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Abstract:

Computational Fluid Dynamics (CFD) simulations of cavitating flow through water hydraulic pop-

pet valves were performed using advanced RNG £-epsilon turbulence model. The flow was turbulent, incom-
pressible and unsteady, for Reynolds numbers greater than 43 000. The working fluid was water, and the
structure of the valve was simplified as a two dimensional axisymmetric geometrical model. Flow field visual-
ization was numerically achieved. The effects of inlet velocity, outlet pressures; opening size as well as poppet

angle on cavitation intensity in the poppet valve were numerically investigated. Experimental flow visualization
was conducted to capture cavitation images near the orifice in the poppet valve with 30° poppet angle using
high speed video camera. The binary cavitating flow field distribution obtained from digital processing of the o-
riginal cavitation image showed a good agreement with the numerical result.
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INTRODUCTION

With increasing speed and pressure in fluid
power transmission system» noise pollution and
vibration hazards often cccur. As a basic compo-
nent of the system, a valve may frequently be a
source of noise and vibration, of which cavitation
is the sericus problem. Especially in the water
hydraulic system, as the vaporization pressure of
the water is much higher than that of the cil,
cavitation phenomenon becomes an important
factor in the design of components. In addition,
cavitation always causes surface erosion, fluid
contamination, blockages and reduced volumetric
efficiency. So study on cavitating flow in valves
is absolutely necessary.

Much experimental research had been pub-
lished on the flow characteristics of throttle
valves, poppet valves and others in many litera-
ture> regarding the relationship between cavita-
tion and discharge, and thrust force and pressure
distributions in the valves € Inaguma et al.
1988, Oshima, 1989), but the results are still
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rather limited in accuracy and scope. Acyama et
al. (1988) published results of experimental
work on the unsteady cavitation performance in
the convergent flow of an oil hydraulic poppet
valve. However, experiments were carried out
only under two kinds of flow conditions. Varia-
tions of critical cavitation number with varicus
rates of pressure change in a valve were experi-
mentally studied. Johnston et al. (1991) con-
ducted experimental investigation of flow and
orce characteristics of hydraulic poppet and disc
valves under steady flow, non-cavitating condi-
tion, for Reynolds numbers greater than 2500.
With reference to visualized flow patterns, mea-
sured flow coefficients and force characteristics
showed marked differences depending on valve
geometry and opening. Tsukiji et al. (1995) in-
vestigated the flow pattern in a poppet valve and
the vibration of the poppet by means of both nu-
merical and experimental flow visualizations. Us-
ing a discrete vortex method the annular axisym-
metric jet flow was numerically visualized. The
ow pattern near the orifice with cavitation and
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vibration of the poppet were experimentally ob-
served employing two industrial fiberscopes.

By the advent of Computational Fluid Dy-
namics (CFD), many numerical simulations of
flow fields inside the valves were investigated.
Vaughan et al. (1992)7 s simulation of flow
through poppet valves: and results yielded exper-
imental flow patterns in good qualitative agree-
ment with visualized flow patterns. Howevers
error in the prediction of jet separation and reat-
tachment resulted in quantitative inaccuracies.
Ueno et al. (1994) investigated experimentally
and numerically the oil flow in a pressure control
valve under the assumption of non-cavitating
conditions and concluded that the main noise of
the testing valves is generated from cavitations
and that the noise was influenced by the valve
configuration. Henrik L. S (1999) described ex-
perimental and CFD analyses of the internal flow
characteristics and flow force in a conical seat
valve in a specific range of 500 to 4600 in Re.
However, the varicus and sometimes complex
valve geometriess their results were not always
correct at high Reynolds numbers. Thus contin-
uing investigation into the performance of valves
under cavitating conditions is absolutely neces-

Using FLUENT s multiphase modeling, the
inception of cavitation in a water hydraulic pop-
pet valve is predicted. The effect of inlet veloci-
ty» outlet pressure, opening size and poppet an-
gle on the cavitation intensity are simulated and
compared. Experimental flow visualization was
conducted to capture cavitation images near the
orifice in the poppet valve with 30° poppet angle.
The simulation results compared well with exper-
imental results.

SIMULATION OF POPPET VALVE

Mathematical model

In view of the axisymmetric jet of the poppet
valver the computational domain is simplified to
be two-dimensional axisymmetric. The fluid is
assumed viscid and incompressible. The continu-
ity equation and momentum conservation equa-
tion are given by
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where U; and U, are the mean velocity compo-

nents; u; and u;” are the instantaneous velocity

componentss I is mean pressures p is fluid den-

sity.

