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Abstract - The purpose of this study was to confirm, through experiments and computational fluid dynamics (CFD) analysis, the flow
characteristics of a control valve with a three-stage perforated cage and to evaluate the flow state from the CFD visualization results. The
control valve evaluated in this study was a size 2-inch perforated cage valve. We used a 3D metal printer to create two types of cages
with different resistances in the first or second stage. The flow coefficient C, was calculated from three differential pressure conditions,
and the liquid pressure recovery factor F_ was calculated from the maximum differential pressure. We calculated and compared the flow
characteristics, Cyand F, obtained from experiments and CFD analysis to confirm the validity of the CFD analysis model used in this
study. We visualized the pressure distribution, velocity distribution, and void fraction obtained from the CFD analysis. The visualization
results showed that the perforations in the first and second stages had non-choked turbulent flows with no cavitation, whereas perforations
in the third stage had cavitation at the inlet of the perforations. We found that cavitation in the third stage could be suppressed by
increasing the resistance of the first stage rather than increasing the resistance of the second stage.
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1. Introduction

Control valves are fluid machines used to control the flow rate and pressure of liquid flowing through pipes in chemical
plants and factories. In particular, cavitation occurs in liquids owing to local increases in flow velocity and vortices, causing
problems such as vibration and erosion. The intrinsic properties of a control valve include the flow coefficient Cy and liquid
pressure recovery factor F.. Cy indicates the ease of fluid flow, and F_ indicates the ease with which choke flow occurs
owing to cavitation. Because control valves can also be used under high differential pressures, they must have a structure
that suppresses cavitation. Therefore, research on cavitation suppression in control valves has been conducted. Previous
research includes the following studies.

Gao et al. investigated cavitating flows in the orifices of poppet and ball valves using k—¢ turbulence and multi-phase
flow cavitation models [1]. Rammohan et al. investigated the effect of five types of cages with different numbers and types
of perforations on flow rate and cavitation [2]. Maynes et al. investigated the flow through a perforated plate and found that
the loss coefficient and cavitation number were highly dependent on the plate geometry [3]. Yaghoubi et al. studied the
effects of the number of trims (no trim, one trim, and two and three trims) via numerical analysis [4]. Gao et al. experimentally
and numerically investigated the flow and cavitation characteristics of cage-type control valves to identify the valve cages
with better performance [5].

In this study, we used experiments and computational fluid dynamics (CFD) to assess the influence of C, and F_ on a
three-stage perforated cage when the resistances of the first and second stages were changed. We compared the experimental
flow characteristics and choke flow with the CFD analysis results to check the validity of the CFD analysis. We then
visualized the pressure distribution, velocity distribution, and void fraction obtained from the CFD analysis to examine and
assess the flow state inside the control valve and the location of cavitation occurrence.

2. Material and Method
2.1. Control Valve

Fig. 1 shows a cross-sectional view of the 3D model of the perforated cage of the assessed 2-inch control valve, Fig. 2(A)
shows an image of the perforated cage used in the experiment, Fig. 2(B) shows the details of the perforations in the perforated
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cage, and Fig. 2(C) shows a horizontal cross-sectional view of the perforated cage. The flow direction is indicated by an
arrow in the figure and the valve is flow-to-close. In this study, we used two cages each with a three-stage structure created
by a 3D metal printer. Because the cage perforations were created by a 3D metal printer, the top of the perforations had an
acute angle, as shown in Fig. 2(A). The cage perforations were of two different sizes (Fig. 2(B)), and the area ratio of the
large perforations to the small perforations was 1 : 0.7. The perforations were arranged in the first, second, and third stages
from the outside of the cage toward the center, and the area ratios of each perforation for the two cage types are listed in
Table 1. In the horizontal direction, the perforations were arranged every 12° in the first and third stages, whereas for the
second stage, the perforations were arranged centrally between those in the first and third stages (Fig. 2(C)). In the vertical
direction, each row comprised 3 perforations, and the perforation distance (distance between the centers of the semicircles)
was 6.4 mm. Henceforth, the cage with small perforations in the first stage will be referred to as Model 1, and the cage with
small perforations in the second stage will be referred to as Model 2. The valve travel in the experiment and CFD analysis
was set to 100%.

