophysical properties of the droplet of water, ethanol, and acetone 
on the structure of turbulent flow and heat transfer in a gas-droplet flow was studied numerically. To describe 
the dynamics and heat and mass transfer of the two-phase flow, the Eulerian approach was used. The growth of 
the volume fraction of small particles on the tube axis is typical of a swirling flow because of their accumulation 
in the zone of reverse flows due to the turbophoresis force. It is shown that the addition of droplets leads to a signifi-
cant increase in heat transfer (more than 2.5 times) at mass concentration of droplets ML1 = 0.1 in comparison with 
a single-phase swirling flow. Intensification of heat transfer with the use of ethanol droplets is higher than that for 
water droplets (approximately 10–20 %) and acetone (up to 65 %). When using the droplets of ethanol and acetone, 
the region of two-phase flow existence reduces, and the degree of suppression of carrier phase turbulence decreases. 
This is due to a more rapid evaporation of droplets of volatile liquids. 

Key words: gas-droplet flow, separation, swirl, evaporation, numerical simulation, turbulence, model of Reyn-
olds stress transport. 

Introduction  

Flow swirl is an effective method of controlling its structure and heat and mass transfer [1–5]. 
It is often used in practice in separators, vortex heat and mass exchangers and other devices. 
Swirling flows are characterized by flow recirculation regions, large local gradients of averaged 
and pulsation velocities, and increased level of turbulence; they are accompanied by complex 
hydrodynamic phenomena arising due to the action of centrifugal and Coriolis forces [1, 2]. 
The swirling confined flows behind a sudden tube expansion are widely used to stabilize 
the combustion process in the reacting flows in industrial burners. The presence of recirculation 
flow caused by a sudden flow expansion has a significant effect on the processes of momentum 
and heat transfer, dispersed phase distribution and determines largely the structure of separated 
two-phase flow [6−11]. Interaction between small particles and turbulent vortices of the gas 
phase in separation flows after a sudden expansion of a flat channel or tube, even without flow 
swirl, is a complex and not fully understood process [7, 8, 11]. The thermophysical properties of 
liquid droplets can influence the intensity of heat transfer processes and turbulence. For different 
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liquids, the specific heat of phase transitions can differ significantly (for example, for water and 
acetone), accordingly, the evaporation rate of droplets changes, and the particle size has 
a significant effect on gas phase turbulence. 

Over the past two decades, there were experimental (see, for example, [12]) and nu-
merical [13−19] studies of gas-droplet swirling confined flows, including those at combus-
tion of dispersed fuel particles [17−19]. In [17], the Eulerian model was developed and 
numerical results were compared with experimental results on the process of fuel droplet 
evaporation in a swirling gas flow. Gas phase turbulence was described using the k−ε 
model, which takes into account the influence of particles and carrier flow swirl. Good 
agreement with the measurements was obtained. In [18], a swirling gas-droplet flow in a tube 
in the presence of burning liquid droplets of fuel was simulated using a 3D RANS-app-
roach. The effect of gas turbulence on the rate of droplet evaporation was shown. It was 
found that at swirl parameters S < 1, this effect cannot be neglected far from the inlet cross 
section, and at S > 1, this effect cannot be neglected also close to it. Various modifications 
of isotropic turbulence models are unacceptable for calculating the velocity field in the swirling 
confined flows. The Boussinesq hypothesis used in calculations of Reynolds stresses in iso-
tropic models overestimates the value of their tangential component [17]. One of the methods 
allowing partial consideration of the complex mixing processes and anisotropy of phase velo-
city pulsations in two-phase separated swirling flows is the use of models of transport of 
the components of Reynolds stress tensor (Second-Moment Closure) [14, 15]. 

