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A Study on the Flow Characteristics of Cryogenic

Butterfly Valve for LNG Carrier

Sang Wan Kim

Department of Mechanical Engineering

Graduate School, Korea Maritime University

Abstract

Butterfly valves are widely used as on-off valves and control
valves for industrial process. The importance of butterfly valves as
control valves has been increasing because the pressure l0ss is
smaller than that of other types of valves and compactness is very
desirable for installation. These features are desirable for saving
energy and high efficiency of instruments.

In modern industrial fields of a water supply plant, cooling plant for

nuclear power station, the petrochemical industry, marine industry
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and so on, butterfly valves have been adopted and the
hydrodynamic characteristics of butterfly valves have been actively
studied in terms of the pressure loss. On the other hand, there are
not so many reports on cryogenic butterfly valves in spite of broad
application in LNG storage station and LNG carriers.

This study has focused on the investigation of the detailed
hydrodynamic and aerodynamic characteristics of cryogenic butterfly
valves to contribute to the operation during valve handling on LNG
transportation system and practically utilization in design of butterfly
valves and actuators.

In this study, the three-dimensional and two-phase numerical
analysis were carried out on incompressible flows in cryogenic
butterfly valves after verification of numerical analysis in water flow
field because the experimentation of liguid methane is almost
impossible on the condition at —162°C. Therefore, the procedure of
this study is divided into the 1st stage using working fluid, tap
water, by Particle Image Velocity (PIV) together with CFX-ANSYS
ver. 10, systematic commercial CFD software, and into the 2nd
stage using working fluid, liquid methane, by CFD.

As comparison of both analyses by using water in the 1st stage,
vector velocities, pressure distributions, kinetic energy contours, flow
coefficient and  pressure  coefficient indicated the  similar

characteristics pattern during the course of this investigation.



After verification of the previous stage, the numerical analysis for
cryogenic butterfly valves were undertaken with the understanding that
they could identify the fluid dynamics mechanisms and the acting
force on valve disc related to the hydrodynamic and aerodynamic
characteristics of butterfly valves. The flow field was selected as a
16 inches pipe, the upstream region 5D and the downstream region
10D with a working fluid of liquid methane at -162°C and flow rate
1,7OOm3/h. ICEM-CFD, reliable gird generation commercial software,
was also adopted to secure good quality of grid generation
necessary for the reliable CFD simulation as 400,000 nodes grid
meshing with the hex—tetra—prism grid. The turbulence model of
k—wo SST was selected to guarantee cavitation phenomena, one of
3-D separation flow occurring on valve disk. The boundary
conditions were inlet velocity 4m/s, no slip wall condition, outlet
pressure 4.2kg/cm2 and saturation pressure 103,100Pa at 111.7K.

The hydrodynamic characteristics of complex flows including
cavitation phenomena were investigated at different valve disk
angles. The recirculation vortex in the down stream region was
founded and the cavitation flows were intensively generated on the
surface of valve disc as max. volume of fraction(VOF) at 10 deg.
angle. The aerodynamic characteristics, lift, drag and torque acting
on the valve disc, were calculated and showed a corrected torque

coefficient. The pressure distribution and the pressure loss coefficient
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showed the similar pattern with general flow—field.

Several important characteristics of hydrodynamic and aerodynamic
characteristics of cryogenic butterfly valves were also studied, and they
will contribute to the safety operation and the design of butterfly

valves.
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Nomenclature

Crg : Cross—Correlation Coefficient
Cw : Intake Pipe to Back Wall Clearance
Cv : Flow Coefficient

D : Outer Diameter

Fh : Intake Pipe to Floor Clearance
fi : Grey Level of 1st Frame

Fr : Froud Number

o] : Gravitation Acceleration

o] : Grey Level of 2nd Frame

H : Total Enthalpy

| : Liquid Phase

Kv : Pressure Loss Coefficient

AP : Total Pressure Loss

Q Flow Rate(m?/s)

