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Abstract: Globe control valve is widely used in chemical, petroleum and hydraulic industries, and its throttling feature is achieved by
the adopting of valve plug. However, very limited information is available in literature regarding the influence of valve plug on the
internal and external features in globe control valves. Thus the effect of valve plug is studied by CFD and experiment in this paper. It is
obtained from external features that the pressure drop between upstream and downstream pressure-sampling position increases
exponentially with flow rate. And for small valve opening, the increment of pressure drop decreases with the increase of cone angle (f).
However, with the increase of valve opening, the effect of cone angle diminishes significantly. It is also found that the cone angle has
little effect on flow coefficient (C,) when the valve opening is larger than 70%. But for the cases less than 70%, C, curve varies from an
arc to a straight line. The variation of valve performance is caused by the change of internal flow. The results of internal flow show that
cone angle has negligible effect on flow properties for the cases of valve opening larger than 70%. However, when valve opening is
smaller than 70%, the pressure drop of orifice decreases with the increase of f, making the reduction in value and scope of the high
speed zone around the conical surface of valve plug, and then results in a decreasing intensity of adjacent downstream vortex.
Meanwhile, it is concluded from the results that the increase of cone angle will be beneficial for the anti-cavitation and anti-erosion of
globe control valve. This paper focuses on the internal and external features of globe control valve that caused by the variation of cone
angle, arriving at some results beneficial for the design and usage of globe control valve.
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The internal and external features of valves have been

1 Introduction

Globe control valve is a special kind of globe valve,
having the function of regulating flow, as shown in Fig. 1.
It is widely used in piping systems applied to the chemical,
petroleum and hydraulic industries. The throttling feature
of Globe control valve is achieved by the adopting of valve
plug. It is thus important to study the influences of valve
plug on the performance of valve, and then to conduct
valve design.

Valve core

Cross section (T)
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Plug Valve body

Fig. 1. Structure of globe control valve
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analyzed in many studies’ '”. MOUJAES, et al''l, used
CFD to investigate the effects of Reynolds number on the
loss coefficient and flow coefficient of a ball valve. AN, et
al®, predicted three-dimensional incompressible flow
characteristics of high pressure drop control valves by a
CFD-ACE code. MORRIS, et al™¥), carried out experimental
studies to obtain the compressible flow field of a butterfly
valve, and the roles of valve disc shape, valve disc angle
and operating pressure ratio were investigated.
LEUTWYLER, et al*® have done many two-dimensional
and three-dimensional simulations for butterfly valves, and
the influences of compressible flow on flow field, resultant
force and aerodynamic torque were indicated. CHERN, et
al’”l investigated the flow patterns and cavitation
phenomena in a ball valve by
experiments. PALAU, et al® analyzed the effect of
geometry on the performance of a 3D control valve by
numerical simulations and experiments. FERRARI, et all”),
presented the relationship between valve pressure drops
and flow-induced forces of a globe valve. CHO, et al!'”,
analyzed the force balance relationship of an unbalanced
globe valve with respect to the opening of the valve.
However, only a few studies are focused on globe control
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valves. JAMES, et all'"'? used CFD and experimental
methods to study the external performance and the flow
fields of globe control valves, and the role of seat radius
was investigated. Thus, very limited information is
available in literature regarding the influence of valve plug
on the internal and external features of globe control
valves.

Owing to the development of computer technology,
numerical simulation have been an efficient way for the
investigation of fluid machineries!' > 33"
Therefore, in present study, globe control valves are
investigated by combining CFD and experimental methods.
The influence of cone angle of plug on flow properties
(velocity distribution, pressure distribution and vortex
distribution) and throttling performance (pressure-flow rate
curve and flow coefficients) are discussed, under different
valve openings.

2 Problem Description and Setting

Since most of control valves use conical plug to obtain
better throttling performance, conical plug is investigated in
present study (Fig. 1). The cone angles (f) of 7.5°, 10°,
12.5°, 15°, 17.5° are analyzed, and the valve plug with f of
7.5° is tested experimentally. The maximum distance (L)
between valve plug and valve body is 27.5 mm, which is

=

, including valves.

used to get a non-dimensional valve opening (/). So L=0
represents the valve is closed, L=27.5 mm represents for
the full open. The valve diameter is 50 mm and flow rate
varies from 0 to 26 m®/h, the working fluid is water with a
density of 1.01x10° kg/m’, and the working temperature is
25 °C.