An important aspect of the study of turbulent two-phase flows is a possibility of control-
ling the turbulent kinetic energy of the gas phase. Understanding the physical mechanisms of 
particle interaction with carrier phase turbulence also makes it possible to control friction and 
heat transfer in such flows [7, 8, 10, 11]. The purpose of the present study is the numerical 
simulation of the effect of flow swirl on dispersed phase distribution and heat transfer in 
the gas-droplet flow behind a sudden tube expansion. The presented work is the development 
of research [14, 15], where only structure and heat transfer of a two-phase swirling flow behind 
a sudden tube expansion with [15] and without [14] interphase heat transfer have been simulat-
ed numerically. The focus is on the effect of thermophysical properties of the liquid phase on 
the parameters of carrier flow turbulence and near-wall heat transfer. 

Mathematical model  

We considered the problem of dynamics of a two-phase swirling turbulent gas-droplet 
flow in the presence of heat transfer with the pipe walls. The solution uses a system of three-
dimensional Reynolds-averaged Navier−Stokes (RANS) equations written with allowance for 
the back effect of particles on the transport processes in gas. A schematic representation of the 
flow is shown in Fig. 1. The volume concentration of dispersed phase is low: Φ1 = ML1ρ /ρL < 

< 2⋅10−4. The effects of collisions of particles with each other 
can be neglected, since the particles are quite small (d1 < 
< 100 μm). Here ML1 is the initial mass fraction of droplets, ρ 
and ρL are the density of gas and droplets. All basic equations 
for both phases in the current section are written in the tensor 
form, although they were solved for axisymmetric flow in 
cylindrical coordinates. This is done solely for the purpose of 
recording shortness. 

 

Fig. 1. Scheme of computational domain. 
1  gas-droplet nonswirling flow, 
2  single-phase swirling airflow.  
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System of averaged equations of gas phase  

The system of three-dimensional RANS-equations, written in cylindrical coordinates with 
consideration of a reverse effect of particles on the processes of averaged and turbulent transfer 
in gas, is used here: 
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Hereinafter, Ui (UZ ≡ U, Ur ≡ V, Uϕ ≡ W), u′i (uZ ≡ u′, ur ≡ v′, uϕ ≡ w′) are the components of 
averaged velocity and its pulsations, xi is the projection on the coordinate axis, ν is the coef-

ficient of kinematic viscosity, 2 2 22 i ik u u u v w′ ′ ′ ′ ′= = + +  is the turbulent kinetic energy of 

the gas phase, ( )2
L 1 18τ d μWρ=  is the time of dynamic relaxation of particles, taking into 

account the deviation from the Stokes power law, Φ is the volumetric concentration of dispersed 
phase, 2/3

L1 Re / 6,W = +  L LRe /d ν= −U U  is the Reynolds number of dispersed phase, J is 

the vapor mass flow rate from the surface of evaporating droplet, P is the pressure, Si is the ef-

fect of flow swirl (i = U, V, W): 0,US =  2 2 2/ / /VS W r v V r w r′ ′= − +  and SW = −VW / r − 

− 2/ /v W r v w r′ ′ ′+  [20], Т is the temperature, DT is the coefficient of turbulent diffusion, CP 
is the heat capacity of gas, α is the heat transfer coefficient of evaporating droplet, L is 
the specific heat of vaporization, KV is the mass concentration of vapor in the binary vapor-gas 
mixture, Rg is the specific gas constant, Pr = ν /a and Sc = ν /D are the Prandtl and Schmidt 
numbers, respectively, a is the thermal diffusivity, D is the diffusion coefficient; indices: A is 
air, L is dispersed phase, T is turbulent parameter, V is water vapor. 

We should note that the molar fraction of evaporated liquid is significantly less than 
the molar fraction of the main gas flow. All equations of system (1) are written taking into ac-
count the influence of dispersed phase presence and evaporation on the processes of momen-
tum, heat and mass transfer in the gas flow. Turbulent thermal and diffusive flows in the gas 
phase are determined according to the Boussinesq hypothesis: 
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It is assumed for the turbulent numbers of Prandtl and Schmidt: PrT = ScT = 0.85. 
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Model of Reynolds stress transport  

