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MODELING OF A NON-STATIONARY PROCESS OF GAS OUTFLOW
INTO A OPENED AREA FILLED WITH LIQUID

WITH A TUBE ARRAY

Alekseev M.V. 1, Lezhnin S.I.

Abstract In a two-dimensional formulation, a numerical simulation of the process of the
outflow of an air stream into a liquid-filled area in which a staggered tube array was located
was carried out. In this case, liquids with significantly different densities (water, heavy liquid
metal) were considered. It is shown that the process of displacement of liquid by a gas cavity
in such an area for liquid metal and water occurs in a similar way.

The main difference between the outflow of gas into liquid metal and water is associated
with the expansion rate of the gas cavity. The rate of cavity expansion in liquid metal is less
than in water.

It is shown that during the outflow process, gas-dynamic structures of velocity jumps are
formed inside the gas cavity between the nozzle and the first row of the tube array. When
flowing into liquid metal, a similar gas-dynamic structure is less pronounced. The emergence
of vortex structures behind the upper row of the tube array when liquid flows into the upper
free volume has been revealed.
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1 Introduction

A detailed study of the behavior of gas jets during critical flow into a liquid began actively
in the 70s of the last century [1]. The results of the latest experimental and computational
studies are presented in [2, 3, 4]. The formation of complex flow structures and gas jets when
flowing into a liquid is determined by the inertia of the external environment, the density of
which (for water) is 800 times higher than the density of air. A gas cavity appears near the
nozzle, inside which a gas–dynamic structure of shock waves is established. Instabilities of
the Kelvin–Helmholtz and Rayleigh–Taylor types develop on the surface of the gas cavity. As
a result, gas bubbles and water droplets are generated at the interface. Far from the nozzle,
the gas cavity can break up into a bubble cluster when large bubbles fragment. This is an
incomplete class of phenomena that occurs for gas jets at a critical outflow into a free volume.

The density of the liquid into which the gas escapes can be significantly higher than the
density of water (for example, a heavy liquid metal). Because of this, the role of inertial
and gravitational effects during the outflow of a gas jet significantly increases. The internal
space filled with liquid in metallurgical, power engineering and hydrogen (see, for example
[5] ) production equipment can have complex geometry: channels, spacer grids, nozzles, tube
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sheets, etc. Therefore, the role of wall effects on the solid wall increases (friction, wettability,
stagnant zones, pressure surges due to flow deceleration), which fundamentally distinguishes
the process under study from the outflow of a gas jet into a free volume filled with liquid.

In earlier works, the authors numerically studied the processes of gas outflow into an
open pipe region filled with liquid (water, liquid metal) at high pressure drops(∆P = 1.6
MPa). Calculations were carried out both in the axisymmetric two-dimensional formulation
[6] and in the three–dimensional one [7]. It was shown that when flowing into water, a jet
gas cavity was formed inside which a gas–dynamic structure of shock waves was established.
Unlike water, in liquid metal the air cavity increases in size, both in height and width due to
large inertial and gravitational forces in the liquid metal. A comparison of two-dimensional
calculation and three-dimensional one showed that the two-dimensional calculation allows,
to a first approximation, a good description of the pressure dynamics and hydrodynamic
characteristics.

In subsequent works, the authors carried out modeling of gas outflow in a two–dimensional
formulation: a) when there were obstacles in the liquid volume in the form of ring channels [8];
b) when the obstacle in the form of a disk was at different distances from the nozzle [9]. It was
shown that for the annular assembly [8]the gas flows out in the form of annular gas cavities.
The presence of a disk barrier [9] inside the volume in the liquid lead to the formation of a
gas cavity between the disk and the nozzle. At the same time, the cavity began to fragment
behind the barrier.

The presence of tube sheets inside the area filled with a liquid makes the calculation
problem closer to the real behavior of a two–phase mixture in various technical devices. Tube
sheets can significantly change the flow of gas into liquids of different densities. It is also
important to calculate the force impact on the elements of the tube sheet.

The purpose of this work is a detailed study of the unsteady process of gas (air) injection
into an open pipe region partially filled with liquid (water or liquid metal) in the presence of
a “chessboard” tube array inside.

