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Numerical smulation of internal flow field of
liquid level control valve during closing process

Liquid level control value is widely used in the process
industry to control internal liquid height as pipe flow
control component. During the operation of the liquid level
control valve, the force condition of the value core directly
affects the stability of the valve works. Therefore, it becomes
the important factors in the design of the spring components
of the liquid level control valve. In this paper, the internal
flow field of the automatic control valve during closing
process is simulated by using Fluent CFD software. The
numerical simulation results show that in the process of
closing the automatic control value, the water hammer
phenomenon will be occurred at the beginning stage. With
the continuation of the valve closing process, the pressure
in upper chamber of the value core and internal chamber
arerapidly reduced and tend to be gentle, while the pressure
difference increases gradually. What is more, the flow of
throttle gradually increases, and the inner chamber of the
valve core appears small disturbance. These conclusions
provide a theoretical basis for the technical design and
improvement of the control valve.
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1. Introduction

technology and computational fluid dynamics, numerical

simulation has been widely used to study the complex
flow inside the valve. Through numerical simulation,
designers can understand the complex flow in it, so as to
improve its internal structure to reduce the flow loss, improve
valve vibration, and also save manpower and resources (Xu,
et al., 2003). The basic principle of the liquid level control
valve is to rely on the liquid pressure difference in different

In recent years, with the rapid development of computer
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parts of the valve to control the valve opening and closing.
Subtle changes in the internal structure of the control valve
can lead to changes in the internal flow field, and even the
formation of vortex and the disturbance, which will affect the
working performance of the control valve. So it is necessary
to study the internal flow field of liquid level control valve
which provides the basis for the design and optimization of
the structure of liquid level control valve.

There are many scholars who have performed a certain
studies on this aspect. Eatwell, W. D illustrated an effective
way of controlling and protecting the well formations by
installing a liquid level control subsurface value (Eatwell,
1988). In order to minimize the movement of the motor value
and maintain the tank level at the specified position, Khoei, A
proposed a controller for achieving that purpose (Khoei, et
al., 2005). C Hirsch introduced the fundamentals of
computational fluid dynamics for numerical computation of
internal and external flows (C, 2007). Wang, Zhan Yong put
forward the function, working principle and characteristic of
the oil control valve test system (Wang, et al., 2008). The
influences of fluid-structure interaction on fluid velocity and
eddy formation had been analyzed by Cao, Fang by building
the fluid-structure interaction system model of control valve
(Cao, et al., 2011). Zhang, Zhongzhen emphatically analyzed
causes of the failure for the level control valve in the ammonia
purification unit, so as to optimize the valve internal structure
accordantly (Zhang, et al., 2011). Buchtel, Michael E
introduced the liquid level control valve and its method in
detail (Buchtel, 2012). Liu, Changfeng had introduced a new
liquid level sensor with TDR technology and a robust motor
valve which will work together to make the refrigeration
system running in a safe and energy-saving way with easier
service (Liu, 2013). Wang, Yaping conducted a simulation
analysis of internal flow field in water storage tank which will
make level control valve of water storage tank better to meet
the work requirements (Wang, et al., 2014). D Wu aims to
elaborate on specific computational fluid dynamics (CFD)
simulation methods for fitting the flow-pressure curve of a
pressure control valve, which is spring-load valve widely
used in the automotive fuel supply system. A direct CFD
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method is introduced to solve this problem. Two evaluation
criteria are used to determine whether the internal flow is
physically real. An experiment is conducted to verify the
simulation results, and the accuracy of this CFD method is
proved (Wu, et al., 2015). Nenniger, John invented an inflow
control value for controlling the flow of fluids into a generally
horizontal production wall and illustrated its using method
(Nenniger, 2016). Cui, Baoling reported on experiments and
numerical simulations which were implemented to investigate
the influence of opening and closing process on the external
transient performance and the internal flow characteristics of
ball valve under different opening and closing time. The
results show that external transient performance and flow field
of ball valve have obvious difference between opening and
closing process as the fluid lags behind the change of relative
opening. With the opening or closing time increase, the
differences gradually become small and they are gradually
close to that of steady condition (Cui, et al., 2017).