Turbulence of the gas phase was calculated using the elliptical model of Reynolds stress 
transport [21]:  
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Here, Pij is the intensity of energy transport from the averaged motion of the gas phase to 

the pulsation one; P2 = 0.5Pkk, ( )T Tmax / ,  /T k Cε ν ε=  is turbulent time macroscale, φij is 

the redistributing term, describing energy transfer between separate components ' 'i ju u  due 

to pressure-deformation rate correlation, ε is the dissipation or rate of energy transfer from 
the large-scale vortices to the small-scale ones, β is the mixing coefficient determined from 
the elliptical equation and used for calculation of the redistributing term [22] (it varies from 
zero on the wall to one at a distance from the wall). Redistribution term is written taking into 
account the influence of the two-phase flow [23]. The last components in the right-hand sides 
of the system of equations (2) (AL and εL) take into account the back effect of particles on 
the carrier phase due to pulsating interfacial slip [24, 25]: 
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where fu and fε are the coefficients of particle involvement into the turbulent motion of gas. 
The constants and functions of the turbulence model were defined in [21]: Cε1 = 1.4, Cε2 = 1.85, 
Cε3 = 0.55, Cµ = 0.22, σk = 1, σε = 1.22, and CT = 6. 

System of averaged equations of dispersed phase  

The system of averaged equations describing the transport processes in the dispersed me-
dium looks like: 
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Here, DLij and LijDΘ  are the tensors of turbulent diffusion and turbulent heat transfer of 

the dispersed phase [24, 25], ( )2
L L / 12PC d Yτ ρ λΘ =  is the time of thermal relaxation of drop-

lets, ( )1/ 2 1/3
L1 0.3Re Pr ,Y = +  CPL and ρL are the heat capacity and density of droplet matter. 

The equations for calculating the second moments of pulsations of dispersed phase velocity 

L Li ju u  are given in [24, 25]. The system of equations (1)−(4) is supplemented by 
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the equation of heat transfer at the interface under the condition of constant temperature along 
the droplet radius [10] and equation of vapor mass conservation on its evaporating surface [10]. 

Methods of numerical implementation  

The method of numerical implementation of the Eulerian approach was described 
in detail in [10, 15]. All simulations were carried out on a grid of 256×80×80 ≈ 1.64 million 
control volumes. A further increase in their number does not significantly affect the results of 
numerical predictions. 

The symmetry conditions are set on the pipe axis for gas and dispersed phases. The no-
slip conditions are set on the wall surface for the gas phase. Boundary conditions on the wall 
surface for dispersed phase correspond to the conditions of «absorbing surface» [25], when 
droplets do not return to the flow after the contact with the wall. After depositions onto the pipe 
surface, the droplets are assumed to be momentarily evaporated. The inlet distributions of 
the gas flow parameters were specified using preliminary computations of a single-phase flow 
in a tube with the length of 150R, where R is the tube radius. Thus, a fully developed stabilized 
gas flow was observed in the inlet section. The dispersed phase was added to the airflow 
in the inlet section. For the dispersed phase, uniform distributions of the desired parameters 
over the tube cross section were used. When determining the initial values of the radial aver-
aged phase velocities, relations for the law of rigid body rotation were used [26]: 
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where S and SL are the parameters of airflow and dispersed phase swirl, respectively. 
The results of comparative analysis with experimental and calculated data for the swirling 

two-phase isothermal flows with solid particles and gas-droplet swirling flows at evaporation 
of liquid particles after a sudden tube (channel) expansion were published earlier in [15]. 
A good agreement between the calculated and measured data on the averaged and pulsating 
characteristics was obtained for both single-phase and two-phase turbulent flows (the maximal 
difference did not exceed 15 %). 

