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Abstract - This study is performed to confirm the flow characteristics under varying inlet pressures in a control valve using a single-
stage resistance perforated cage via experiments and computational fluid dynamics (CFD) simulation and to evaluate the flow state based
on CFD visualization results. The target control valve is a 2-inch perforated cage valve, and the hole shape is cylindrical with a diameter
of 2.5 mm. The flow coefficient (C,) is calculated based on three differential pressures, and the liquid pressure recovery factor (£7) is
calculated using the maximum differential pressure. We calculate and compare the C, and F;, which are flow characteristics, from the
experimental and CFD results to confirm the validity of the CFD analysis model. Subsequently, the pressure distribution, velocity
distribution, void fraction, and erosion are visualized based on the CFD analysis results. The results show that a region with a high void
fraction is generated owing to cavitation caused by flow separation at the inlet of the perforation, and that an increase in the inlet pressure
results in a region with a high void fraction expanding to the outlet of the perforation.
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1. Introduction

Control valves are a component used to control the flow rate of fluid flowing through pipes in chemical plants and
factories. They are characterized by their flow coefficient (Cy) and liquid pressure recovery factor (7). Cy indicates the ease
of fluid flow, whereas F indicates the ease with which choke flow occurs due to cavitation. Control valves are typically used
under high differential pressures; therefore, their structure must facilitate cavitation suppression, which is a topic under active
investigation. Investigations pertaining to cavitation related to control valves are briefly introduced below.

Gao et al. investigated cavitating flows in the orifice of a poppet valve and ball valve using a k—epsilon turbulence model
and multiphase-flow cavitation model [1]. Yaghoubi et al. investigated intensity and formation regions of cavitation for four
different cases via numerical analysis [2]. Qiu et al. numerically investigated the cavitation in a sleeve regulating valve under
different pressure differences and valve core displacements [3]. Liu et al. experimentally and numerically investigated the
cavitation in a regulating valve under different inlet pressures [4].

In this study, we use a perforated cage with a cylindrical orifice shape as a single-stage resistance element and perform
computational fluid dynamics (CFD) simulation to evaluate the flow inside a control valve and to determine the location of
erosion when the inlet pressure is changed. We first compare the experimental results of flow characteristics and choke flow
with the CFD results to validate the CFD results. Subsequently, we visualize the pressure distribution, velocity distribution,
and void fraction based on the CFD results to examine them as well as to determine the locations where cavitation occurs
and erosion effects are strong.

2. Material and Method
2.1. Control Valve

Fig. 1(a) shows the cross-sectional view of a three-dimensional (3D) model of a perforated cage with a 2-inch control
valve and the details of the perforated cage. Fig. 1(b) shows a photograph of the perforated cage used in the experiment. The
flow direction, as indicated by the arrow in the figure, is the flow-to-close direction. The perforated cage is cylindrical and
features a hole diameter of 2.5 mm, with two holes and one hole arranged in an alternating manner in the circumferential
direction. The distance between the centers of the holes in the vertical direction is 6 mm, and the distance (angle) between
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the centers of the holes in the horizontal direction is 15°. The aperture of the valve in the experiment and CFD simulation
was set to 100%.

Cage Plug

-
|—> : Flow direction
¢ 2.5 mm

(a) Control valve and cage design parameters. (b) Perforated cage.
Fig. 1: Control valve.

2.2. Experimental Setup

Fig. 2 shows a photograph of the test valve used in the experiment. The pressure measurement points were 2D in
the inlet side and 6D in the outlet side, with D being the pipe diameter, which is in accordance with the control-valve
test pressure-measurement positions stipulated in International Electrotechnical Commission 60534-2-3.

Fig. 3 shows a schematic diagram of the experimental equipment. Water is supplied from the pump, and the flow
rate is measured using a flow meter installed at the inlet side of the test valve. The aperture of the downstream valve is
changed to adjust the differential pressure applied to the test valve, and the flow rate, inlet pressure, differential pressure,
and water temperature of the control valve are recorded. Water is supplied to the pool from the downstream valve and
circulated.

Cy can be determined from the non-choked flow state, whereas F; can be determined from the choked flow state.
In this experiment, the inlet pressure P;, was set as 0.5, 1.7, and 3.5 MPa (abs). Cy was measured under three differential
pressures, whereas F; was measured at the maximum differential pressure achievable by the measurement equipment
and at a differential pressure of 90% of the maximum differential pressure.
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Fig. 2: Test valve during experiment.
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Fig. 3: Schematic illustration of experimental setup.

2.3. CFD Simulation

In the CFD simulation, the piping lengths on the inlet and outlet sides of the control valve were set to 2D and 6D,
respectively, as in the experiment. Fig. 4 shows the CFD mesh. The mesh size was specified that the element resolution
around the cylindrical diaphragm, which is the focus of this study, would be the highest. The 1D inlet piping and the 3D
outlet piping were created using a hexa mesh, whereas the other components were created using a tetra mesh. The flow rate
O at the control valve was calculated by applying the experimentally measured pressures at the pipe inlet and outlet
boundaries. CFD simulation was conducted by setting the intermediate differential pressure among the three differential
pressures as the boundary condition for Cy calculations and the maximum differential pressure for £ calculations. Cy and
F; can be determined using in Egs. (1) and (2) using the pressure P, flow rate O, and saturated vapor pressure p,.