It must also be mentioned that, little is known, about the
numerical simulation of internal flow field of liquid control
value during its closing process. And we demonstrate
through an extensive literature review that the existing models
are not capable of handling the specifics of problem in this
study. Based on the basic theory of computational dynamic
fluid and the basic model of turbulence, this paper uses the
computational fluid dynamics Fluent CFD software to simulate
the internal flow field of the liquid level control valve during
closing process, which is believed that the research result has
great practical significance for advancing research level of
liquid level control valve.

2. Basic theory and algorithm
2.1 COMPUTATIONAL FLUID MECHANICS

Computational fluid dynamics (CFD) is a numerical
simulation system for analyzing physical problems such as
fluid flow and heat conduction (Wen, et al., 2009). It is based
on the three equations of mass conservation, momentum
conservation, and energy conservation, and synthetically
uses the numerical calculation and image display of compute
function. Through the calculation and analysis of
computational fluid dynamics, the basic physical quantity
(such as velocity, pressure, temperature, concentration, etc.)
of the complex problem in the flow field and the changes over
time can be expressed in the form of image or animation. The
method has the advantages of strong universality, fast
operation speed and high precision. The solution process is
shown in Fig.1 (Yu, 2008).

2.2 NUMERICAL SIMULATION OF TURBULENCE

Turbulence is a highly complex and irregular unsteady
flow formed by the vorticity of randomly distributed vanes in
the size and direction of rotation. During the turbulent flow,
the parameters such as pressure, velocity, and drag coefficient
of the fluid change with time and space. The characteristics
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Fig.1 Work flow diagram of CFD

of turbulence include randomness, diffusivity, vorticity and
dissipation (Liu and Liao, 2000), which contain both random
and deterministic ordered components. Therefore, it is difficult
to solve the turbulence problem by means of deterministic
methods. At present, the turbulence numerical simulation
method mainly includes direct simulation method, large eddy
simulation method and Renault time-averaged method, in
which direct simulation method and large eddy simulation
method cannot be widely used in engineering calculation,
mainly because the current computer memory and computing
speed cannot meet its calculation requirements, so the Renault
time-averaged method has become the most widely used
turbulence numerical simulation method (Rollet-Miet, et al.,
1999).

It is generally believed that the unsteady continuity
equation and the N-S (Navier-Stokes) equation can describe
any complex turbulent instantaneous motion in nature, but
the computational complexity is very large, so it cannot be
achieved in engineering practice. The Renault time-averaged
method is to simplify the calculation of the N-S equation with
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respect to the time-dependent variable application statistics
(H.K.Versteeg and W.Mala asekera, 2000).

For incompressible fluids, the continuity equation is:
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In formula (1), u, represents the instantaneous speed in
the direction i.

The N-S equation is:
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the time average value of any variable ¢ as:
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The instantaneous value of any physical quantity can be
expressed as:

P=0+¢’ S

In formula (4), the superscript “-” represents an average
valuerelativetotimeand “ ' ” indicates the ripple value. The
turbulent flow variables are replaced by the sum of the
average value and the ripple value:

u; =u; + uL
{pi = Ei + P,I (5)
Substituting formula (5) into continuity equation (1) and

N-S equation (2), and then taking the time average for the
equation:
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Equation (7) is called Reynolds-Averaged N-S equation
(RANS), often called Reynolds equation, and among it, the

0 __
T PUY; is called Reynolds stress. The Reynolds equation

J

simplifies the turbulence variable to the average value and the
ripple value, but also introduces a new unknown-the Reynolds
stress, which is related to the turbulence ripple value. The
introduction of new unknowns makes the original equations
no longer closed and cannot be solved. Therefore, new
turbulence models must be introduced. In the new turbulence
model, the Reynolds stress associated with the turbulence
ripple value is reassembled to correlate the pulsating val ue of
the turbulence with the average value.

