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THROUGH A SUBMERGED PERFORATED SHEET

USING OPENFOAM CODE
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Abstract The aim of the study is to numerically simulate the flow of steam/steam-water
mixture through one periodic cell of a submerged perforated sheet, which is an important
element of the separation scheme of a horizontal steam generator. The OpenFOAM code is
used as a calculation tool. First, the flow of single-phase steam was considered. A comparison
of the values of pressure drops on the perforated sheet obtained using the OpenFOAM code
for two turbulence models with pressure drops determined by other CFD code FlowVision,
various approximate formulas and experimental data shows that the variation of all values
does not exceed 10%. The influence of a liquid film on the flow of steam through the hole
and the resulting pressure drop is investigated. It is shown that the water film reduces the
pressure drop on the perforated sheet by about 6% compared with the flow of single-phase
steam.
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1 Introduction

In Russian reactor plants with water-water power reactors (VVER), horizontal steam
generators (SG) are used to produce saturated steam, which serves as a working
medium for a turbine [1, 2]. The vessel of a horizontal SG is a cylindrical vessel
with two elliptical bottoms, located horizontally. In the central part of the SG there
are two vertical collectors: the inlet, which receives hot water from the reactor core,
and the outlet, designed to withdraw the water cooled in the SG into the first circuit
of the reactor. The collectors are connected by a large number of U-shaped heat ex-
change pipes assembled in packages and arranged horizontally, along which the water
of the first circuit moves, gradually giving its heat to the water of the second circuit
surrounding these pipes. As a result of boiling the water of the second circuit, steam is
formed, which enters the turbine. The main requirement for the quality of the gener-
ated steam is to maintain the humidity of the steam within the specified limits, since
a significant amount of moisture can lead to rapid erosion wear of the turbine blades
and its failure.

The separation design used in horizontal SGs is based on gravitational (precipita-
tion) separation, according to which, with relatively small steam loads on the evapora-
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tion mirror and a sufficiently high height of the steam volume, a significant number of
water droplets due to the action of gravity manage to return to the water volume. Due
to the uneven heat release in the volume of horizontal SG, local areas with increased
steam load appear on the evaporation mirror near the inlet (hot) collector, which leads
to a deterioration of the separation process. To equalize the steam load, a submerged
perforated sheet (SPS) is used, which is installed at the steam outlet from the heat
exchange tube bundles. The SPS is a device with high hydraulic resistance, which
promotes the formation of horizontal steam flows under a perforated sheet from areas
with a large steam load to areas with a low steam load, and thereby equalizes the steam
load on the evaporation mirror, which is located above the SPS.

Thus, an important parameter of the SPS, which is necessary to calculate the op-
timal degree of perforation (flow section) of a perforated sheet, is the coefficient of
hydraulic resistance of the SPS. Currently, several techniques have been developed to
determine the hydraulic resistance coefficient of a perforated sheet [3]-[5], and experi-
mental studies of the hydraulic resistance of SPS have also been conducted [6, 7].

Due to the fact that horizontal SGs for a high-power reactor plant VVER-1500 are
characterized by a significantly greater unevenness of the steam load on the evaporation
mirror, it was proposed to use SPS with a variable degree of perforation, namely, on
the hot side (near the inlet collector) to install sheets with a lower degree of perforation
having increased hydraulic resistance, and on the cold side on the side (near the outlet
collector) – sheets with a higher degree of perforation (lower hydraulic resistance) [8, 9].
Experiments were performed on the SG stand, which is a model of the upper part of a
horizontal SG, to study the alignment ability of SPS with uniform and variable degrees
of perforation [10]. In particular, new experimental data were obtained on the values
of the hydraulic resistance of SPS, the analysis of which showed that the presence
of moisture in the steam stream under certain conditions leads to a decrease in the
coefficient of hydraulic resistance [11]. As the reason for this decrease, the hypothesis
was put forward that water droplets smooth out the sharp entrance edges of the SPS
holes, analysis of model problems using CFD code [12] confirmed the credibility of this
assumption.

This article presents the results of numerical simulation of the flow of a steam-water
flow through one periodic SPS cell with the OpenFOAM code [13], conducted in order
to study the effect of a water film on the hydraulic resistance of SPS.