Cage Plug

P

ﬁ . Flow direction

Fig. 1. Control valve.

1.8 mm
2.8 mm
1.5 mm
(A) Image of the cage. (B) Cage perforation design parameters. (C) Horizontal section.

Fig. 2: Perforated cage.
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Table 1: Perforation area ratio of perforated cages.

1% stage 2" stage 3" stage
Model 1 0.7 1 1
Model 2 1 0.7 1

2.2. Experimental Setup

Fig. 3 shows a schematic of the experimental equipment. Water was sent from the pump, and the flow rate was measured
by a flow meter located on the inlet side of the test valve. The downstream valve was controlled 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 were recorded. Water was sent to the water pool from the downstream valve and circulated. The pressure measurement
points were set at 2D in the inlet side and 6D in the outlet side, where D is the pipe diameter, in accordance with the control
valve test pressure measurement positions in International Electrotechnical Commission 60534-2-3.

Cv was determined from the non-choked flow state, and F_ was determined from the choked flow state. In this experiment,
the inlet pressure Pi, was set at 3.4 MPa (abs). Cv measurements were conducted under three differential pressure conditions,
and F. measurements were conducted 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. 3: Schematic of the experimental setup.

2.3. CFD Analysis

In the CFD analysis, the pipe 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. Fig. 5(A) shows the details of the perforations in the CFD mesh, and Fig.
5(B) shows an enlarged view of the perforations in the perforated cage. The upper acute angle of the perforations in the
fabricated perforated cage was slightly flat; therefore, the perforations in the CFD mesh were filled in at 0.5 mm from the
upper end. The mesh size was determined when generated to guarantee the greatest element resolution around the
perforations. The 1D inlet pipe and 3D outlet pipe were created using a hexa mesh, and the other parts were created using a
tetra mesh. The flow rate Q flowing into the control valve was calculated by applying the experimentally measured pressure
conditions at the pipe inlet and outlet boundaries. CFD analysis was conducted by setting the intermediate differential
pressure among the three differential pressure conditions as the boundary condition for Cy computations and the maximum
differential pressure for FL computations. Cy and F. were determined by Egs. (1) and (2) using each pressure P, flow rate Q,
and saturated vapor pressure py.
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Table 2 presents the details of the CFD analysis conditions. The CFD solver used was Advance/Frontflow/Red Ver. 5.4,
which is a commercial fluid analysis software. A homogeneous flow model was used for cavitation modeling. For the
advection term, stable solutions were obtained using the second-order upwind method. In the CFD analysis of Cy, At was
set at 1x10®, and in the CFD analysis of F., computations were conducted at 5x10° to suppress computational divergence.
Additionally, the number of mesh elements was set at approximately 7,000,000, and the computation was conducted using
the supercomputer “Squid,” owned by Osaka University, which provided the computational resource.

1D 3D

Flow
direction
2.9 mm
1.8 mm
I 2.3 mm
1.5 mm
(A) Perforation shape when meshing. (B) Enlarged view of cage perforation part.
Fig. 5: Mesh model details.
Table 2: CFD conditions.
Software Advance/FrontFlow/Red Ver.5.4
Turbulent model Large Eddy Simulation (LES)
Water (25°C)
Fluid Cv: Incompressible

F.: Compressible
6,969,158 (Model 1)
7,115,330 (Model 2)
Advection term discrete scheme Momentum | 2" order upwind
Law of the wall Spalding’s law

At 1x10°, 5x10°

Number of cells
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3. Results and Discussion
3.1. Experimental and CFD results

Fig. 6 shows the experimental and CFD analysis results for each cage. The vertical axis is the flow rate, and the horizontal
axis is the 1/2 power of the differential pressure. The region where the flow rate increases linearly is a non-choked flow
region, and the region where the flow rate remains unchanged is a choked flow region. No clear choked flow region, wherein
the flow rate remains flat, was confirmed in either Model 1 or 2, which was consistent with the substantial experimental F.
results for Models 1 and 2.

