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Abstract

A numerical analysis of three dimensional incompressible turbulent flows through high pressure drop control valves
was carried out by using a CFD-ACE code to develop anti-cavitation control valve used in LNG marine system. For
this, numerical simulation was performed on several models of control valve that have different orifice diameters of
anti-trim and the size of valve discharge. In this study, flow characteristics of control valves with complex flow fields
including pressure drop, cavitation effect and variation of flow coefficient as well as correlation of discharge coefficient
were investigated and analyzed. Comparing with conventional control valves, newly designed valves by using the CFD
analysis showed an improved flow pattern with reduced cavitation and an anticipated performance characteristic.
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1. Introduction

Recently with the world wide interest in the use of
natural gas, the demand of transportation by using
LNG marine system is shown a sudden increment. In
this system, high temperature and high pressure con-
trol valves which are one of the most important fluid
devices are widely used safely to control storage and
delivery of the liquefied LNG. Unfortunately, how-
ever, during the operation cavitation is occurred fre-
quently and brings an unexpected damage to valve
systems.

Up to the date, in order to control the flow-rate,
pressure and flow directions, many kinds of valves
such as glove valve, gate valve, butterfly valve and
ball valve are used at industry. Among these, high
pressure drop control valve in adjust pressure differ-
ences in LNG marines is a sort of glove valve. In this
valve, due to the rapid change of flow rate with high
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pressure drop in accordance with operating- and de-
sign conditions, the flow frequently accompanies
cavitation. Cavitation is a phase change phenomenon
occurred in some domain below vapor pressure ac-
cording to the decrease of local pressure when fluid
devices like a LNG marine move with a high-speed in
working fluid of liquid state. When cavitation occurs
unexpectedly accompanying the attachment and col-
lapsing of cavitation bubbles near solid surfaces, it
causes the noise, vibration and damage as well as
changes the performance characteristics in hydraulic
systems[1]. As the results, it has an unfavorable effect
on the performance and eventually brings the low
efficiency. In the sense of reducing these in the valve
system, therefore, technology of accurate prediction
and estimation of cavitation are very important in
advanced design and development of high pressure
drop control valves.

In the cavitating flow analysis, numerical approach
is advantageous because cavity flow includes com-
plex and strong unsteady phenomena with phase
changes, fluid transients, vortex shedding and turbu-
lence. Unfortunately, however, because of compli-
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cated geometry of glove type high pressure control
valve, numerical analysis is very difficult. Recently,
Chung et al.[2] carried out numerical analysis of three
dimensional (3-D) flow in glove valves according to
the change of the valve opening by using FLUENT
commercial code, and valve flow characteristics such
as pressure drop and flow rate coefficient were esti-
mated and compared with experimental data. Yoon et
al.[3] also simulated 3-D turbulent flow with struc-
tured grid system and investigated pressure distribu-
tions in glove valve with valve trim to check the oc-
currence of cavitation by using CFD-ACE commer-
cial code.

In this paper, to develop anti-cavitation control
valve using in LNG marine system, a numerical analy-
sis of 3-D incompressible turbulent flows through high
pressure drop control valves is carried out by using the
CFD-ACE[4]. For this, numerical simulation is per-
formed at several valve models both newly designed
and conventional control valve that have different
orifice diameters of anti-trim and the size of valve
discharge. And then, flow characteristics of control
valves with complex flow fields including pressure
drop, cavitation effect and variation of flow coefficient
as well as correlation of discharge coefficient are in-
vestigated and analyzed. Comparing with conven-
tional control valves, the newly designed valves by
using present CFD analysis to reduce cavitation
showed an improved flow pattern with reduced cavita-
tion and an anticipated performance characteristic.

2. Fundamental equations

In this study, cavitating flows through control
valves are simulated by using multi-blocked unstruc-
tured grid system for real type valve shown in Fig. 1
to capture accurate 3-D flow phenomena. The simula-
tion was performed for various shapes of valve trim
and number of trim holes.

The fundamental equations are Reynolds averaged
Navier-Stokes equations using standard x—¢ tur-
bulence model for solving turbulence flow. Govern-
ing equations and turbulence transport equations for
the eddy kinetic energy « and the turbulence dispas-
sion ¢ are written as follows:
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Eddy viscosity u, and the production term P is
given by

K
Hy=pCy— “)
£
. Ou; .
P=v, a”l.,.ﬁ_ga“imé‘ij a”l_g,(a”l )
ox; odx; 30x, °Jdx; 3 0x,

Also, the transport equation for vapor of cavitation
is as follow with effective exchange coefficient:

%(pf)+v~(pl7f)=v-(FVf)+Rg+RC (6)
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Fig. 1. Schematic diagram of control valve.
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where, p is mixture density and f is vapor mass
fractions. The relationship between p and [ is
given as

S
v Lr
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D=
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where, p, and p; represent the vapor and liquid
densities, respectively. R, and R, are source
terms to consider the phase change for evaporation
and condensation in vapor transport Eq. (6).
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where, p, is vapor pressure. C, and C, are em-
pirical constants. o is surface tension at interface.
Characteristic coefficient 7, is approximated by
the local turbulence intensity and given as ¥, =k

[4].