2 Methods

In this work, a two-dimensional, flat problem of air flow into a region filled with liquid (liquid
metal, water) was solved in the presence of a “chessboard” array of tubes inside (Fig. 1). The
width of working volume 1 was D =0.2 m and height H =0.5 m. The liquid level was set at
a height of h =0.4 m. The upper part of the volume was filled with air. The initial pressure
in the working area was P=2 MPa. The gas exited into the working volume through pipe 2
at the bottom of the working area. Branch pipe 2 was connected to receiver volume 3. The
width of the pipe was d1 =0.02 m and length L =0.1 m. Receiver volume 3 was width d =0.1
m and length L =0.1 m. Initial air pressure in the pipe and in the receiver the volume was
P =18 MPa.

On the upper face of volume 1(outlet), a boundary condition was set for free inflow and out-
flow at constant pressure. For velocity U , this boundary condition was specified as ∂U/∂n = 0
for outflow, and for inflow it was set relative to the boundary U = Un (calculated from the
speed in the border cell). The pressure was considered constant P =2 MPa. The boundary
condition for the volumetric fluid content is ∂α/∂n = 0, and for temperature – ∂T/∂n = 0.

At the lower boundary (inlet) of receiver volume 3, the condition of free inflow-outflow
at constant pressure was also set. The speed U is set to ∂U/∂n = 0 for outflow, for inflow
U = Un (calculated from the speed in the border cell). The pressure was considered constant
P =18 MPa. The boundary condition for the volumetric liquid content is α = 0 (gas flow),
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Figure 1: Scheme of the computational domain and the initial distribution of the
volumetric fluid content α (red color – liquid, blue color – gas) and pressure P (red
color – 18 MPa, blue color – 2 MPa).

and for the temperature T = 650 K.
On the walls of the channel and tube sheet (the surface of the computational domain

wall) a condition of the “wall” type was set. For the velocity U , the conditions of non-flow
Un = 0 and sticking Uτ = 0 were assumed. For the temperature field, the condition was set
to the absence of heat flow ∂T/∂n = 0, and the boundary condition for pressure was set as
∂P/∂n = 0.

On the walls, the condition for the volumetric liquid content α was specified in the form
of a constant contact angle for θ = 0o (full wettability). This condition is a model for both
water and liquid metal. For liquid metal, the contact angle for structural steels is more
than 140o and strongly depends on the temperature and gaseous environment (for example
[14]). Modeling of gas–liquid flows with a change in the contact angle and the dependence
of the surface tension coefficient on temperature for liquid metal requires additional scientific
research.

The initial temperature of air and liquid metal (for example [13]) was 650 K, and water
– 585 K, which corresponded to the saturation temperature at a pressure of 2 MPa. Inside
the volume there was a pipe checkerboard grid with an outer pipe diameter of 0.02 m. The
distance between the layers of the grid and between the pipes in the layer was taken equal to
the outer diameter of the pipe.

In the OpenFOAM code [11] the physical and mathematical model is implemented in the
form of separate programs – solvers. The comptessibleInterFoam solver implements a model
for two compressible, non–isothermal, immiscible fluids using a VOF–based interface capture
approach. The dynamic and thermophysical properties of a two–phase medium were defined
as linear combinations of the properties of the liquid and gas phases:

ρ = αρl + (1− α)ρg, µ = αµl + (1− α)µg,

where the subscripts l and g denote the liquid and gas phases, respectively. The liquid volume
fraction α has a value equal to zero in the gas phase, one in the liquid phase, and a value in
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Table 1: Thermophysical properties of phases.

Water Air Liquid metal
(T = 585.55 K ) (T = 650 K) (T = 650 K )

ρ , kg/m3 849.79 1.206 11341
µ , Pa · c 0.1261 · 10−3 1.84 · 10−5 2.53 · 10−3

Cp , J/kg 4565 1050 151
σ, N/m 0.07274 <– –> 0.44815

the range (0, 1) at the gas/liquid interface. The work solved two problems: air injection into
water and air injection into liquid metal. The properties of the phases are indicated in the
Tab. 1.