The RNG % — e turbulence model is derived
from the instantanecus Navier-Stockes equationss
using a mathematical technique called “ renormal -
ization group” (RNG) method. Transport equa-
tions for the RNG %k — ¢ model are similar in
form to the standard & — e model:
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where £ is turbulent kinetic energy; e is dissipa-

tion rate; C,» Cj. and C,, are coefficients in the

turbulence models o, and ¢, are the inverse effec-

tive Prandtl number for £ and e, respectively.
The term R in the e equation is

Cop’(1 = 7/ 700 €2
Lrpy &
where C, =0.0845, 7= Sk/e> 5=

=0.012.

Accounting for the effects of swirl or rota-
tion, the turbulent viscosity is

H :/lzof(ax’ﬂ’f)

where 2 is swirl number; «, is swirl constant.
a,— 0.05, and the model constants:
C|€ =1.42, C2€:168

R= (3

4.38, B
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Grid generation and boundary condition

The structure of the valve is simplified as a
two dimensional axisymmetric geometrical model
shown in Fig. 1, where = is valve opening, « is
half angle of poppet cone. The topology and the
grid of the fluid domain are created in an ad-
vanced grid preprocessor gambit. In order to en-
able the features of the flow field to be well re-
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solveds the solution-adaptive grid feature of Flu-
ent is used in refining the original grid based on
the geometrys boundary and numerical solution
data on the volume fraction gradient of the water
vapor. The adaptive final grids are presented in
Fig. 2. The bound aries of the valve are specified
as velocity inlet, pressure outlet and wall bound-
ary. The wall is assumed as adiabatic, and
therefore no heat transfer between the fluid zone
and the solid zone is considered. The initial con-
ditions are assumed respectively as flow rate var-
ied from 1 m/s to 10 m/s at all nodes in the cal-
culation fields. The fluid is water with p= 998.
2 kg/m’s 2=0.001003 kg/m*s.

a A _{?
T
I I
|
2mm
. 30mm___|
Amm

Fig.1 Schematic diagram of poppet valve

Fig.2 Solution-adaptive gird of the fluid domain

COMPARISON OF COMPUTATIONAL AND
EXPERIMENTAL RESULTS

Cavitating flow visualization in 30° poppet
valve was performed using high speed video cam-
era. Fig.3 shows the binary image of cavitation
cloud with the experimental conditions of valve
opening * = 2 mms outlet pressure P, = 0.

IMPa and inlet velocity V= 5 m/s. Fig.3 (a)

ful th

Fig.3 Binary image of cavitation cloud
(a) side views (b) front view

and Fig. 3(h) show the side view and front view
respectively visualized from different direction.
The calculation yielded contours of the volume
fraction of water vapor shown in Fig. 4. It was
found that cavitation occurred along the poppet
surface and covered up the poppet near the ori-
fice. When the local minimum pressure falls to or
below the vapor pressure, cavitation occurs and
vapor is formed near the orifice of the poppet
valve. The calculated region of the high volume
fraction of water vapor almost coincided with the
experimental region of the cavitation by flow vi-
sualization.

Fig.4 Contours of volume [ractin of water vapor
z=2mm, V,=5m/s; P,=0.1 MPa

EFFECT OF PARAMETERS ON
TION

CAVITA-

A series of cavitating flow simulations were
performed with poppet valve over a range of dif-
ferent parameters. The numerically obtained
contours of the volume fraction of water vapor
showed cavitation inception distribution in the
valves. The details of some representative simu-
lation results are described below.

The velocity vector of the fluid and velocity
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magnitude contour are shown in Fig. 5 (a) and
Fig.5 (b) with ¢ = 2 mm and V; = 3 m/s.

Clearly there is a recirculation zone near the

{a)

Fig.5 Velocity vector and magnitude contour
a=45" z=2mm, V.=3m/s;» P,=0.1 MPa

Cadvelocity vectors (b)velocity magnitude contour

orifice region and the recirculation causes forma-
tion of the low pressure zone,> then possible cavi-
tation. Fig. 6 (a) shows the simulated contours
of the volume fraction of water vapor with 45°
poppet valve for V; = 3 m/s and 7 m/s» respec-
tively. Here it can be observed that the inlet ve-
locity considerably affects the cavitation intensi-
ty. The cavitation inception area was found to be
enlarged with increasing inlet velocity and the
corresponding volume fraction of water vapor also
increased. Fig.7 shows the effect of inlet velocity
on the maximum volume fraction of water vapor
plotted for 45° poppet valve with £ = 2 mm and
P,= 0.1 MPa. As it appearss the maximum
volume fraction of water vapor increases with in-
creasing inlet velocity.