S : Strain Rate

U Representative Velocity

v : Vapour Phase

u, v : Velocity in the X, y—direction

X : Distance in Horizontal Direction
y : Distance in Vertical Direction
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Greek Letters

a : Rotation Angle of Image
P : Density

€ : Turbulent Dissipation Ratio
v : Kinematic Viscosity

v : Specific Weight

T : Stress Tensor

Superscripts

1 : coordinate of image

n : size of correlation area(pixel)
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Fig. 1.1 Annual export and import record of valves in USA
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Fig. 1.2 Production share at valve types in USA
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Table 1.1 2005 year's export and import record of valves

(unit : mUS)

No. Classification of Valve Export Import
1 | Reducing valves(Zefgl =) 2 17
2 | Hydraulic valves(s otgd &) 8 46
3 | Pneumatic valves(=7| i 8) 15 16
4 | Check valves( x| &) 18 22
5 | Safety valves(Ct&igd =) 6 25
6 | Electric power valves(F 7| Aled &) 12 62
7 | Hydraulic power valves(f& &4l &) 1 38
8 | Automation control valves(X| 0 &) 26 126
9 | Automation types, etc(Xts4!, 7|E} 376 456
10 | Taps, cocks, traps(®4, =23, EH) 1 22
11 | Manual types, etc(=&4, 7| E}H 17 69
2} Al 482 899
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Cryogenic butterfly valves

The specification of valves ™

- Maker AMRI, France

- Type Buttweld hydraulic operated

- Size & Weight DN400, 387kg

— Quantity per ship DN400 : 28sets, DN250 ~ DN600 : 67sets
- Material of body A 351 Gr. CF 3M

- Cv 12,000 gallon US/mim/psi

Fig 1.3 Overview of cargo loading system for 130,000m3 LNG Carrier
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Table 1.20A ®WE Zgo] WlH o] AubAl FFA o] sk A+

dAs vt 2ol At

Table 1.2 Previous studies related to butterfly valves

Year Author Topics

Investigation compressible flow

7]
1985 |Addy characteristics

] Measurement of pressure for

, , 8
1987 |Morris, Martin Jesse compressible flow

1988 |Eom'™ Performance as a flow controller

Aerodynamics torque characteristics

, [10]
1989 |Morris, Dutton in compressible flow

Prediction of kinetic energy

. Py -2t
1993 |Lipej A., Jamnik M. correction factor

K. Tani, Y. Ito, R. Oba, M.

i ' S n low—-erosion valves
lwasaki, Y. Hirata!'? tudy on low-erosion valve

1994 Vortex flow past a tilting disc valve by

. [13]
Shim E. B, Chang K. S. Finite' Element Scheme

Prediction of pressure loss

. [14]
Ogawa K., Kimura T. characteristics

1995 Kimura T., Tanaka T.,

Fujmoto K., Ogawa K [15] Prediction of torque characteristics

Analysis of partially open valve

. [16]
1996 |[Kim, R. H., Huang C. flows by Fluent

A study on flow characteristics

. [17]
S. W. Kim by PIV

1998 Effect of periodic aerodynamic

Caille V., Laumonier J."® . :
’ pulsation on a confined valve

Solliec C., Danbon F .1 Aerodynamic torgue on a valve.

1999 A study of the high-velocity gas

- [20]
D. S. Kim flows by Fluent

(continued)



Year Author Topics
[21] A structual stability of fire safety valve
2000 |H. Y. Jeong by FEA
Ogawa K% Cavitation phenomena

2002

Ogawa K., Hisada K.