3 Experimental Method

Experiments play an important role in the study of fluid
machinery, and verify simulation procedures. Hence, in this
study, experiments are carried out for the globe control
valve.

Fig. 2 is the schematic of the experimental system and
the test section. This experimental system is built in
accordance with the international standard (EN 1267: 1999),
and it consists of a reservoir, two control valves, a
centrifugal pump (S80x65, 0=50 m’ /h, H=32 m), a flow
meter (Optiflux2100, 0-60 m’ /h), a thermometer (PT100,
0-100 °C), two pressure sensors (S-10, 0-0.4 MPa), a test
valve and several pipes. The pipes upstream and
downstream the test valve have the same internal diameter
(d) with the test valve. The pressure ports are located at 5d
upstream the test valve and 10d downstream, respectively.
The center lines of pressure ports are horizontal and
coincide with those of pipes.

Control valve 1 Thermometer
% . Pump
. 2 Test section
E o |
- i et Testvalve SonoorS | Control valve 2
s Enl
| |
| 5d 10d | >10d
ot )

Reservoir

Fig. 2. Flow schematic of the experimental system

Experiments are carried out at 25 °C. The pressures
upstream and downstream the test valve are adjusted
through the variation of valve opening. The experimental
data are recorded only when stable flow is reached. The
uncertainties of meters are estimated as follows: the
thermometer £0.3 °C, the pressure sensor +0.25% and the
flow meter £0.5%. Each experimental process is repeated 5
times to reduce random error.

4 Simulation Modeling

In this study, the commercial software FLUENT (Ansys,
Inc., Canonsburg, PA, USA) is employed for numerical
calculation. The dynamics of incompressible flow is
governed by the time-varying conservation of mass and

momentum, namely the incompressible Reynolds-Averaged
Navier-Stokes (RANS) equations. The standard k—¢
turbulence model is adopted as the Reynolds number has a
magnitude of 10*. The conservation equations for the
continuous phase are given by
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where G represents the generation of turbulence kinetic
energy, 4, is the turbulent viscosity, o, and o, are the
turbulent Prandtl numbers for k£ and ¢, C;, and C,, are
equation coefficients.

5 Simulation Procedure and Validation

Following to the international standard of valve test, the
computational domain of the present calculation extends
10d upstream and 10d downstream of the test valve, as
shown in Fig. 3. And likewise, the pressure drop between
5d upstream the valve and 10d downstream are extracted
for analysis.

AP

‘ 5d 5d 10d

Fig. 3.

Computational domain and grid of globe control valve

According to the 3D structure of globe control valve,
unstructured mesh technique is adopted for the flow
passage. In order to simulate small opening condition
accurately, local mesh refinement approach is applied for
throttling regions (Fig. 3). In the simulation procedure, an
uniform velocity is set for the entry of computation region,
and an uniform pressure of 1.01x10° Pa (working pressure)
is inducted for outlet. The turbulence intensity of 3% and
the hydraulic diameter of 50mm are used for both
boundaries to describe turbulence. No-slip boundary
condition is applied for wall boundaries. The SIMPLEC
algorithm of DOORMAAL, et al®* is used to solve the
equations. The Green-Gauss cell-based method is used for
the evaluation of gradients and derivatives. The standard
pressure interpolation scheme and the second order upwind
scheme are used for pressure gradient, convection terms
and divergence terms. The convergence of this procedure is
obtained when the residual of 107 is obtained, at which the
monitored flow parameters are almost invariably between
two consecutive iterations.

In order to validate our computational procedure, a set of
experimental data for different valve openings are extracted.
As the flow coefficient, denoting as C,, is an important

parameter to express the performance of valve, it is used
for the comparison. C, is determined as

)

where Q is the flow rate (m’ /h), y is the specific gravity of
the carrier fluid relative to water and AP is the pressure
drop (Pa) between upstream and downstream pressure
measuring point.