3. Computational grid

Computational grid for both conventional control
valve with a wedge type valve trim and the newly
designed control valves with cylindrical orifice type
anti-cavitation trim for effective control of cavitation
are generated by using unstructured multi-block grids
consisted of prism, tetrahedron and hexahedron ele-
ments. The valve openings are 40%, 60%, 80% and
100%.

Fig. 2 shows flow passages and computational
grids for conventional and newly designed 200A
valve with 162 orifices. Mesh density is high around
valve trim and near wall.

4. Numerical method

A SIMPLEC algorithm based on finite volume
method in the CFD-ACE program is used to analyze
incompressible flow in the valves. The working fluid
was assumed as a pure water with air content of
1.5x10” at 20°C. The inlet and outlet total pressure of
6.205MPa and 1.013MPa are imposed. In this study,
total 5 models such as conventional type valve model,
the newly designed valves models of 200A, 150A,
50A and 32A classified by the valve size and shape

are computed. Among the models, 200A is the im-
proved model of conventional one. By CFD analysis
orifice whole instead of wedge type whole of conven-
tional valve as trim whole is adopted in the newly
designed valves, and it reduces the occurrence of
cavitation.

5. Numerical results

Fig. 3 shows pressure distribution for several valves
models on symmetry plane at 80% valve opening.

Comparing with conventional model with wedge
type trim holes (Fig. 3 (a)), it is show that the newly
designed valve with cylindrical trim holes in Fig. 3(b)
indicates somewhat low pressure distribution in the
trim passage. But it is still over the vapor pressure. In
general, at the expanded pipe regions, relatively low
pressure is distributed like a sudden expansion pipe
flow. Fig. 4 shows a pressure drop along the center
line of valve passage for several control valves. In the
front of valve trim, pressure is increased by flow im-
pinging due to the sudden contraction of flow passage.
After the trim, with the big change of flow passage in
valve chamber large pressure drop is shown. The
lowest pressure in 200A valve is higher than that of
conventional one. It means the possible cause of oc-
currence of cavitation in new design valve is rare.
This improvement is much clearer at the lower wall in
Fig. 5.

Fig. 6 shows velocity vectors and streamlines for
200 type valves. It is well simulated that the flow
incoming through the trims flows toward exit by way
of valve chamber. In the case of conventional type
valve, unstable and relatively high velocity region,
and large circulation zone exist at valve chamber
because of large inlet area of wedge type trim. While,
in the improved 200A the flow velocity is somewhat
fast at the trim because of a narrow path. Then it is
recovered with uniform distribution at the valve
chamber, so that the circulation zone is smaller than
that of conventional type.

Fig. 7 shows computed flow patterns of pressure,
void fraction contours and streamlines with velocity
vectors on cross-sectional plane of near trim center at
80% valve opening. Conventional type shows irregu-
lar velocities between the trim and the chamber. Es-
pecially, relatively low pressure and high void frac-
tion existing cavitaton is distributed at the entrance of
the trim. In the newly designed 200A model, the flow
incoming from the circumferential direction is well
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(a) Overall view

Wedge type trim
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(c) Near trim (newly designed, 200A)

Fig. 2. Computational grid of 200 type valve.
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Low pressure region

(a) Conventional valve
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(b) 200A valve

Fig. 3. Pressure contours of 200 type valves.
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Fig. 4. Pressure drop along the valve centerline at 80% valve
opening.
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Fig. 5. Pressure drop along the lower wall at 80% valve opening.
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(b) 200A valve

Fig. 6. Velocity vector and streamlines at 200 type valve.

(a) Conventional valve (b) 200A valve

Fig. 7. Flow patterns of pressure, void fraction contours and streamline with velocity vectors on cross-sectional plane at 80%
valve opening.
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(® (b

Fig. 8. Vorticity magnitude contours and streamlines at several cross sections from top to bottom of 200A valve.
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Fig. 9. Valve flow coefficient.

distributed to 18 trim holes and flows into the cham-
ber with two vortex pairs and it is flowing toward
axial direction as shown in Fig. 8. Pressure distribu-
tion is quite good at the whole regions. No cavitation
is observed.

On the other hand, flow coefficient which is one of
characteristics of the valve is used to determine valve
diameters and estimated by using C, =1.170/G/Ap ,
where, Q is flow rate, G is specific gravity and Ap is
pressure drop between inlet and outlet of the valve.

Fig. 9 shows a comparison of the flow coefficient
with experimental data for the 200A valve at several
valve opening. As a whole, the present result has a
good tendency with experimental data[5]. The results
obtained by present simulation with cavitation effect
are better than that without consideration of cavitation.
200A is closer to the experiments than the conven-
tional one.

6. Conclusion

A 3-D incompressible cavitating flow was simu-
lated to investigate internal flow characteristic in high

2005

pressure drop control valve with anti-cavitation trim
for the LNG marine by using the CFD-ACE. Overall,
flows through the valve including the trim region,
valve chamber, valve inlet and outlet are well simu-
lated, so that it is easy to understand complicated flow
phenomena in valve system. The newly designed
200A valve to reduce cavitation shows a rectified
velocity and pressure distribution with no cavitation
at the whole valve areas comparing with conventional
one. It shows a good comparison of the flow coeffi-
cient with experimental data at several openings for
200 type valve. 200A is better than the conventional
one resulting superior function of anti-cavitation trim.
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