Reduction of cavitation noise

E. S. Kim®¥

Flow analysis to prevent cavitation
by Fluent

D. M. Lee, Y. R. Kim®

A study on the flow
characteristics of fire
protection valve

D. M. Lee, S. O. Park®

A study on the torque
characteristics of fire protection
valve

2003

Du Z.-n, Wu J.&"

Evaluation of hydro—dynamic
moment on tri—eccentric butterfly
valve

2004

J. Y. Yoon, S. J. Lee,
E. S. Kim®®

Analysis flows to prevent cavitation
by Fluent

M. S. Kalsi, B. Eldiwany,
Vinod Sharma, Aaron
Richie™

A study of torque characteristic by
KVAP

2005

(301 Numerical analysis of globe, gate,
S. | Park butterfly valve
J. S. Moon®" Evaluation with 3-D Flow by Fluent

H. Y. Jeong, Y. M. Kang,
J. Kang, Y. H. Lee, S. H.
Oh[32]

Shape optimization design by
orthogonal array and coupled-field
analysis

Y. C. Park, J. C. Park, J.
S. Choi, J. Kang™

An optimization of valve by the
characteristic function

2006

Leutwyler Z., Dalton C.**

A study of torque and forces on a
valve disk in mid-stroke position by
CFD
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(b) general view of experimental device

Fig. 2.1.3 Image of experimental device (continued)
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(d) enlarged figure around valve

Fig. 2.1.3 Image of experimental device
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(a) 0°

(a) 30°

Fig. 2.1.4 Definition of opening angle for butterfly valve (continued)
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(c) 60°

(d) 90°

Fig. 2.1.4 Definition of opening angle for butterfly valve
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80 mm

Fig. 2.1.5 Definition of measuring section for PIV

_25_



POINT1~6
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* - TN
O O O O O O
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Water ’
in
Valve
Dimension
- Ordinal dimension of pipe 80A
- Point 0 ~ Valve 80 mm
- Valve ~ Point 1 80 mm
- Point 1 ~ 6 (point to point) each 50 mm

Fig. 2.1.6 Schematic diagram of butterfly valve
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Table 2.1 Experimental

conditions

[tem

Specification

High speed CCD
camera

1280x1024 pixels

Light source

Ar-lon laser(6W)

. o Sheet light cylindrical lens
Visualization
Equipments Working fluid tap water
Temperature 25T
Measuring Tracer particles PVC (110 um)
Conditions .
Host PC Pentium 4(3.0GHz)
Calculation time 30 sec/frame
Image dentification cross correlation
. Cactus v3.3
Processing
Error rate less 1.2%
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U,-U! Ou, , O,
PV (=) + D m, (), = 3L (PAR,),, + 3 (U (S +—)An)), +8,V
At » i i ox;  Ox,

(2.5)

(H-P/p)-(H'=P"/p)
At

or <
)+ D m,H, = (ky = An), SV
ip ip i

J

PV (

(2.6)

3takaLS element shape function® RS ej= 7z} B2 Ao 9
oA FulAlTE Aoz AA-HT dFE2 upwind,

quick & B3 7l o HFrhEd 5 o, vl e VIHd

(o3

high-resolution 7|H-& A}&3%tt}. high-resolution 7]1H < )39l
et 23 A= ypwind biased approachel] 7]x3+ 7]H

Barth$} Jespersonol| 93| 7<= W2 fFAFske}
¢, =P+ IB(V¢)¢A5 (2.7)

2l (28)3 #o] divergence FEjA EE IS0 ohe] A=
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Fig. 2.2.1 Mesh arrangement and terminology for dual mesh
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y ak
" max(aq,o,SF,) (2.12)

o 7|1A, Vi=#,!p | Fr=blending function, S=strain rate

e

o 4TE A8 W F Iy
thoo WS Fej ARG 1Y A Adst fERSE

7o w Fhr)

Blending function< W75

F, = tanh(arg}) (2.13)

oy’ y'eo ) CD, o,V

. JEs00v)  4pk
argl =min| max
(2.14)
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CD,, = max[2p Vka,l.OxlO‘w]

c,,0 (2.15)