The dynamics and heat transfer of a two–phase medium were determined by the equations
of continuity (1), momentum (2) and energy (3):

∂ρ

∂t
+∇·(ρU⃗)=0, (1)

∂ρU⃗
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(
p+

2

3
µeff∇U⃗

)
+
[
∇(µeff∇U⃗)+(∇U⃗ ·∇µeff )

]
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∂ρK
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)
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Here U⃗ is the local velocity vector, t is time, ρ is density, p is pressure, CV,g and CV,l are iso-
choric heat capacity gas and liquid, respectively, T – temperature, αeff = (λl+λturb,l)αl/Cp,l+
(λg+λturb,g)αg/Cp,g – coefficient of effective turbulent diffusion of the mixture, λl,g – thermal
conductivity coefficients of each phase, Cp,g and Cv,l are isobaric heat capacity of gas and
liquid respectively, g = 9.81 m/s2 – acceleration of free fall, K = |U⃗ |2/2 – specific kinetic en-
ergy. The effective dynamic viscosity µeff = µ+νtρ was determined in terms of viscosity and
turbulent viscosity. The surface tension force in the equation (2) at the liquid–gas interface
was determined using the continuous surface force (CSF) model [12]: fs = σksn, where σ is
the surface tension coefficient tension, ks is the curvature of the free surface, which is defined
as the divergence of the normal vector: ks = ∇(∇α/|∇α|). The normal to the free surface
was calculated as the gradient of the volume fraction of the liquid phase in the cell: n = ∇α
. The transport equation for the volume fraction of liquid, a two–phase compressible flow, is
written in the following form:

∂α

∂t
+∇(αU⃗l) +∇

(
α(1− α)U⃗r

)
= α(1− α)

(
ψg

ρg
− ψl

ρl

)
Dp

Dt
+ α∇U⃗ , (4)

where U⃗r = U⃗l − U⃗g is the phase slip speed, U⃗ = αU⃗l + (1− α)U⃗g – velocity vector expressed
in terms of phase velocities, Ψg, Ψl – compressibility, respectively for gas and liquid.

The closure of the equations was carried out using the equations of state for each of
the phases ρl,g(p, T ) = ρ0,l,g + Ψl,g(T ) · p , where Ψl,g(T ) is the compressibility of each
phase, ρ0,l,g is the nominal density. For the compressible phase (i.e. gas), the nominal
density is ρ0,g = 0 and Ψg(T ) = 1/RµT , which leads to the ideal equation of state gas
ρg(p, T ) = Ψl,g(T ) · p = p/RµT = pµ/RT , where R is the gas constant , µ – molar mass. For
a phase with low compressibility (i.e. liquid), the nominal density of the liquid under normal
conditions is set to ρ0,l = const, the compressibility is determined by Ψg = 1/c2, where c –
speed of sound.
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Figure 2: Distribution of volumetric content for liquid metal (a) and water (b) at
different times, red color is liquid, blue color is air.

The two–phase flow model was complemented by the URANS (Unsteady Reynolds-averaged
Navier–Stokes equations) turbulence model k–ω SST (shear-stressed transport), which is a
combination of k–ϵ and k–ω turbulence models. The F1 mixing function activates the k–ω
model, which is well suited for simulating flow in a viscous sublayer, and the k–ϵ model, which
is ideal for simulating flow in regions remote from the wall. This ensures that the appropriate
model is used throughout the entire [10] flow field.

Boundary conditions at the inlet and outlet boundaries for the turbulent kinetic energy k
were set as ∂k/∂n = 0. On the same faces, the condition for the specific dissipation rate ω
was set as ∂ω/∂n = 0. On the walls (faces wall), standard wall functions were specified on k
and ω.

The physical and mathematical model of the compressibleInterFoam solver of the Open-
FOAM code was tested by the authors on a variety of problems related to the flow of two-phase
flows [15, 16, 17, 18]. Fig. 1 shows the geometry of the computational grid. The mesh was
uniform with a cell width of 1 mm. There was double thinning near the walls; the width
of the minimum cell was 0.016 mm. The total number of cells was 340·103. In previous
works [19, 20], calculations with similar two–dimensional geometry and mesh (number of
cells 50 ·103 ) cross–verification was carried out with calculations on a one–dimensional pro-
cess model and three–dimensional ones on grids there are more than 1.3 ·106 cells. It was
shown that two–dimensional calculations provide a good approximation from one–dimensional
to three–dimensional detail of the process of gas outflow in liquids with different densities.
Two–dimensional calculation allows us to determine the evolution of pressure and the rate of
change in the volume of a gas cavity in a liquid with minimal methodological error and low
computational costs.
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3 Results