2 Problem statement, mathematical model and solution method

The geometry of the computational area is shown in Fig. 1. One SPS cell is consid-
ered, one side adjacent to the wall, the dimensions shown correspond to the degree
of perforation of SPS 5.7%. Steam with a given volume flow rate, which corresponds
to a velocity of 0.273 m/s, is supplied at the lower boundary, the upper boundary is
open, at which a constant pressure is set, Fig. 2. The ingress of water into the SPS
hole is modeled simplistically, the process of movement of water droplets along with
the steam flow flowing through the lower boundary, their further precipitation on the
lower surface of the sheet and flow through the hole is not considered. Instead, it is
assumed that water with a constant flow rate is released on the lower surface of the
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sheet (Fig. 2), which then moves under the influence of the steam flow to the hole.
This approach allows you to significantly reduce the calculation time and preserve the
physics of the process under consideration. It is assumed that water and steam are on
the saturation line at a pressure of 7 MPa, thus heat transfer processes are not consid-
ered. At the same time, the densities of water and steam have values of 739.7 kg /m3

and 36.5 kg /m3, respectively. The specified geometric and thermophysical parameters
correspond to the experimental conditions at the SG stand [10, 11].

Figure 1: A diagram of the steam flow through the SPS cell, provided that a water
film is created on the lower surface of the SPS.

Figure 2: A diagram of the flow of water and steam through the SPS hole.

The CFD code of the OpenFOAM class is used for modeling. The OpenFOAM code
is designed to simulate three-dimensional fluid and gas flows in technical and natural
objects. The ParaView program is used to visualize these flows using computer graphics
methods. The simulated flows include stationary and non-stationary, compressible,
slightly compressible and incompressible flows of liquid and gas. The use of various
turbulence models and an adaptive computational grid makes it possible to simulate
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complex fluid movements, including flows with strong vortex, combustion, and flows
with a free surface.

Since the velocities of water and steam in the problem under consideration are
small compared to the characteristic velocities of sound in this system and thermal
effects are also not taken into account, the compressibility of media can be neglected
and considered as incompressible. The hydrodynamic interaction of water and steam
occurs at a mobile interphase boundary, which can take on a very complex shape.
To simulate such flows, the VOF (Volume-Of-Fluid) method is used [14], the essence
of which consists in replacing two immiscible liquids with different properties with
one effective liquid with variable properties depending on the volume fractions of the
phases. The changes in the volume fractions of the phases are found from the solution
of the corresponding transfer equations. The system of defining equations is formulated
as follows. The volume fraction of water is denoted by f , then in the calculation cell
filled with water, f= 1, in the cell filled with steam, f= 0, if the interface between
steam and water passes in the cell, then 0<f<1. The transfer equation of the volume
fraction of water has the following form:

∂f

∂t
+ uj

∂f

∂xj
= 0

Here t is time, xj is the j-th dimensional coordinate, uj is the j-th component of velocity.
The properties of the effective liquid (density ρ and dynamic viscosity µ) in the

VOF method are defined as:

ρ = (1− f)ρg + fρl, µ = (1− f)µg + fµl.

Here the index g is gas (steam), l is liquid (water). For an effective liquid (two-phase
medium), the equations of continuity and momentum are solved:
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Here νeff = ν+νt is the effective kinematic viscosity (the sum of laminar and turbulent
viscosities), P is the pressure divided by density, gi is the acceleration of gravity in the
i-th direction, Fσ is the surface tension force at the interface.

Two turbulence models were used in OpenFOAM to calculate the turbulent viscos-
ity:

• kEpsilon (k-ε) is the standard turbulence model [15]. Its application is possible
only in high-Reynolds calculations (on a relatively rough grid with wall functions).
Here are the fundamental equations for the k-ε turbulence model (1)-(5):

D

Dt
(ρk) = ∇ (ρDk∇k) + P̃k − ρε, (1)

where k is a turbulent kinetic energy [m2s−2], Dk is a effective diffusivity for k
[m2/s], P̃k is a turbulent kinetic energy production rate [m2s−3], ε is a turbulent
kinetic energy dissipation rate [kg/ms3],
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where Dε is a effective diffusivity for ε [m2/s],C1 is a model coefficient, C2 is a
model coefficient,