Simulations were also performed on 45° pop-
pet valve over a range of cutlet pressure from 0.
1 MPa to 0.45 MPa. The simulated contours of
the volume fraction of water vapor are presented
in Fig. 6 (b) withz = 2mmand V,= 5m/s
for P,= 0.1 MPa and P,= 0.2 MPa, respec-
tively. With increase of cutlet pressures the cavi-
tation inception area and the corresponding vol-
ume fraction of water vapor are reduced. Fig. 8
shows the maximum volume fraction of water
vapor distribution. Obvicusly the increase of out-
let pressure is effective in suppressing cavitation
inception.

0.544

V.=3mis

0.59

P,=0.1MPa

P.=0.2MPa

(b)

z/d,=0.023 z/d,=0.068

©)

Fig.6 Contours of volume fractin of water vapor
(ada =45 z=2mm, P,=0.1MPa;: (b)a = 45°,
z=2mm, V,=5m/s; (cda=45", V,=5m/s, P, =
0. 1MPa

The effect of valve opening size was alsc sim-
ulated on 45° poppet valve with a wide range of
opening sizes from 0.1 mm to 4 mm. Fig.6 (¢)
shows the simulated contours of the volume frac-
tion of water vapor for z = 0.5 mm (z/d, =

0.023) and =z = 1.5 mm C2/dy= 0.068)

with equal inlet velocity and outlet pressure.
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Fig. 9 shows the maximum volume fraction of
water vapor distribution versus relative valve
opening> z/dj. It is apparent that valve opening
has a strong effect on cavitation intensity. At z/
do= 0.023 (z = 0.5 mm), cavitation almost
distributes over the entire orifice outlet region
and the maximum volume fraction of water vapor
reaches 0.991. For =/dy> 0.023, cavitation
inception area and the corresponding volume
fraction of water vapor decrease with increasing
valve opening.

© o o o
[T (TR - - S ]

Maximum volume
fraction of water vapor

0123456782910
Inlet velocity ¥, (m/s)

Fig.7 Effect of inlet velocity on cavitation
a=45°% z=2mm, P,=0.1 MPa
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Fig.8 Effect of outlet pressure on cavitation
a=45" z=2mm, V,=5m/s
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Fig.9 Effect of relative valve opening on cavitation
a=45" V.=5mm, P,=0.1 MPa

Cavitating flow in poppet valve with different
poppet angle varying from 30° to 70° was simu-

lated in order to investigate the effect of poppet
angle. Fig.4 and Fig. 6 (b) show the contours
of the volume fraction of water vapor for poppet
angle of 30° and 45° with equal valve opening
and boundary condition. Fig. 10 shows the max-
imum volume fraction of water vapor distribution
versus poppet angle. It is clear that the cavitation
inception area and the volume fraction of water
vapor reduce as the poppet angle increases from
30° to 70°. The maximum volume fraction of
water vapor is high for small @ and reduces at
higher «. IFFor « = 30°, the local high value
area covers most of the center area behind cone of
the poppet valve(Fig. 4). For a = 55°, cavita-
tion inception area and the volume fraction of
water vapor drop sharply.

F

0.81
061
0.41

0.21

Maximum volume
fraction of water vapor

00 —r———— ”
30 35 40 45 50 55 60 65 70

Poppet angle o (degree)

Fig.16 Effect of poppet angle on cavitation
V,=5m/ss 2=2mm> P,=0.1 MPa
CONCLUSIONS

1. The experimentally visualized cavitatio
region almost coincided with the numerically pre-
dicted water vapor region using RNG k-¢ turbu-
lence model> which means that the cavitation re-
gion in the poppet valve can be accurately pre-
dicted using RNG k- turbulence model and the
simulation is valid.

2. Recirculation is an important feature of
the flow through poppet valves. The cavitating
flow characteristics are more sensitive to the in-
tense recirculation zone in the orifice region than
to the recirculation occuring downstream of the
valve.

3. The numerically predicted contours of the

olume fraction of water vapor distribution indi-
cate the cavitation occurs primarily behind the
orifice and the corner of conical valve seat.

4. The flow velocity and geometry changes.
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For instance, the poppet angle and opening size
of the poppet valve can affect significantly the in-
tensity of the cavitation. The increase of the cut-
let pressure could suppress effectively the incep-
tion of the cavitation.

5. The cavitating flow field has great effect
on flow energy loss and vibration noise. The
analyses in this paper is helpful for further water
hydraulic poppet valve structure design for ener-
gy saving and noise reduction.
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