2.3 WALL-FUNCTION METHOD

The RNG k-& model is only effective for the fully
developed turbulence, but in the wall area, the flow
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characteristics are very different from those in the turbulent
region, especially in the viscous bottom layer. Since the effect
of turbulence stressis amost negligible in this area, the flow
of the viscous bottom layer almost exhibits as the laminar flow.
In order to solve this problem, the usual practice is to
introduce the wall function method in the wall area. Wall-
function method is actually a set of semi-empirical formulas
that relate the physical quantity on the wall directly to the
unknown quantity sought in the core of the turbulence
(Zhang, et a., 2005). The basic idea is to use the RNG k-¢
model to solve the flow of the turbulent core region. Instead
of solving the solution in the wall area, it used the set of semi
empirical formulasto directly analyze the physical quantities
with the turbulence core region. It needs to place the first
node in the troposphere, and the value of the first node is
determined by the formula, so that the node variable value of
the adjacent control volume of the wall can be obtained
directly. As shown in Fig.2(b), the number of meshes required
for the wall function method is small compared to the grid of
the low Reynolds k-¢ model (Fig.2(a)), which saved the
memory and time required for the calculation.
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Fig.2 Processing method for region near the wall

In the wall function method, the velocity u*, distance y*,
wall shear stress T, , turbulent kinetic energy generation item
G, and dissipation rate ¢ on the control volume node adjacent
to thewall are calculated according to the following formula:
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In the above formula, u, represents time averaged
velocity, kp represents turbulence energy, Ayp represents
distance between node p and wall, u represents
hydrodynamic viscous coefficient.

The internal fluid of the liquid level control valve is
affected by the internal structure and the wall of the valve.
The Reynolds number near the wall area is low, and the
influence of the molecular viscosity cannot be neglected. In
this paper, the wall function method has been applied to
research the near wall area of the liquid level control valve.

3. Establishment of geometric model

After the float valve is closed, all the fluid flows out through
the outer chamber of the automatic control valve. At this time,
the automatic control valve is a longitudinal symmetrical
structure. The flow characteristics of the fluid in the
longitudinal midline section can basically reflect the whole
situation of the fluid in the valve. In order to simplify the
calculation, this paper
establishes a two-dimensional
approximation model to
simulate the closing process of
the automatic control valve.

The two-dimensional
geometric model of the
automatic control valve in the
fully open state has been
established by using the
AutoCAD software as shown
in Fig.3. As in the simulation
process, we main concern
about the change of pressure,
speed and other parameters in
internal flow field, thus some
unnecessary structures have
been simplified. Taking the
complexity of flow field at the
inlet and outlet position of the
level control valve into
account, a 100 mm long pipe
section is retained at the inlet

Outlet

Fig.3 2D geometric model of
automatic control valve

(2) Off value 14 (3) Off value 2/4
Fig.4 Mesh grids of calculation model

(1) Just begin to close
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and outlet positions of the automatic control valve.

4. Mesh generation

The two-dimensional geometric model established by
AutoCAD is introduced into the pre-processing software
Gambit to generate the grid model. Because the model is
complicated, the triangular unstructured meshing is adopted.
With the dynamic grid technology, the grid model for different
degree of valve closure is shown in Fig.4.