υt = Cµ
k2

ε
, (3)

where Cµ is a model coefficient for the turbulent viscosity, υt is a turbulent
viscosity [m2s−1],

k =
3

2
(I |uref |)2 , (4)

where I is a turbulence intensity [%] uref is a reference flow speed [ms−1],

ε =
C0.75
µ k1.5

L
, (5)

where Cµ = 0.09 is a model constant by default, L is a reference length scale [m],

• kOmegaSST combines both the k-ε model and the k-ω model, which is designed
for wall-area resolution approaches [16]. In this model, a new parameter, ω,
appears - the specific dissipation of vortices. The equations of the k-ω model are
solved in the wall region for this model, and the equations of the k–ε model are
solved in the area far from the wall.

Here we present the main equations for the turbulence model SST (6)-(10):

D

Dt
(ρω) = ∇(ρDω ∇ω) +

ργG

ν
− 2

3
ργω(∇u)− ρβω2 − ρ(F1 − 1)CDkω + Sω (6)

D
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3
ρk (∇u)− ρβ∗ωk + Sk (7)

υt = a1
k
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(8)

k =
3
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ω =
k0.5

C0.25
µ L

(10)

The initial conditions for the task: ug=0.273 m/s, f=0, P=7 MPa. The boundary
conditions for the task: for the wall it is ug=ul=0, for the lower wall of SPS it is
ul=Vl,in m/s (Vl,in is a constant velocity), for the inlet it is ug=0.273 m/s, for the
outlet it is P=7 MPa.

The main calculation module for two-phase problems in the OpenFOAM code is
interFoam, which allows for hydrodynamic analysis by the VOF method for two incom-
pressible liquids without taking into account phase transitions. The combined solution
of the continuity equation and the unsteady momentum equation for an effective liquid
is carried out by the PISO method [17], based on a predictor–corrector type scheme.
In this method, a preliminary velocity field is located at the predictor stage, which is
then refined along with the pressure field during several corrections.



Simulation of single-phase and two-phase flow through a submerged perforated sheet... 97

Figure 3: Grid models in longitudinal section: (a) grid No. 1, (b) grid No. 2, (c) grid
No. 3, (d) grid No. 4.

3 Equations and mathematics investigation of the influence of
the calculated grid and turbulence models

Creating a calculated grid is one of the key aspects in obtaining an accurate simulation
result. At the first stage, it is necessary to build a three-dimensional geometric model
of the computational domain using a solid-state modeling package. In this work, the
Salome [18] package was used, then a structured grid was built in the same package.
This grid was then imported into OpenFOAM. Several calculation grids were built,
Figs. 3 and 4.

• Grid number 1. The total number of calculated cells was 400 000. The grid has
two cell reduction zones before and after the SPS cell. In the central part of the
calculation area, cells of a minimum size of 0.08 × 0.180 × 0.1 mm are located
near the SPS hole (the cell sizes are specified for the following axes X, Y , Z).

• Grid No.2. The total number of calculated cells was 800 000. The grid has
one cell reduction zone before and after the SPS cell. In the central part of the
calculation area, cells of a minimum size of 0.075× 0.173× 0.07 mm are located
near the SPS hole (the cell sizes are specified for the following axes X, Y , Z).

• Grid No. 3 The total number of calculated cells was 1 000 000. The grid has
two cell reduction zones before and after the SPS cell. In the central part of the
calculation area, cells of a minimum size of 0.07× 0.162× 0.038 mm are located
near the SPS hole (the cell sizes are specified for the following axes X, Y , Z).

• Grid No. 4. The total number of calculated cells was 1 500 000. The grid has
three cell reduction zones before and after the SPS cell. In the central part of the
calculation area, cells of a minimum size of 0.06× 0.144× 0.036 mm are located
near the SPS hole (the cell sizes are specified for the following axes X, Y , Z).