A grid independence test was also performed by using
the grid numbers of 140 000, 330 000, 470 000, 820 000,
1 300 000, 1 490 000 and 1 700 000, as shown in Fig. 4.
The valve opening is 40%, the cone angle is 10° and the
flow rate is 7.672 m’/h. Calculation results indicate that the
variations in the flow coefficients are less than 1% when
the grid number is larger than 820 000. So further mesh
refinement leads to negligible changes in flow coefficients.
A grid number of 1 300 000 is used for subsequent
calculations.
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Fig. 4. Comparison of flow coefficients for various
grid numbers

Fig. 5 compares the flow coefficients obtained from
simulation and experiments. Reasonable agreements are
found between simulation and experiments, indicating the
computational procedure is suitable.
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Fig. 5. Comparison of the flow coefficients obtained

from simulation and experiments

6 Results and Discussions

In this study, CFD simulations and experiments are used
to investigate the globe control valve. We discuss the effect
of cone angles on the throttling performance and the
internal flow properties of the valve.
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6.1 Throttling performance of valve

The pressure-flow rate curves for the opening of 22%,
40%, and 76% are obtained, as shown in Figs. 6-8. It is
found that for the cone angles concerned, pressure drop
increases almost exponentially with flow rate. This
phenomenon is actually due to the conservation of
mechanical energy (Bernoulli equation). The figures also
show that while valve open is small, pressure drop
decreases with the increase of cone angle. This means that
the increase of cone angle would leads to the decrease of
flow losses, and makes a higher flow efficiency. However,
with the increase of valve opening, the effect of cone angle
on pressure-flow rate curve decreases. And once valve
opening exceeds 76%, the pressure-flow rate curve
becomes independent of cone angle.
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Fig. 6. Pressure-flowrate curves
with valve opening of 22%
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with valve opening of 40%
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Fig. 8. Pressure-flowrate curves

with valve opening of 76%

Since the throttling performance of control valve is
mainly reflected by flow coefficient, C, curves for the
examined cone angles are calculated and drawn, as shown
in Fig. 9. The curves show that the flow coefficient
increases with the opening of valve until the opening
reaches 70%, then it remains almost steady. This means the
throttling performance of the globe control valve is
dominated by the valve opening less than 70%, and the rest
30% barely have any contributions. For the cases of valve
opening over 70%, flow coefficients coincide. That is, the
cone angle has little effect on valve performance in these
conditions. For the cases of valve opening less than 70%,
the C, curve varies from an arc to a straight line, and the
change becomes more and more insignificant. Since valve
designers may not be familiar with CFD method, these
results offer a reference for the design of globe control

valves.
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Fig. 9. C, curves for the examined cone angles

6.2 Internal flow properties

Since valve’s throttling performance is caused actually
by internal flow, the influence of cone angle on internal
flow properties are discussed. By large amount of data
processing, it is found that cone angle has negligible effect
on flow properties for the valve opening larger than 70%.
This leads to the above mentioned results that the effect of
cone angle on valve performance is non-significant at these
large openings. Thus present part is focused on the cases of
valve opening less than 70%. It is also obtained from data
processing that for various discussed valve openings and
flow rates, cone angle has a similar effect on internal flow.
Therefore the valve opening of 40% and the flow rate of
7.672 m’ /h are adopted for exhibition.

For the studied cone angles, there exists a similar
pressure distribution along flow passage. The pressure
distribution for the cone angle of 10° is shown in Fig. 10. It
clearly shows in the figure that there exists a high-pressure
zone upstream the valve. The pressure decreases in the
valve region, and reaches the minimum at the outlet of the
valve. Then it recovers slightly while the fluid flowing
downstream. From the pressure distribution, it is concluded
that the globe control valve has an excellent pressure
regulation.
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Fig. 10. Pressure distribution along the flow passage
for the cone angle of 10° (kPa)

To investigate the effect of cone angle on pressure
distribution in the valve area, two typical sections (middle
plane of the valve and the cross section T of valve core) are
extracted and contrasted, as shown in Fig. 11 and Fig. 12.
Fig. 11 shows that the pressure drop of orifice (between
valve body and valve plug) is obviously for smaller cone

angle, and its value decreases with the increase of cone
angle. As the inlet pressure of valve is fixed in the practical
usages, the valve plug with smaller cone angle is thus
easier to make the pressure downstream the orifice lower
than the saturated vapor pressure, and then causes the
production of bubbles. Meanwhile, the quick recovery of
pressure in the subsequent region indicates a high risk of
bubble collapse once the cavitation bubbles exist. Thus, it is
concluded that the increase of cone angle is beneficial for
the anti-cavitation performance of the globe control valve.
Fig. 12 points out that the pressure distributions of cross
section T for the discussed cone angles are equal to each
other. This is due to the same outlet condition and same
flow rate used in present simulation procedure. This figure
further illustrates that the performance of the valve is
dominated by the throttling effect of valve orifice.
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Fig. 11.