Results of numerical calculations and their analysis  

The swirling gas-droplet two-phase flow was investigated in a descending flow behind 
a sudden expansion of the tube (Fig. 1). The main flow of mixture of air and water, ethanol, and 
acetone (1) droplets is fed into the central channel (2R1). The swirling single-phase airflow (2) 
enters the calculation area through an annular channel (R3−R2). The calculation area is defined 
by the following dimensions: 2R1 = 20 mm, 2R2 = 26 mm, 2R3 = 40 mm, 2R4 = 100 mm, step 
height is H = 30 mm. The length of the computational domain is X = 1 m. The mass-average 
axial velocity of the main airflow is Um1 = 15 m/s, its mass flow rate is G1 = 5.65 g/s.  
The mass-average axial velocity and mass flow rate of air in the secondary annular jet is Um2 = 
= 20.7 m/s, and G2 = 18 g/s. The velocity ratio of coaxial jets in calculations was assumed to be 
constant: m = ρ2Um2 /ρ1Um1 = 1.2, and the parameter of flow swirl varied within S = 0–0.75. 
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The Reynolds number of the gas phase was Re = Um12R1 /ν = 2⋅104. The initial averaged axial 
velocity of droplets was UL1 = 12 m/s, initial diameter of water droplets was d1 = 10−100 µm, 
their mass concentration was ML1 = 0−0.1. Time of particle relaxation, written taking into ac-

count deviation from the law of Stokes flow, is 2
L /(18 )d Wτ ρ ρν=  = 0.3−30 ms. The wall 

temperature was constant along the entire length of the calculation area and it was TW = const = 
= 373 K, the inlet temperatures of air and droplets were T1 = TL1 = T2 = 293 K. The criterion 
characterizing the level of particle involvement into the gas phase motion is the Stokes number 
in averaged motion: Stk = τ /τf, τf is the turbulent time macroscale. It is shown in [7] that at 
Stk << 1, the low-inertia particles are involved into the separation motion of the gas phase, and 
at Stk >> 1, the dispersed phase does not participate in the recirculation motion. The dispersed 
phase passes through the shear flow region and almost does not penetrate into the separation 
zone. Thus, since there are almost no particles in the separation zone, no change in turbulence 
is observed in it. In [7], for the separated two-phase nonswirling flows, the following relation 
for the time of dispersed phase relaxation is given: τf = 5H/Um1 = 0.01 s. Then, for the con-
ditions of these calculations, Stk = 0.03–2.6. The effects of break up and coalescence of 
the droplets are not taken into account because of the small number of particles. Droplets at 
the inlet have monodisperse distribution. However, while moving along the tube, the size of 
droplets changes in all coordinates due to heating and evaporation, i.e., it is a variable. We as-
sume that the droplets deposited on the tube wall from the two-phase flow, evaporate instantly. 
This assumption is valid for the case of large temperature difference between the wall and 
droplet (TW – TWL ) > 40 [10, 14, 15]. Simulations for nonswirling and swirling two-phase 
flows were carried out with equal mass flow rates of gas (G1 + G2)S ≠ 0 = GS = 0 and dispersed 
ML1,S ≠ 0 = ML1, S = 0 phases. The choice of water, ethanol, and acetone as the droplet material is 
explained by the large difference in the latent heat of evaporation of these three substances, 
which has a key effect on the evaporation rate of dispersed phase particles. 

