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ABSTRACT
THEORETICAL, NUMERICAL AND EXPERIMENTAL STUDY ON
VENTURI VALVES FOR STEAM TURBINE INFLOW CONTROL
by
Donghui Zhang
Because of the converging diverging configuration of the valve passage, venturi valves
have been widely used in large turbines to regulate inlet flow as turbine governing valves
for about half a century. From the 1960’s, a number of valve failure incidents have been
reported. Improvement to current designs was strongly demanded, but due to the
complicated nature of the fluid structure interaction mechanisms, valve failure is still far
from being fully understood. There are several improved designs obtained by trial and

error methods, while the rules, or even a clear direction for improvement is non-existent.

The literature in this field is reviewed. Based on former research and basic knowledge
of fluid mechanics and structure dynamics, the theoretical investigation of the flow
instability, unsteady forces, and fluid-structure interaction mechanisms are performed and

mathematic models are derived.

A 2-D and 3-D numerical investigation was performed here. The study confirmed that
large amplitudes of hydraulic forces, moment and torque are caused by unexpected
asymmetric flow patterns. All these excitations can result in severe valve vibration and
can finally break the valve. Improved designs were simulated by using CFD tools and
shown to result in symmetric flow patterns and a reduction in the intensity of excitation at

the plug balanced position.



An experimental system was designed and built. The experimental data on a % scale
valve were obtained. The study confirmed that asymmetric unstable flows are the root

cause of valve problems, such as noise, vibration, and failure.
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NOMENCLATURE

A Area

AB,C,D,E  Flow regions and patterns

c Damping factor
D Vertical force, Diameter of plug
E Young’s modulus or energy
F Force
G Shear modulus
h Traveling of valve plug, cutting hight or enthalpy
LilJ,j Moment of inertia or node number
k Stiffness or node number
L Lateral force
1 Length or vertical displacement
M,m Mass, Mach number
Mo Moment around holding position
m Mass flow rate
Opr Opening ratio=h/D
P Pressure

Pr Pressure ratio

R Radius or gas constant

r Radius

T Temperature or torque

t Time

X1
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a,B,v,0,0

Subscript

0,1,..8
01,1
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ave

Tangential velocity
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CHAPTER 1

INTRODUCTION

1.1Valves

Valves are widely used fluid control elements in piping systems or on fluid contained
vessels. Flow regulation and pressure control are two major functions of valves, which
can be performed by adjusting closure member position either by manually or

automatically.

Valves can be roughly divided into four main categories according to their functions:
flow control valves, reverse flow prevent valves, pressure-control valves and other

special purpose valves. -

Flow-control valves are most commonly used valves to serve three major functions:
on-off service, throttling and diverting. There are various types in this category, such as
globe valve, piston valve, gate valve, plug valve, ball valve, butterfly valve, pinch valve,
diaphragm valve and so on. They are either manual valves or control valves. Manual
valves are manually operated or power-operated but manually controlled valves; Control
valves are operated automatically on the signal obtained by timing or sensing fluid
properties by a control unit. Generally all manual valves can be changed to control

valves.

Reverse flow prevent valves are more commonly called check valves, which are
automatic on-off valves that open with forward flow only to prevent reverse flow.
Closure is designed to automatically be operated by its weight, by back-pressure, by

special designed mechanism, such as spring or by a combination of forgoing.
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Pressure-control valves are more commonly specified as pressure relief valves, which
are most commonly used valves in this category. Pressure relief valves are designed to

protect system against excessive pressure.

There are still a lot of valves called special purpose valves, which are designed for
specific applications, such as flush bottom valves, sampling valves, solenoid valves and