F, = tanh(arg’) (2.16)
arg, = max 2k 500v

= Boy yo (2.17)

SST E%olq BSL E%% k-&'ﬂ]' k—a)/\]»O]Q/] b]ending% —‘H’SH
HH g 7HE b A 9Ag k== AYAERE Heg T
). wall scale WAL A (218)3 2 w3k FEo WAoo

2Ry 7 5 Yo

Vig=-1 (2.18)

o] 714, ¢ wall scale S omdth. HHALE 4 (2.19)0
ol3l wall scale=5-8 AXFE o] At}

Wall distance = V(v +20)-|V4| (2.19)
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Pressyure outlet

MNo-slipwall

YeloeHy Inlet

Fig. 2.2.2 Boundary conditions on grid
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Table 2.2 Simulation conditions

Angle Inlet vel. Outlet static Working Temp
(°) (m/s) pressure(bar) Fluid (C)
10 0.5 0 Water 25
20 1.2 0 Water 25
30 1.8 0 Water 25
40 2.3 0 Water 25
50 2.8 0 Water 25
60 3.2 0 Water 25
70 3.5 0 Water 25
80 3.6 0 Water 25
90 3.6 0 Water 25
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(a) 10°

(b) 30°

Fig. 2.3.1 Original images at various opening angles (continued)
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(d) 70°

(e) 90°

Fig. 2.3.1 Original images at various opening angles
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(a) 10°

(b) 20°

(c) 30°

Fig. 2.3.2 Raw images of visualization for various opening angles

(continued)
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(d) 40°

(e) 50°

(f) 60°

Fig. 2.3.2 Raw images of visualization for various opening angles

(continued)
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(g) 70°

(h) 80°

(1) 90°

Fig. 2.3.2 Raw images of visualization for various opening angles
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Fig. 3.1 Configuration of the butterfly valve
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Fig. 3.2 Definition of opening angles
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3.2 A=A

E ATdAE 10°0(28)FE 90°(EE)7hA] 10°7FA o= WlH - A
E A%E ¥HgA7 BE oA dAS Fas sl

Table 3.13% #o] & sfiAe] AAxHS BH tha3 2

oAl A" wWre A A4 400mm Hi¥HE S 1,700
wi/hre] INGE ol &stmz mu 9T

7
AW A 4m/solth LNG ol o

=
gEglon GFdes 5%®

LNG= AR 24 2y dA254 R =24 ddod A
o7} ot dH= &b Abe] Ag- W' 99.8%, olE 0.1%, &
A2 01%=E F4EH. & AFdAs eI LNGE s Al =
7V A 249 99.8% 5 AFA| = liquid methane(CHy)S 2483}
Atk AEFAe =X -162°¢7, FHlElo]A A S el
Rayleigh plesset modelS #83}%9S™, Multiphase model
(homogeneous)S AHE3FATE liquid methane®] *3}%7|¢ P&

101,300 Pa= ‘473t itt.
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Table 3.20] LNG® =4 WEHA L™, Table 3.3°] & A7l
A AEE s A9l liquid methane®] &4 |0l tha A& ekdt.
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Table 3.1 Simulation Conditions

Angle |[Inlet vel.| Outlet static | Working |Temp| Saturation
(©) (m/s) | pressure(bar) | fluid (C) | pressure(Pa)
10 4 4.2 CHs | 162 101,300
20 4 4.2 CHs | -162 101,300
30 4 4.2 CHs | -162 101,300
40 4 4.2 CHs | -162 101,300
50 4 4.2 CHs | -162 101,300
60 4 4.2 CHs | =162 101,300
70 4 4.2 CHs | -162 101,300
80 4 4.2 CHs; | -162 101,300
90 4 4.2 CHs | -162 101,300
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Table 3.2 Components of LNG

Component(Vol %) Borneo Alaska
Methane 88.1 99.8
Ethane 5.0 0.1
Propane 49 -
Butane 1.8 -
Pentane 0.1 -
Nitrogen 0.1 0.1