(1

1
/Pin, — 0.96p, JPm — 096p, Cvy

Table 1 shows the details pertaining to the CFD simulation. The CFD solver used was Advance/Frontflow/Red ver. 5.4,
which is a general-purpose fluid analysis code. A homogeneous flow model was used for cavitation modelling. For the
advection term, stable solutions were obtained using the second-order central difference method for Cy analysis and the
second-order upwind difference method for F analysis. At was set to 1x107°, and in some CFD analyses of F, calculations
were conducted at 510 and 2.5x10° to suppress calculation divergence. Additionally, the number of mesh elements was
set to greater than 500,000, and 200 parallel calculations were conducted using the Fugaku supercomputer.
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Fig. 4: Mesh model.
Table 1: Details of CFD simulation.
Software Advance/FrontFlow/Red Ver.5.4
Turbulent model K-epsilon turbulence model
Fluid Water (25°C, Compressible)
Number of cells 5,375,372
. And
Advection term discrete scheme Il.l case of Cy: 2™ order central
Momentum difference
In case of F;: 2™ order upwind
Law of the wall Spalding’s law
At 1x107%, 5x10°, 2.5x10°¢

3. Results and Discussion
3.1. Experimental and CFD results

Fig. 5 shows the experimental and CFD results at each inlet pressure. The vertical axis represents the flow rate, and
the horizontal axis represents the 1/2 power of the differential pressure, with the region where the flow rate increases
linearly being a non-choked flow region, and the region where the flow rate remains unchanged being a choked flow
region. As shown, an increase in the inlet pressure increased the differential pressure until choked flow, and the flow
rate of the choked flow increased.

Table 2 shows the experimental and CFD results for Cy and F;. The errors remained within 3.4% and 5.8% for Cy
and F, respectively; thus, the CFD model used in this study was considered valid.
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Fig. 5: Comparison of experimental and CFD results at each inlet pressure.

Table 2: Experimental and CFD results.

Inlet pressure CFD Experiment Error %
0.5 MPa[abs] IC;Z 3345‘ f); 21% -1378
1.7 MPaabs] gLV g:% ﬁjéé 2578
3.5 MPa[abs] ICVLV 3247‘3 3:% -33@

3.2. Visualization

Fig. 6 shows the visualization results based on the vertical cross-sectional view of the control valve; specifically, it
shows the CFD results for the three inlet pressures shown in Table 2. The outlet pressure was set to atmospheric pressure to
achieve the maximum differential pressure. The pressure, velocity, void fraction, and void fraction in the enlarged view of
Fig. 4 are shown for each inlet pressure. The pressure is reduced by the perforations. Regarding the velocity, it was observed
that as the inlet pressure increased, the flow velocity both through the perforation and in its downstream region also increased.
Areas with high void fractions were indicated on the perforated wall surface at an inlet pressure of 0.5 MPa [abs]. At an inlet
pressure of 1.7 MPa [abs], the void fraction increased in the region beyond the perforations, and at 3.5 MPa [abs], a region
with a higher void fraction was generated beyond the perforations, with high-void fraction regions clearly observed toward

the valve-outlet side.
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Fig. 6: Vertical cross-section view for each inlet pressure.

Figs. 7(a) and 7(b) show the side and top views of the control valve, respectively, whereas Fig. 7(c) shows the top
view of the horizontal cross-section on the straight red line indicated in 7(a).

Fig. 8 shows the visualization results of the control valve from the top; specifically, it shows the CFD results for
the three inlet pressures listed in Table 2. The outlet pressure was set to atmospheric pressure to achieve the maximum
differential pressure, and the visualization results are shown in the area shown by a red square in Figs. 7(b) and (c). The
top view of the void fraction shows that the void fraction on the wall inside the perforations was high under all three
inlet pressures, and that an increase in the inlet pressure increased the void fraction on the cage wall on the outlet side
of the perforation. Based on the horizontal cross-sectional diagrams of the void fraction and pressure, we speculated that
separation occurred near the inlet side wall of the perforation, cavitation occurred owing to the pressure drop at the
separation location, and the void fraction of the perforated wall increased. The results indicate that when the perforation
angle was not parallel to the flow and the flow curved along the shape of the control valve body before entering the
perforation, separation occurred primarily on one side of the wall surface.

Additionally, we used the erosion equation (as shown in Eq. (3)) proposed by Nomi et al. to evaluate the occurrence
of erosion [5]. In Eq. (3), T;, «, and P denote the cavitation generation period, void fraction, and pressure, respectively.
Based on the visualization results, the erosion index in the perforations increased. Moreover, increasing the inlet pressure
further increased the perforation erosion index as well as expanded regions with a high erosion index.
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Fig. 7: Schematic illustration of cross-section.
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Fig. 8: Comparison of erosion-index results for each inlet pressure.
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4. Conclusion
In this study, the flow characteristics of a control valve using a single-stage resistance perforated cage were evaluated
via CFD simulation under varying inlet pressures. The results obtained were as follows:
1. When the outlet pressure was set to atmospheric pressure, increases in the inlet pressure resulted in the void
fraction increasing up to the outlet area of the perforation.
2. In perforations where the angle was not parallel to the flow and the flow curved along the shape of the control
valve body before entering, the void fraction on one side of the perforation wall surface was high.
3. Increases in the inlet pressure resulted in regions with a high erosion index expanding from the inlet side to the
entire perforation.
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