SO on.
1.1.1 Steam turbine valves

As a large fluid system, steam turbine has various types of valves. The major duty of
steam turbine valves is to regulate the steam flow to or from or through the turbine, so
there are large number of flow control valves, such as inlet control valve, reheat turbine
intercept valve, steam seal regulator make-up valve, astern valve, and all kinds of throttle
and by pass valves. There are also check valves like reheat-stop valve, safety valves for

emergency service and special purpose valves.
1.1.2 Turbine inlet control valve

As shown in Fig. 1.1, turbine inlet control valve is used to regulate steam flow from
boiler into the turbine. In response of desired frequency and load, the valve controls
steam flow rate through the turbine, which produces the right amount of power output. A
control valve must be able to operate at high temperature and pressure with possible large
temperature and pressure drop, be free from instability or chatter of the control system
from the close to wide open state. Flow pressure drop when passing through a valve is
inevitable and can cause poor thermal efficiency. A higher thermal efficiency is very

important to turbine, so it is important for valve to be able to control flow with minimum



pressure drop.
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pressure drop. In general, structure, control and thermodynamic concerns must be

carefully considered when design a turbine control valve.

www.mtc .ac jp/cadets_e/hassane/st-turbine html

Fig. 1.1 Turbine and steam inlet control valve

Venturi valves are widely used in modern turbines as turbine governor valves to
regulate the flow entering the turbine. Fig.1.1 shows a typical single venturi valve in a
turbine. The valve has a moving component, closure, a stationary seat, and valve chest.
The closure head, called the plug, is operated by a controller through the closure stem
from the fully closed to the fully open position in response to desired turbine output. The
seat is essentially a converging-diverging nozzle with a very short converging section and
is mounted on the bottom of the valve chest. The cross-section of the valve passage looks
like two converging-diverging nozzles formed by one side of the plug and of the seat,
pointing to the valve center. This design is believed to be able to minimize the total

pressure loss.

As turbines became larger, the larger venturi valve should be used to handle greater

volume flow rate. It is very difficult to overcome the critical hydraulic force for control
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and maintain the performance. For modern large turbines, to improve turbine efficiency
at partial load and reduce the lifting force required, multiple smaller valves are used
instead of one large valve. These valves are operated in sequence, as shown in Fig. 1.2.
All valves are in the closed position with the initial clearances (A through D) when the
turbine is not running. The valve opening is controlled by the liftbar. Because the
clearance D > C > B > A, when the liftbar is lifted by the liftrod, the No. 1 valve is
opened first, No.2 second, No. 3 third, and No. 4 last. Each valve starts to open as the

previous valve is almost fully open. Thus there is overlap.

Ml ng
! VLIFTROD l |
________ _| ! 41k _
] ||| STeAMcHesTcover qﬁl _________________ I
| RRE |
| Ry |
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| . -
' D : Cc |
' A
!T :llhT ELF ] : - JEL I ‘l
é | i & T®
oljol|lo o||e o||le ol e
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i = e e rl_l—llﬂ——dJ‘
STEAM CHEST i | i <7 -
| | i | BRIt
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/ ~ i / \
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Fig. 1.2. Cross section of multiple venturi valves (after J. Hardin)
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Fig. 1.3 The Venturi valve and its failure (after J. Hardin)

1.2 Demands on The Study of Turbine Steam Control Valves

Normally, the inlet valves are operated under very severe conditions. For example, in
thermal power plants, the steam inlet temperature, pressure, and pressure drop through a
fully open valve can reach as high as 1000°F, 4,000Psi and 200Psi respectively. In such a
situation, the high speed flow can be very asymmetric and unstable. Thus, hydraulic

hl.

forces due to the strong asy ic and p distribution along the plug

surface cause severe problems, such as vibration and noise. The valve plug can be broken
in a very short time due to the large amplitude of forces, or in long-term operation due to

material fatigue. It is very costly to stop the turbine to replace a valve.

Since the 1960’s, more and more valve failure incidents were reported due to

increasing turbine size and up steam p B of the plicated nature
of the flow through a valve, until the early 70’s, there was still no big progress in this
research area. There were several papers investigating the valve noise and failure

problems. First, increasing the rigidity of the structure was proved insufficient. Then the



self-excited
vears of exper
vibration was
does not do i

4
reason for valy

Arecent val
steam turbine i;
developed in th

Rully open and

%at into the st
shown in Fig.1.
which mean th;
13 Objecti\'e aj
As multiple..,
way, the Study ¢
5t Clarify he f
&0 cayge Valve
Work hag been 5

L Theory an

2 [
. llerature



self-excited vibration was denied as the reason, according to Araki’s research and 10
years of experience of a plant in the former Soviet Union. This means that the valve plug
vibration was not a result of feedback from the flow vibration, and so adding damping
does not do any good. Finally, the flow-induced vibration was believed to be the main

reason for valve failure.