The radial profiles of averaged axial (Fig. 2a), radial (Fig. 2b) and tangential (Fig. 2c) gas 
velocity components in several cross sections (x/H = 2, 4, 6, 10 and 15) along the length of 
the computational domain are shown in Fig. 2 with variation of the swirl parameter. One can 
see a noticeable difference in distribution of air velocity in the nonswirling (1) and swirling (2, 3) 
gas-droplet turbulent flows. In the case of non-swirling flow (1), a noticeable decrease 
in the air velocity is observed behind the cross section of flow attachment at x/H > 10; 
in addition, an extensive zone of recirculation flow is formed in the near-wall region of 
the cylindrical channel. The length of the separation region is xR /H ≈ 10; whereas a swirling 
flow is characterized by an approximately double reduction in the length of the flow separation 
region [15]. In the case of the flow swirl, most studied in this work, at S = 0.5 (3), the gas flow 
recirculation areas in the near-wall and axial parts of the tube are observed. The first is associ-
ated with flow separation behind the cross section of a sudden tube expansion; the second oc-
curs in the axial part of the tube when the flow swirls intensively (S > 0.4), when the area of 
return flow appears [1−4]. All calculated profiles of the axial velocity of gas (Fig. 1a) have 
the expected maximum in the mixing layer, whose position shifts to the tube wall, except for 
the first cross section. The radial velocity component undergoes complex changes inside 
the channel and reduces and evens significantly along the cross section (see Fig. 2b). Similar 
deformations occur with the tangential velocity of gas (see Fig. 2c). The effect of particles on 
the averaged characteristics of the gas phase in the range studied by the authors is insignificant. 
The studies showed that the results presented for the gas-droplet flow with particles of water 
and for the two-phase flow with droplets of ethanol and acetone are qualitatively and quantita-
tively close. 
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The effect of thermophysical properties of the droplets matter on concentration profiles 
along the tube axis (Fig. 3a) and in the cross section at the distance x/H = 5 (Fig. 3b) from 
a sudden flow expansion is presented in Fig. 3, where Φ0 and Φ1 are volume concentration of 
dispersed phase on the tube axis in the current cross section and its initial value. We should 
note that low-inertia droplets at small values of the Stokes number (Stk = 0.3, d1 = 30 µm) are 
well involved into the separation flow and can be seen almost throughout the entire cross sec-
tion of the tube. The near-wall part of the channel (r/H > 1.2) is almost free from the particles 
due to their intensive evaporation. In the swirling gas-droplet flow, the dispersed phase accu-
mulates in the axial region of the jet due to the action of turbophoresis forces. The value of 
volume concentration of water droplets on the tube axis is maximal, and for acetone droplets, it 
is the lowest. This is due to a significant difference in evaporation rates of water and acetone. 

Distribution of local Nusselt number along the tube length with variations in thermo-
physical properties of droplets (lines 1–3) is shown in Fig. 4. Here, 4 is heat transfer in 
a single-phase  swirling  airflow  and  5  is  heat transfer  in  a stabilized flow region determined  

 
 

Fig. 2. Effect of flow swirl on distribution 
of averaged axial (а), radial (b), and  

tangential (c) components of gas velocity 
in a swirling two-phase flow. 

Re = 2⋅104, d1 = 30 µm, ML1 = 0.05, water;  
S = 0 (1) (nonswirling flow), 

0.25 (2), 0.5 (3). 
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by the parameters of a single-phase flow after a sudden pipe expansion. Adding droplets to 
a single-phase swirling flow leads to a noticeable increase in heat transfer intensity (more 
than 75 %). The highest value of heat transfer intensification is observed when ethanol drops 
are used, and the smallest value is observed for the acetone drops. Further, heat transfer intensi-
ty decreases, and at a large distance from the cross section of sudden expansion of the flow, 
heat transfer corresponds to the laws of stabilized single-phase flow in the tube. We should 
note that when water droplets are used as a cooler, the length of the region of intensified heat 
transfer is the greatest. This is explained by the fact that water has the highest amount of latent 
heat of vaporization, so the water droplets evaporate slower than the droplets of ethanol and 
acetone with all other things being equal. This is confirmed when considering the concentration 
profiles of liquid particles of various materials shown in Fig. 3. In a swirling flow, the position 
of the point of maximal heat transfer, which approximately coincides with the point of flow 
attachment, moves upstream. This effect increases with an increase in the swirl number, and 
for S = 0.5, the length of separation region in the swirling flow decreases almost twice in 
comparison with the nonswirling flow [15]. 

The rate of droplet evaporation, de-
pending on the value of latent heat of 
evaporation, has the main influence on dis-
tribution of dispersed phase concentration, 
gas turbulence and heat transfer rate. Data 
on the effect of mass concentration of wa-
ter (1), ethanol (2) and acetone (3) droplets 

 

Fig. 4. Heat transfer in a swirling gas-droplet 
flow along the tube length with variation 

of droplet matter. 
Re = 2⋅104, d1 = 30 µm, ML1 = 0.05, S = 0.5; 

1  water, 2  ethanol, 3  acetone, 
4  single-phase swirling airflow, 5  heat transfer 

along the fully developed tube region  
in a single-phase airflow (S = 0).  