Fig. 2 (a) and 2 (b) show the distribution of the volumetric content of liquid metal and
water at different times, respectively. It can be noted that when gas flows into liquid metal
(Fig. 2 (a)) within a time of 3 ms, a gas cavity forms in the lower part of the volume. By
the time of 4 ms, the cavity boundary reaches the first row of the tube sheet and then goes
around the three pipes of the first row. At 6 ms, the cavity boundary reaches the second row,
at 8 ms the third, and at 10 ms the fourth and fifth rows. With each subsequent passage of
the cavity boundary through a row of tube sheet, the boundary is fragmented into jets. By
the time of 10 ms, the upper gas volume is completely displaced by liquid metal. When gas
flows into water (Fig. 2 (b)), the process of displacement of the upper gas volume occurs in
3 ms. The formation of a gas cavern in the lower part of the volume occurs in 0.8–1.0 ms,
the cavity boundary reaches the first row at 1.2 ms, the second row at 1.8 ms, the third at
2.4 ms, and the fourth at 3 ms. It can be noted that, despite the significant difference in
the density of liquid metal and water, the geometry of the gas cavity growth process in a
staggered tube sheet is similar, which was not observed for an open tube geometry without
a tube sheet [6, 7]. In the absence of a tube sheet, the outflow of gas into water occurred in
the form of a jet, and the outflow of gas into liquid metal in the form of a “slug” gas cavity.

Fig. 3 shows the distribution of the velocity modulus at different times during the flow
of gas into metal (a) and into water (b). It can be noted that when a gas cavity is formed
between the nozzle and the first row of the tube sheet, a gas–dynamic structure of velocity
jumps appears. For gas flowing into liquid metal, the maximum speed was 400 m/s; for gas
flowing into water, it was 730 m/s. In the upper, last row of the tube sheet, a stagnation
zone is formed behind each pipe; the liquid exits into the upper free space in the form of jets
between the pipes. This condition leads to the formation of vortex structures behind the last
upper row of pipes. Fig. 4 shows streamlines at different times during the flow of gas into
liquid metal (a) and the flow of gas into water (b). At the initial moments of time, during the
formation of a gas cavity, a symmetrical vortex structure is formed inside it, near the nozzle
(Fig. 4 (a) time point 6 ms, Fig. 4 (b) time point 1.8 ms). Next, this vortex structure inside
the gas cavity disintegrates into many unstable vortex structures. When a liquid is displaced
inside a staggered tube grid, the movement of the liquid is irrotational – the flow lines go
around the tubes of the staggered grid. By the time of 8 ms, when gas flows into liquid metal,
vortex structures form behind the last, upper row of the tube sheet when liquid flows into
the upper free volume. For water, by the time of 2.4 ms, the formation of vortex structures
behind the last row of tube sheets also occurs.

4 Conclusion

In a two–dimensional formulation, a numerical simulation of the process of the outflow of a
stream of air into a liquid–filled area in which a staggered tube array was located was carried
out. In this case, liquids with significantly different densities (water, metal) were considered.
It is shown that the process of displacement of liquid by a gas carpet in such an area for liquid
metal and water occurs in a similar way. The main difference between the outflow of gas into
liquid metal and water is associated with the expansion rate of the gas cavity. The rate of
cavity expansion in liquid metal is approximately 3.3 times less than in water.

The formation of gas-dynamic structures of velocity jumps inside the gas cavity between
the nozzle and the first row of the tube sheet is shown. When flowing into liquid metal, the
gas–dynamic structure is less pronounced. The emergence of vortex structures behind the
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Figure 3: Distribution of the velocity modulus for liquid metal (a) and water (b) at
different times, black contour is the location of the interphase boundary.

Figure 4: Streamlines for liquid metal (a) and water (b) at different times, black contour
– location of the interface.



24 Alekseev M.V., Lezhnin S.I.

upper row of the tube sheet when liquid flows into the upper free volume has been revealed.
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