A recent valve failure was reported in 1998. The valve started operation in a multistage
steam turbine in 1998. After 3 months of running, the No. 2 valve failed after the crack
developed in the location shown in Fig. 1.3. It happened as the No.1 valve was almost
fully open and No. 2 valve was at an opening of 0.147(h/D). The falling plug drove the
seat into the steam chest wall approximately 0.7in. The failed valve stem surface is
shown in Fig. 1.3. Before the failure, there was higher noise coming out of the machine,

which means that chattering may have existed.

1.3 Objective and Structure of The Present Study

As multiple-valves are essentially several single venturi valves mounted in a parallel
way, the study concentrates on the single venturi valve. The objective of the present study
is to clarify the fluid and failure mechanism of venturi valves to obtain regions, which
can cause valve failure and to design new valves to improve their reliability. The research

work has been accomplished systematically to achieve the goals with following steps:
1. Theory analysis of fluid valve interaction and valve vibration
2. Literature review of former research
3. Numerical simulations for current valves and improved valve designs

4. Experimental investigation of current venturi valves
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CHAPTER 2

FUNDAMENTALS AND THEORY ANALYSIS

The cross section of a valve passage is shown in Fig. 2.1. Flow passes the space
between plug and seat. The plug is normally made as semi-sphere shape. The upper side
seat facing the plug is arc shape. In response of feedback signals of turbine output, plug is
lifted to control the inlet flow rate. Fully closed position was defined as when the plug is
push all the way on the seat and no flow can pass by the valve, which is also called zero
lift position. Mass flow rate will increase as the plug is lifted from fully closed position to
a position after which the mass flow rate remains constant. This position is defined as
fully open position. After fully open position, the valve plug can still be lifted until

reaches maximum lift position.

There were a lot of reports on valve plug vibration and break, which were believed as
the result of flow-structure interaction. It is still unclear that how they interact with each
other. So it is necessary to have a study on both the fluid side and valve plug side to

clarify the interaction mechanism between them.

2.1 Flow Thermodynamics
The flow in valve is highly complex, three-dimensional, turbulent, viscous, and
unsteady. But important information can be obtained by the basic governing equations

and one-dimensional analysis.
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2.1.1 Basic governing equations

Continuity

In most cases, turbine operates with constant output, which means flow is steady. Even
in changing plug lift process, as the valve is little compare with big mass flow rate, mass
accumulation in valve can also be ignored. Define valve inlet as 1 and exit as 2, the

continuity equation becomes
my = P14y =my = p,V, 4, 2.1

Energy balance

The valve is little, so fluid potential energy changing is ignored and also the valve can
be treated as adiabatic wall. The energy balance relation for flow passing through a valve

thus reduces to

hy =hy =h +——=h, +— 2.2)

In the absence of any heat and work interactions and any changes in potential energy,
the stagnation enthalpy of a fluid remains constant when passing through a valve during

steady state process.

Equation of state

As the steam temperature is very high when passing through the valve, it can be treated
as ideal gas. With constant gas constant, R, specific heats, C, and C,, and their ratio, k,

the gas satisfies following state equation:

P=pRT 2.3)
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Newton second law

Motion equations are used to deduce vibration-governing equations
Y F=ma (2.4)

Y FR= Jo (2.5)

Momentum equation is used to analysis hydraulic forces acting on valve plug
I ~ -
2F=§ijdv+ [ PPV o di 2.6)

Second law of thermodynamics

Thermodynamics second law is used to deduce the basic thermodynamic relations for

reversible compressible flow process and to define valve efficiency.
2.1.2 Ideal process for 1-D fluid passing the valve

As shown in Fig. 2.1, flow passing through a venturi valve can be idealized as one-

dimensional compressible ideal gas passing through a converging-diverging

.
BN

Throat

Venturi valve Converging-diverging nozzle

Fig. 2.1 Idealization of valve
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Driven by the pressure difference between valve inlet (1) and outlet (2), flow enters the
valve with a low velocity at stagnation pressure Py, which can be treated as constant as
boiler supplies constant pressure steam to turbine. As plug traveling from wide-open
position to fully closed position, valve exit pressure P, falls down. According to
converging-diverging nozzle theory, the flow will experience different process with

different valve lift, as shown in Fig. 2.2.