Liquid Density(g/l) 465 415
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Table 3.3 Properties of the Methane(CHa)

Molecular Weight 16.043

Specific Gravity 0.55 (Air=1.0)
Boiling Temperature 111.66K
Critical Temperature 190.56K

Critical Pressure 45.99bar

Saturation Pressure

101,300Pa at 111.7K
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Table 3.4 Related factors for cavitation erosion

ltems Factors
cavitation coefficient, velocity, pressure, amplitude,
Fluid
vibration, frequency, shape of machinery and
factor
dimension
temperature, saturation pressure, noise impedance,
Liquid | surface tension, viscosity, compression,
factor corrosiveness(pH), air content, quantity of
cavitation nucleli
mechanical property(elasticity coefficient, hardness,
torsional energy, vield point, fatigue strength)
Material
metal property(structure, crystal particle, crystal
factor
structure, machine hardness, latent stress)
surface condition (surface preparation, roughness)
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3.3.2 FHH[ElOo| Mol ofFF At Al

Fig. 3.3 Leakage of pipe at 2D downstream of butterfly valve

(Dia. 1500mm) for emergency discharge in Guang-Dong Dam
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Fig. 3.4 Corrosive pipe condition by cavitation across down
stream of butterfly valve(Dia. 400mm) for 5300TEU container

ship
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AME-3tH VOF e thg3) 2

0 0

E(pvav) + a—xj(pvujav) - SU (330)
0 0

E(PM) + %j(/)z“jaz) =5 (3.31)
0 0

g(pnan) + a—%(pnujan) =5, (3.32)

o 7] A, v=vapor phase, [=liquid phase, n=non-condensible

p=qap, tap+ap, (&, a, +a+a,=1) (3.33)
o, 0
o + oz (puj) 0 (3.34)

Non-condensible 7]#¢] AHEZL Ao tisfr ZFALHo=R
dAgslctar 714t AA/ESHFA VA EFEQ AHES o

3l F= Aoz dedt & ¢ e 4 (335), (336)3 o] Ao

a,=q+ a, (3.35)
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(a) front side

(b) rear side

Fig. 3.6 Computational grid on the surface of the valve
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Fig. 3.7 Computational grid at the mid-section of the domain
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Fig. 3.8 Streamlines at various opening angles (continued)
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Fig. 3.8 Streamlines at various opening angles (continued)
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Fig. 3.8 Streamlines at various opening angles (continued)
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Fig. 3.9 Velocity fields at the mid section (continued)
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Fig. 3.9 Velocity fields at the mid section (continued)
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Fig. 3.9 Velocity fields at the mid section (continued)
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Fig. 3.9 Velocity fields at the mid section (continued)
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Fig. 3.10 Tangential velocity vectors at cross section of 0.3m
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Fig. 3.10 Tangential velocity vectors at cross section of 0.3m
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Fig. 3.14 Pressure distributions at the mid section (continued)
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Fig. 3.14 Pressure distributions at the mid section (continued)
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Fig. 3.14 Pressure distributions at the mid section (continued)
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Fig. 3.14 Pressure distributions at the mid section (continued)
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Fig. 3.14 Pressure distributions at the mid section
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Table 3.4 Force acting on the valve disk

Lift [KN] Drag [KN] Torque[Nm]
10° -21.6 140.8 54.6
20° -9.3 26.3 26.5
30° -5.4 9.5 28.9
40° -3.3 4.0 46.5
50° -2.0 1.7 524
60° 1.2 0.7 47.5
70° -0.6 0.3 285
80° -0.07 0.1 8.9
90° 0.1 0.09 6.3
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Fig. 3.18 Torque acting on the valve disk
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Fig. 3.20 Cavitation phenomena around the valve disk
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Fig. 3.18 Valve loss coefficient
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