Calculations were performed on each calculation grid using two turbulence models
kEpsilon and kOmegaSST. An important parameter characterizing the grid partition
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Figure 4: Grid models in cross section: (a) grid No. 1, (b) grid No. 2, (c) grid No. 3,
(d) grid No. 4.

in the wall region for turbulent flows is Y + =
√
τwρ y/µ, where τw is the friction

stress on the wall, y is the normal distance from the wall to the nearest calculation
node.The maximum/minimum values of Y + on the inner surface of the hole are shown
in Tab. 1. To simulate the influence of the wall on turbulence in this problem, scalable
(independent of Y +) wall functions are used, valid in the range 1<Y +<300. Thus, it
can be concluded that for all grids there is an adequate resolution of the wall area.

The results of calculations of the pressure drop at the SPS and the maximum steam
velocity in the hole are shown in Fig. 5. The difference between the parameters obtained
on grids No. 3 and No. 4 does not exceed 1%.

Figs. 6 and 7 show the results of pressure and velocity changes along the entire
length of the channel along the axis of symmetry, as well as the results of calculations
of this task using another CFD code FlowVision [19]. As can be seen from the pressure
change graph, the choice of the turbulence model significantly affects the result of the
pressure drop. It is worth noting that the results obtained using the k-eps turbulence
model are quite lumpy, and when using the SST turbulence model, there is some
variation in the values of the pressure drop and maximum velocity. Nevertheless, it
can be concluded that the results of the OpenFOAM code are in good agreement with
the FlowVision data. Tab. 2 shows the values of the pressure drop on the SPS cell and
the values of the maximum velocity in the hole for both calculation codes.

The calculation methods proposed in [3, 5] give relatively close pressure drop values
in the range of 932-979 Pa (Tab. 3, 2nd column). However, extrapolation of experimen-
tal data on the coefficient of hydraulic resistance SPS for single–phase steam [6, 7] to
the parameters of the problem considered in this article leads to a lower value 837 Pa.
Note that in [3] it is reported that the experimental data in all cases are below the
values obtained by this method, while the difference is within 2-15% and in excep-
tional cases can reach 22%. It can be assumed that a similar discrepancy also occurs
for methods very close to [3, 4, 5]. Then, assuming that the real pressure drops on the
SPS deviate from the values calculated according to these methods by 15%, we obtain
a range of pressure drop values of 810-851 Pa (Tab. 3, 3rd column), which is in good
agreement with the value of 837 Pa based on experimental data [6, 7].
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Figure 5: Influence of the grid on (a) the pressure drop for different turbulence mod-
els,(b) the maximum velocity for different turbulence models.

Figure 6: Graph of pressure (a) and velocity b) changes along the length of the channel,
using the k-epsilon turbulence model.

Figure 7: Graph of pressure (a) and velocity (b) changes along the length of the channel,
using the SST turbulence model.

Figure 8: Graph of pressure drop (a) and velocity (b) along the length of the channel.
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Thus, the following conclusions can be drawn:

1. All the results of calculations of the pressure drop on the SPS using the FlowVi-
sion and OpenFOAM codes for two turbulence models are close to each other,
the error does not exceed 10%;

2. A comparison of the values of pressure drops on the SPS obtained using the
FlowVision and OpenFOAM codes for two turbulence models with pressure drops
determined by various calculation methods and experimental data shows that the
value spread also does not exceed 10%.

For further analysis of the effect of the liquid film on the hydrodynamics of steam
flow through the SPS hole, the SST turbulence model was selected.

4 The influence of the water film on the hydraulic resistance of
SPS

For the problem of saturated steam flowing through one SPS cell in the existence of a
water film, a modified calculation grid No. 4 was used. For better resolution of a thin
film of liquid moving along the lower surface of the perforated sheet, several layers of
calculation cells were added in the area adjacent to this surface. As a result, the total
number of settlement cells in this case amounted to 2.5 million. Calculations of the
single-phase steam flow on grid No. 4 and modified grid No. 4 give the same results.