P P
01 A/-—f 2
B
p* Soni C
ic
Shock’/_—
| D
M
1 Sonic Shock
H
A B ~C |
Inlet Throat Exit

Fig. 2.2 The effects of plug travel on the flow through a valve
At wide-open position, the flow remains subsonic throughout the valve. The fluid is
accelerated before throat while pressure keeps decreasing, until reaches the highest
velocity and lowest pressure at throat, then slow down with pressure increasing at the
diffuser section of the valve. The maximum Mach number is less than unit at the valve

throat and flow is not chocked. The valve acts as a diffuser.

As the plug travels to closed position, P, keeps dropping. At one critical position

(curve B), the throat Mach number reaches unit. The valve still acts as a diffuser. The

10
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velocity and pressure change as same way as large open situation except at throat flow
becomes sonic. This position is called critical position. It is called almost wide open
between critical position and wide-open position. Between critical position and fully

closed position, it is called almost close.

When valve is almost close, as shown in curve C, the sonic fluid at throat continues
accelerating to supersonic velocities in the diverging section of valve as pressure
decreases. This acceleration comes to a sudden stop as a shock develops at the section
between throat and exit causing a sudden drop in velocity to subsonic levels and sudden
increase in pressure. Then the fluid continues to decelerate further in remaining part of

valve.

In real valves, because the exit section is normally designed over diffused, it is
impossible to accelerate fluid to supersonic, as shown curve D, at valve exit even how

much P, dropped.

Property Relations for isentropic flow of ideal gas passing through a valve

L Po P2
h 01 P
Po2sh
Actual

ds=0x Shock \ p
y 2
/

2sh

2ish
2s 2
\

Fig. 2.3 Ideal and actual flow in a valve between same inlet state and exit pressure
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Flow is assumed isentropic except for the shock region (x—y in Fig. 2.3). As isentropic

process, all stagnation properties, T;,, F, and p, remain constant. The basic property

relations for subsonic and sonic (01-2s), and for supersonic flow before (01-x) or after

(y—2ish) shock are shown as following:

%=1+(%}vlz 2.7)
%:[H(i‘;—l}vﬂr 258)
e

SR o

Above equations show that the relation between stagnation properties and static
properties can be express as a function of Mach number. The Mach number is essentially

the function of cross-area. In the equation, k is specific ratio and is constant for ideal gas.
Mass flow rate

Under steady flow conditions, the mass flow rate can be expressed as function of Mach

number, valve throat area. R is gas constant.

k+1

. ,k k-1 21K)
m= A" MP, o [1+ 5 MZ] @.11)
0

12
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After critical position, flow is choked as Mach number turns to unit. Above equation

can be simplified as following:

k+1
. . k | k+1|20-5
m=A IJ"N,RTO [—2‘] 2.12)

As both inlet conditions and specific heat ratio remain constant, the mass flow rate is

proportional to throat area, which changes with plug lift.
Shock Waves

Shock wave occurs when flow in valve is supersonic, as shown in Fig. 2.2. Abrupt
changes in fluid properties, such as pressure, temperature, Mach number and density,
occur in a very thin section, creating a shock wave. As shown in Fig. 2.3 the curve x-y,
flow process through the shock wave is highly irreversible and cannot be approximated
as being isentropic. The basic property relations before (x) and after (y) shock wave are

shown as following.