 
 

Fig. 3. Distributions of volumetric droplet concentration along the tube axis (а)  
and over its cross-section at distance x/H = 5 (b) in a swirling two-phase flow. 

Re = 2⋅104, d1 = 30 µm, ML1 = 0.05, S = 0.5; 1  water, 2  ethanol, 3  acetone. 
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on the maximal values of modification of gas phase turbulence MRmax and heat transfer inten-
sification ERmax in a swirling gas-droplet flow are shown in Fig. 5. Here, MRmax = (kS /kS,0)max 

and ERmax = (NuS /NuS,0)max, where / 2i ik u u=  is turbulent kinetic energy of the carrying 

flow, Nu is the Nusselt number; subscript “S” corresponds to swirling flow and “0” corre-
sponds to the single-phase airflow. An increase in the amount of the dispersed phase leads to 
a decrease in the level of turbulence in the two-phase flow to 20 % at ML1 = 0.1 due to in-
volvement of the fine phase into the turbulent motion of gas. This agrees with data of [10] for 
the gas-dispersed turbulent flow in a vertical tube. The use of ethanol as a coolant has a smaller 
effect on the intensity of gas phase turbulence in comparison with the corresponding value for 
water droplets (to 10 %). This is due to faster heating and evaporation of ethyl alcohol droplets. 
Evaporation of water or ethanol droplets leads to a significant increase in heat transfer intensity 
in a swirling two-phase flow in comparison with a single-phase swirling flow under other iden-
tical conditions. It is shown that the addition of evaporating water and ethanol droplets leads to 
a significant increase in heat transfer (up to 2.5 times) in comparison with a single-phase swirl-
ing flow. Initially, there is a sharp increase in heat transfer with increasing initial mass concen-
tration of particles. Intensification of heat transfer at using ethanol is higher than that for water 
droplets (approximately by 10–20 %). It should be noted that when using ethanol as a coolant, 
the region of two-phase flow existence decreases markedly. The droplets of acetone, which has 
the lowest value of the heat of phase transition, evaporate much faster than droplets of water 
and ethanol. Accordingly, the effect of these particles evaporation on heat transfer and turbu-
lence of the carrier gas phase will be minimal. 

Conclusion  

The effect of flow swirl numbers and thermophysical properties of the droplet matter 
on turbulent flow structure and heat transfer in a swirling turbulent gas-droplet flow down-
stream of a sudden tube expansion was simulated numerically using the Eulerian approach. 

 
 

Fig. 5. Effect of thermophysical properties of liquid droplets on a change in gas turbulence  
MRmax = (kS /kS,0 )max (а) and parameter of heat transfer intensification ERmax = (NuS /NuS,0 )max (b)  

with variation of droplet mass concentration. 
Re = 2⋅104, d1 = 30 µm, ML1 = 0.05;  1  water, 2  ethanol, 3  acetone,  S = 0.25 (4), 0.5 (5). 
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The presence of two recirculation regions in the swirling flow is shown: the first region is lo-
cated in the axial part of the tube; it is formed by rotation of the flow; the second region is lo-
cated in the near-wall part of the pipe, and its formation is caused by separation of the flow and 
its further attachment. Droplets in the axial separation region cannot leave it because the level 
of turbulence in the shear layer is higher than that of the dispersed phase. Concentration of 
small particles on the tube axis is typical of a swirling flow due to their accumulation in 
the zone of reverse flows and action of turbophoresis force. It is shown that the addition of 
evaporating water and ethanol droplets into the two-phase flow leads to a significant increase 
in heat transfer (up to 2.5 times) in comparison with a single-phase swirling flow. Intensifica-
tion of heat transfer when using ethanol droplets is higher than the corresponding value for 
water droplets (approximately by 10–20 %). The region of the two-phase flow and degree of 
turbulence suppression in the carrier phase are significantly reduced due to the presence of 
dispersed particles (up to 10–15 %) because of their faster evaporation. Evaporation of acetone 
particles with the lowest heat of phase transition has a minimal effect on heat transfer and tur-
bulence of the carrier gas phase. 
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