Pressure distribution in the middle plane of valve for different cone angles (kPa)
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Fig. 12.  Pressure distribution in the cross section T of valve core for different cone angles (kPa)
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Fig. 13 shows the distribution of flow velocity in the
middle plane, while Fig. 14 shows the velocity vector in
this plane. Due to the complexity of the valve structure, the
distribution is extremely inhomogeneous. Under the effect
of pressure drop between the front and back of the orifice,
it is obviously that there is a high-speed zone around the
conical surface of the valve plug. Meanwhile the value and
the scope of this high speed zone decreases with the
increase of cone angle, leading to a decreasing intensity of

adjacent downstream vortex, and thus causing variations of
valve performance. Since the valve is used for flow
controlling, local high speed is inevitable. Thus when there
are impurities (like particles) contained in the working fluid,
the valve plug will face a great risk of particle erosion.
Moreover, as ZHANG, et al’®*! mentioned that the erosion
is an exponential function of particle velocity, the increase
of cone angle will be benefit for the anti-erosion of globe
control valves.

Fig. 13.

Velocity distribution in the middle plane of valve for different cone angles (m/s)

Fig. 14. Velocity vector in the middle plane of valve for different cone angles

Since there are little differences of pressure distribution
in the cross section T for different cone angles, velocity
distributions in this surface are similar. Hence, the velocity
distribution of section T for the cone angle of 10° is

analyzed (Fig. 15). Due to the effect of valve structure, the
velocity distribution is symmetrical, and the flow velocities
around the valve outlet are relatively larger than anywhere
else.
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Fig. 15. Velocity distribution in the cross section T
of valve core for the cone angle of 10° (m/s)

Similarly, the distributions of vortexes for different cone
angles are almost the same. The streamlines in two typical
sections for the cone angle of 10° are drawn in Fig. 16 and
Fig. 17. There are large vortexes formed in the inlet and
outlet regions of valve, and they are the main reasons of
hydraulic loss. Meanwhile, as there exist many cavities in
the valve flow passage, large quantities of small vortexes
appeared. These small vortexes not only lead to unsteady
flow parts like secondary flow and back flow inside the
valve, but also make the hydraulic loss even larger. Thus, it
is appropriate for us to carry out optimization designs of
globe control valve, to improve the flow situation of valve
and to reduce vortexes inside valve.

Fig. 16. Flow streamlines in the middle plane
of valve for the cone angle of 10°

Fig. 17. Flow streamlines in the cross section T
of valve core for the cone angle of 10°

7 Conclusions

In this study, the globe control valves are studied by
CFD and experimental methods. The influence of cone
angles of plug on flow properties and throttling
performance are discussed, with valve opening varied. The
calculation procedure is validated by comparing CFD
results with experimental data.

(1) For the discussed cone angles, pressure drop across
the valve increases exponentially with flowrate. While
valve opening is small, pressure drop decreases with the
increase of cone angle. With the increasing of valve

opening, the effect of cone angle on pressure-flowrate
curve decreases.

(2) The cone angles have little effect on C, when valve
opening exceeds 70%. For the cases less than 70%, the C,
curve varies from an arc to a straight line, and the change
becomes more and more insignificant;

(3) The pressure drop of orifice is more obvious for
smaller cone angle, and its value decreases with the
enlarging of cone angle. That is the increase of cone angle
is beneficial for the anti-cavitation performance of the
globe control valve.

(4) It is obvious that there exists a high-speed zone
around the conical surface of the valve plug. The value and
the scope of this high speed zone decreases with the
increase of cone angle, making an decreasing intensity of
the adjacent downstream vortex, and thus leading to the
variation of valve performances. Meanwhile the increase of
cone angle is also beneficial for the anti-erosion
performance of the globe control valve.

(5) There are little differences of pressure distribution in
the cross section T for different cone angles, as well as
velocity distributions. Meanwhile, the distribution of
vortexes in the middle plane and cross section T for
different cone angles are almost the same.

Based on present study, optimization design of gable
control valves will be conducted in the subsequent
investigation, to obtain a better throttling performance and
flow properties.
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