(k=DM +2
Y\ 2kM 2 —(k-1) (213)
T, 2+(k-DM; o1
= 3 _
T, 2+(k-DM]
P, 1+kM;
P, 1+kM? (2.15)
x y

13



= N > (2.16)

y _yx
Y 2.17)
x xty
b ) k.
hy  L+kM2[ k=1 T
P _1+kM2[l+ > M, (2.18)
X y

According to above equations, after shock, the stagnation pressure and velocity

decrease while the static pressure, temperature, density, and entropy increase.
2.1.3 Flow through actual valves and valve performance

Actual flow process is not ideal as above discussion. Besides shock, two major factors,
friction and flow separation also cause irreversibility, making the real process looks like
01-2 without shock or 01-2sh with shock instead of 01-52s and 01-2ish respectively
in Fig. 2.3. The friction effects are mostly confined to the boundary layer, while
separation occurs when flow area increases faster than fluid expansion, or simply, over

diffusion.

Valve efficiency

To evaluate a valve, the valve efficiency can be defined by comparing actual kinetic
energy at valve exit to kinetic energy at valve exit for isentropic flow from the same inlet
state to the same exit pressure as shown in equation (2.19a). It can also be defined in

terms of total pressure loss or total pressure ratio as shown in equation (2.19b).

14



For subsom




hon - hz or2sh

n. = (2.192)
h(n _hzs
AP, P
T, =1-—2="2 (2.19b)
’ R, P,

For subsonic flow, they can be related as

k-1

_ Tk 1 520
v 2_0 _1 ( . a)
/4
n, =—- (2.20b)
Ty,

Fig. 2.4a shows the typical relation variation of efficiency and pressure ratio for
subsonic situation. The total pressure loss is due to friction. In supersonic flow, shock
waves can produce much greater total pressure loss as shown in Fig. 2.13. Thus another
parameter, total pressure recovery7, , is defined as total pressure ratio over total pressure
ratio portion due to friction. In theory the total pressure loss due to shock waves can be
predicted by equation 2.16. In real situation, at high Mach number (bigger than 1.5), the
result from equation 2.16 is higher than experiment data. Thus an equation from Military

Specification S008B can be used here as

n, =1 M<I (2.20c1)

17, =1-0.075(M -1)"*  1<M<5 (2.20¢2)
800

n = M 1935 5<M (2.20c3)

15
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The recovery variation with Mach number based above equation is plotted in Fig. 2.4c.

Different valves have different performance. Even the same valve has different
efficiency under different lift level shown as solid line in Fig. 2.4. At wide-open position,
valve has higher efficiency ranges from 90-99% because the boundary layer occupies a
smaller fraction of total flow volume and separation region is less. The efficiency
decreases as plug moves toward seat since both boundary layer fraction and separation
region increase. After the critical position, shock waves become the main cause of total

pressure loss. The efficiency drops quickly.

Mass flow rate

The inlet control valve is to serve for controlling the mass flow rate to turbine. Because
the output of turbine is proportional to flow rate, so it is desirable to design the valve in a
way that the mass flow rate is proportional to plug lift shown as dash dot line in Fig. 2.4.
In practice, the flow-lift characteristic of valve does not act like the ideal proportion
characteristic. For example, a typical flow-lift characteristic line for a valve in multiple
valves is shown as doted line, which can be explained, based on ideal mass flow rate

equations.

In the steep linear part of the curve between critical position and fully closed position,
governed by equation (2.12), the mass flow rate is proportional to throat area, which has
linear relation with plug lift. After the critical position, both throat area and Mach number
affect the mass flow rate, according to equation (2.11). As valve throat area continues
increasing, the Mach number starts to drop. This combination makes the rest of the curve

like a steep-flat shape.

16
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a. Variation of efficiency of subsonic flow b. Variation of recovery of supersonic flow

0
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c. Efficiency and mass flow changing due to open process

Fig. 2.4 Valve efficiency and mass flow rate
The governing point is defined as shown in Fig. 2.4, which divides the curve into two
parts, steep part and flat part. In the steep part, including choked or unchoked situations,
the mass flow rate changes from 0 to about 90%, while the flat part only accounts for
about 10% mass flow increase. The governing point moves to wide open position as the
pressure ratio of downstream (turbine first stage) and upstream (steam feeding chest)
decreases. For example, if the pressure ratio is 0.9, the governing point is at half open

position, while if the pressure ratio is 0.5, it reaches 80% open position. This is the reason

17
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why the flow-lift characteristic of single valve is different with one valve of multiple-
valves. In multiple valves, the pressure ratio is approximately constant, while single valve
has more influence on pressure ratio when changing lift. There is still no big different for

flow-lift characteristic. The curve is also steep-flat shape for single valve.