5. Boundary conditions and setting
of calculation parameters

To start the two-dimensional single-precision version, select
a pressure-based non-steady-state solver, and keep the first-
order implicit format of the time term. Turbulent model select
the RNG k-¢ two equation model. Fluid material is set to water,
and its density is modified to 1000 kg/m?. Operating
conditions remain the default settings, and the entire process
ignores gravity effects. In the dynamic grid parameter setting
process, smoothing, layering and remeshing are selected. The
parameters of the smoothing mode are set to spring constant
factor equals 1, boundary node relaxation equals 0.7,
convergence tolerance equal to 0.001, number of iterations
equal to 50. The parameters of the layering mode are set to
split factor equals 0.4, collapse factor equals 0.04, and the
parameters of the remeshing mode are set to minimum length
scale equal 2¢-05, maximum length scale equals 0.007,
maximum cell skewness equals 0.6, size remesh interval equals
1. SIMPLE algorithm is chosen as pressure-speed coupling
algorithm, and the convergence factor parameter to maintain
the default settings. Since it is an unsteady flow, all residual
convergence accuracy is defined as 0.001. The iteration is
started after initializing the flow field.

6. Resultsand analysis

After the iteration calculation, the pressure, velocity
distribution in the process of closing the valve can be
obtained.

From the pressure distribution diagram (Fig.5), it can be seen
that when the automatic control valve is begin to close, the
upper chamber of the valve and the internal chamber of the

: value core generate a high pressure,
and the outer chamber of the value core
produces a negative pressure. This is
because at the beginning of the closure
procedure, the acceleration of the core
of the automatic control value is
relatively large, and the value core
obtained an initial closing speed in a
short period of time, which results in
the occurrence of water hammer
phenomenon. With the continuation of
the valve closing process, the pressure
on the upper chamber of the value core

(4) Off value 34
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Fig.7 Velocity vectors

From the velocity distribution
diagram (Fig.6), it can be seen that
when the control valve is begin to
close, the fluid velocity increases
abruptly, which is caused by a
sudden pressure increases at the
upper chamber of value core. At the
same time, the increase of fluid
velocity also leads to the emergence
of negative pressure in the outer
chamber of the value core. As the
process of closing the valve
continues, the velocity at the outer
chamber of the value core is
gradually reduced and the velocity of
the fluid at the orifice is gradually
increased due to the gradual increase
of the pressure difference between
the upper and the internal chamber of
the core of the value.

From the velocity vector diagram
(Fig.7), it can be seen that there is a
large eddy current and disturbance
in the outer chamber of the value
core and the outlet pipe during the
closing process, and a small
disturbance occurs in the internal
chamber. Therefore, it is necessary to
control the flow direction of the
valve core in the form of a guide bar.

From the pressure changes
diagram at the position of value core
(Figs.8 and 9), it can be seen that the
pressure of the upper chamber of the
value core is larger than that of the
internal chamber. With the
continuation of the valve closing
process, the pressure difference
between them gradually increases,
indicating that the acceleration of
liquid inside the valve is gradually
reduced.

7. Conclusion

In this paper, the governing
equations of the internal flow field of
the automatic control valve are
established by using the basic

remained stable and the pressure in the internal chamber of the  theory of computational dynamic fluid and the RNG two
value core was gradually reduced. The pressure difference  cquations turbulence model. The finite volume method is
between the upper and inner chamber of the value core i yged to discretize the equations. The internal flow field of the
gradually increased. The pressure in the outer chamber of the  aytomatic control valve during closing process is simulated
value core is gradually increased. by using Fluent CFD software. And the pressure diagram,
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Fig.9 Pressure difference between the upper and lower part of the
value core

velocity profiles diagram, velocity vector diagrams and
streamlines diagram were obtained. The numerical simulation
results show that in the process of closing the automatic
control value, the water hammer phenomenon will be occurred
at the beginning stage, resulting in the increase of pressure
in upper chamber of the value core and the velocity of fluid
at outer chamber of value core. With the continuation of the
valve closing process, the pressure in upper chamber of the
value core and internal chamber are rapidly reduced and tend
to be gentle, while the pressure difference increases gradually.
What is more, the flow of throttle gradually increases, and
the inner chamber of the valve core appears to be small
disturbance. These conclusions provide a theoretical basis
for the technical design and improvement of the control valve.
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