As mentioned above, the process of formation of a liquid film on the lower surface
of the SPS as a result of the removal of water droplets by a steam stream from pipe

Table 1: Maximum/minimum values of Y + on the inner surface of the hole
Model Grid №1 Grid №2 Grid №3 Grid №4

kEpsilon 127/21 97/14 56/11 31/5
kOmegaSST 128/26 106/20 68/15 37/7

Table 2: Values of the pressure drop on the SPS and the maximum velocity in the hole
Pressure drop ∆ P, Pa Maximum velocity value Vmax, m/s

The k-ε turbulence model
FlowVision 884 7.22
OpenFOAM 866 7.11

The SST turbulence model
FlowVision 954 7.50
OpenFOAM 883 7.22

Table 3: The values of the pressure drop on the SPS calculated by various methods
Method Pressure drop ∆P, Pa Pressure drop ∆P, Pa

(according to the method) (according to the method - 15%)
Idelchik (1960) [3] 932 810

RD-91 [4] 939 817
Idelchik (2007) [5] 979 851
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Figure 9: Vector field and pressure field (a) without a water film, (b) with a water film

bundles and their precipitation on this surface was not considered in the problem. It
was assumed that on the lower surface of the sheet, water is supplied at a given flow rate
and then, under the influence of steam flowing from the lower boundary, it is carried
up through the hole. The water flow rate was selected in such a way that during the
typical time of the process under study, when a pressure drop was established on the
diaphragm, a thin layer of liquid formed on the lower surface of the diaphragm. For
the calculation given below, this flow rate was 0.0648 g/s, which corresponds to the
humidity of the two-phase flow, which is the ratio of water flow to total flow, 0.28%.

Fig. 8 shows comparative graphs of the pressure drop and velocity changes along
the length of the channel during the flow of single-phase steam and in the presence of
a water film on the lower surface of the SPS. The water film reduces the pressure drop
on the SPS by smoothing the sharp edges at the entrance to the hole, as a result of
which the steam flow through the hole becomes smoother. The pressure drop at the
SPS hole during the flow of single–phase steam was 883 Pa, and the pressure drop for
the flow of steam in the presence of a water film was 832 Pa. Thus, the presence of a
water film reduces the pressure drop by about 6%.

As can be seen from Fig. 9, in the presence of a water film, the vortices in the hole
of the SPS cell become smaller, but it should be noted that they do not disappear
completely. Fig. 10 shows the current lines in the SPS hole without a water film and,
if there is one, as can be seen, in the absence of a water film, the vortices are more
intense, which leads to a higher pressure drop.
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Figure 10: Flow lines (a) without a water film, (b) with a water film

5 Conclusion

The article presents a numerical simulation of the flow of steam and steam-water mix-
ture through one periodic SPS cell using the OpenFOAM code. The calculated area
is a parallelepiped, at the lower input boundary of which a constant steam velocity
is set, at the upper boundary – the conditions for free exit of the medium, at the
lateral boundaries – either symmetry conditions or a solid wall. In the middle part
of the calculation area, a sheet of a given thickness with one hole is installed. The
OpenFOAM computational fluid dynamics code is used as the main calculation tool.
First, the flow of single-phase steam was considered. The mathematical model included
Reynolds-averaged equations of incompressible fluid motion supplemented by a semi-
empirical turbulence model. A study of the grid convergence of the solution on four
successively thickening grids was performed. The influence of two different turbulence
models on the solution is considered. Cross-verification with the FlowVision code has
been performed.

It was found that all the results of calculations of the pressure drop on the SPS
using the FlowVision and OpenFOAM codes for two turbulence models are close to
each other, the error does not exceed 10%. A comparison of the values of pressure
drops on the SPS obtained using the FlowVision and OpenFOAM codes for two tur-
bulence models with pressure drops determined by various calculation methods and
experimental data shows that the difference in values also does not exceed 10%.

The Influence of the liquid film on the flow of steam through the hole and the
resulting pressure drop was investigated. It was assumed that on the lower surface of
the sheet, water is supplied at a given flow rate and then, under the influence of steam
flowing from the lower boundary, it is carried up through the hole. To simulate the
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evolution of a two-phase medium, the VOF method was used, which allows tracking
the movement of the interphase boundary. It is shown that the water film reduces the
pressure drop on the SPS by about 6% compared to the flow of single-phase steam by
smoothing the sharp edges at the entrance to the hole, due to this, the flow of steam
through the hole becomes smoother.
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