2.2 Hydraulic Forces

Fig. 2.5 Valve and flow pattern

2.2.1 Drag and lift extended by fluid

Passing through a valve, the flow is highly complex with friction, separation, unsteady
jets, vortex, and possible shock waves as shown in Fig. 2.5. Two hydraulic forces, drag

and lift, are extended on plug, which can be treated as an immersed body.

Drag

The total drag acted by fluid is composed of two parts, pressure drag and skin friction

drag.

18
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D=D,+D, (2.21)

The pressure drag is net normal stress in z-direction. It is caused by pressure difference
between plug upside and semi-sphere side. It can be obtained by integrating the normal

force acted by pressure along the out face of plug in z direction.

Dp = —ﬁPf ° d;i (2.22)
If the plug is a semi-sphere, the equation can be specified as:

ul 2r
D,=D,, -D, =PnaR’ —rz)—RZEJ:) Pcos6dgdd (2.23)

D, is drag force extended by pressure on up surface, which is a ring; Dy, z-direction

component of the normal stress of semi-sphere surface.

When viscous fluid passing through the valve, it extends skin friction drag, which can
be calculated by integrating the shear stress along the semi-sphere surface in z-direction.

According to boundary theory, the skin friction mainly occurs in boundary layer. So the

friction drag can be expressed as:

D, = ”sin(k A f)Td.;I (2.24)
bas

Where bas means boundary layer attached area.

The fluid is treated as Newtonian fluids. The equitation can be expressed as:

rea( OV :
D, =R2J'02 J‘O (ﬂa_n|k)s1n9d0d(p (2.25)
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Where qa is critical angle, which means the angle that boundary layer started

separation. It can be function of ¢ when separation is asymmetric.
Lift

Lift also called lateral foce is defined as forces perpendicular to drag. Similar to drag,

total lift has two components, pressure lift and friction lift.

L= Lp + ljf (2.26)

The pressure lift is net normal stress perpendicular to z-direction. It is caused by
pressure difference in directions perpendicular to z-axis. It can also be obtained by

integrating the normal stress as following equations.

L, =2 +I2 (2.27)

The angle between pressure lift direction and x-direction is

L
=tan"'| 2
1 L. (2.28)

Where L, and L;,, are x and y-direction components of pressure lift respectively.
( x |
L,=R’ I e Pcosqu(p—BPcos(ad(p sin 46 (2.29)
2

2
0
2

L,, =R [2([" Psingdg - " Psin g )sinado
py o \ ), Q b sSin w¢ sSin (2.30)

20
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Skin friction also cause lift drag, which can be calculated by integrating the shear
stress along the semi-sphere surface in perpendicular direction to z-axis. Skin friction lift

also mainly occurs in boundary layer attached area and can be expressed as:

L, =L, +L} @31)

The angle between pressure lift direction and x-direction is

1Lf.v

y=tan | — (2.32)
fo

Where L;x and L, are x and y-direction components of pressure lift respectively.

kY 4 %
L, = Rz(jﬂz .[0‘z-cos(ocos&iaM)—E_,Io‘rcosqpcosad&i(o] (2.33)

2 2

L, = RZ(E” I: Tsin@pcosd&dp — J: J‘: Tsin ¢ cos &16!1(/7) (2.34)

Where, if treat the flow as Newtonian fluid

T=u a—n|R (2.35)

Analysis on lift and drag estimation for balanced valve

Balanced valve means plug is stationary without vibration and is concentric with the
seat. If the flow is symmetric around z-axis, according to lift equations, lift is zero under

such situation. To get the drag by theory, the shear force should be simplified as:

2V
T=U— (2.36)
d
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Where V is main stream velocity and d is distance shown in Fig. 2.6. Both of them can
be expressed as function of passing area, or sphere profiles of seat and plug, according to
one-dimensional analysis. The pressure is also a function of sphere profiles. Thus we can
get accurate drag by above equations. But due to the complex geometry of valve and the

unpredictable separation, drag is too complicated to be obtained by this way.