Table 3 presents the experimental and CFD analysis results for Cyv and F.. The experimental F_ value for Model 1
exceeded the maximum measurable F_ (0.99) calculated from the upstream, differential, and saturated vapor pressures under
the maximum differential pressure conditions achievable by the equipment. Therefore, the experimental F. value for Model
1 was set at more than 0.99, and the CFD error was not calculated. The F_ for Model 1 was slightly higher than that for
Model 2, indicating that the flow was less likely to choke. The errors between the experiment and CFD analysis were within
2.6% for Cy and 2.2% for F, and the CFS analysis model used in this study is thought to be valid.
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Fig. 6: Comparison between experimental and CFD analysis results.

Table 3: Results of the experiment and CFD analysis.

CFD Experiment Error %
Cv 8.7 8.7 0.1
Model 1 F 0.96 More than 0.99 -
Cy 8.7 8.9 -2.6
Model 2 FL 0.95 0.97 -2.2

3.2. Visualization

Fig. 7(A) shows a vertical cross-sectional view of the center of the control valve, and Fig. 7(B) shows the top view of
the horizontal cross-section on the straight red line indicated in Fig. 7(A). This horizontal cross-section was considered the
second perforation cross-section from the top.

Fig. 8 shows the visualization results of the CFD analysis during F. computation when the downstream pressure was set
to atmospheric pressure to ensure the maximum differential pressure. Fig. 8 shows the results of the pressure, velocity, and
void fraction of the area shown in Fig. 7(B). A comparison of the pressure values in Models 1 and 2 reveals that the pressure
reduction patterns differed. Model 1 exhibited a large pressure reduction in the first stage, whereas Model 2 exhibited a large
pressure reduction in the second stage. No major differences in the pressure distribution were observed after the second stage.
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A comparison of the velocities showed that Model 1 had a higher velocity in the first stage, whereas Model 2 had a
higher velocity in the second stage. A comparison of the void fractions showed that the first and second stages in both
Models 1 and 2 exhibited a non-choked turbulent flow state without the occurrence of cavitation, and the third stage had
a high void fraction on the wall surface with the occurrence of cavitation.

Fig. 9 shows the visualization of the void fraction in the third stage in Models 1 and 2. Fig. 9 shows a visualization
of the inside of the perforations every 90°, with the visualized areas numbered | to IV in a counterclockwise direction
and circled in red. Fig. 9 shows that Model 2 had a wider area with a high void fraction, with cavitation occurring at the
inlet of the perforations. Therefore, increasing the resistance of the first stage is thought to further suppress the

occurrence of cavitation.
Fig. 10 shows the visualization results of the vertical cross-sectional view of the F. CFD analysis. Fig. 10 shows

that the height of the perforations had no effect on the pressure, velocity, or void fraction.
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(A) Side view of the valve cross-section. (B) Horizontal section along the red line of Fig.7(A).
Fig. 7: Schematic of the cross-section.
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Fig. 8: Horizontal cross-sectional view.
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Fig. 9: Visualization of the void fraction in the third stage.
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Fig. 10: Vertical cross-sectional view.

4. Conclusion

In this study, we used experiments and CFD analysis to assess the flow characteristics of a control valve when changing
the resistance ratio of the first and second stages of the perforated cage having a three-stage structure. We obtained the
following conclusions.

1. The F_ of Model 1, which had a larger resistance in the first stage; was higher than that of Model 2 and less likely to
choke.

2. The visualization of Models 1 and 2 showed that the first and second stages exhibited non-choked turbulent flows in
which no cavitation occurred.

3. We found that cavitation in the third stage could be suppressed by increasing the resistance of the first stage rather
than increasing the resistance of the second stage.
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