S ¢ d 2

R )i

a. Control volume for b.Control volume for
almost closed position maximum lift position

Fig. 2.6 Drag estimation
A simple way is to estimate the drag by simplifying momentum equation to the

control volume shown in Fig. 2.6 with following assumptions:
a. Flow enter the control surface 3 with average z-direction velocity component V3,
b. Ignore body force and friction between fluid and seat

c. The region between control surface 4 and seat after seat throat is separation region,

no fluid flowing out of surface 4
d. Static pressure at control surface 1 equals flow inlet stagnation pressure

e. Flow velocity at surface 2 is uniform with z-direction
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f. Steady state, no friction between fluid and seat, ignore body force

So the momentum equation reduces to

D=PyA — [PiedA, —mV, - P,A, +mV, (237)

c.sds

The second part in right side of equation is the support force extended by seat, which is
also very difficult to determine. By considering the one-dimensional pressure analysis
along valve as shown in Fig. 2.2, the pressure can be substitute by average value of three
terms, inlet, outlet stagnation pressures and throat static pressure. Since the stress
direction changes along the surface, while only the z-direction component can be counted

in this term, so the area is approximated as half time projection area of A4 on x-y plane.

The third part can be set as zero and to compensate this simplification, the last term is

set to turbine first stage stagnation pressure.

The fifth term is from flow momentum when entering the control volume. It is very
difficult to simplify it. Here we do force analysis on valve small open situation, so that
both mass flow rate and z-direction velocity component are very small and it can be

ignored.

Thus the momentum equation can be further simplified as:

D= Ponﬂ'(R2 —rz)—%(Pm + P, + By, )(R2 —Rg)_ Pozmqg (2.38)

For example, a valve with geometry parameters, R=2 in, R¢=1.5 in, r=1 in, and R;=0.9

in, is operated at almost closed position. The flow is choked. The inlet total pressure is
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4,000 psi and the pressure drop as 200 psi as we mentioned in Chapter 1. By using above

equation, the drag acted on vale plug is about 1600 1b.

Drag characteristic curves at almost closed situation

Valve design need consider a lot of issues such as, turbine type, space for installing,
mass flow rate, material properties, and so on. As we talked in Chapter 1, the less force to
lift the plug, which equals the drag fluid acting on plug, the better the valve can be
controlled. Also we will discuss later, the more drag on plug, the more possible severe
vibrations will occur. So it is very important to obtain drag force characteristic when

designing the turbine valves.

Rearranging the equation (2.38), we can get a functional relation between several

dimensionless groups

1 .
Dh =|i(1—/1)—-g(l+ﬂ' +7IOX1—E)—7[0£_l (2.39)
J
Where
D
K P, R2 " is called hydraulic drag number

Py
7Ty = —  Total pressure ratio

F,
o =tn . . |

= P Pressure ratio between valve throat static pressure and total inlet pressure
o1
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, 2
A= E , Plug stem and plug area ratio

2
R
€= (?0) , Seat throat and plug area ratio

Differentiating drag number with total pressure ratio, we can get

aD, 1 orn”
=—{—=|1+ l-€)+¢
P 7, 6 9 7, ( ) (2.40)
o’
For this function, before fluid is choked, o is a function of Mach number, which is

0

very difficult to get. When the flow is choked, 7z~ becomes constant, which means

or’

or,

=0 The equation can be reduced to

oD, 1
=——(1+5
oz, 6( 5) (2.41)

This term is always negative and is a function of seat throat-plug area ratio.

aD,
A

=-1 (2.42)

This term is also always negative constant. As € is always less than one, which means

oD, oD

—_ is always less than p)

EY) . As shown in Fig. 2.7, the slope of Dy-A line is steeper

0

than Dy-1p line.
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aDh l *
=—\l+7 -57

This term is a function of throat static-inlet total pressure ratio and exit-inlet total
pressure ratio. As we know m* increases as mp decreases until the flow is choked. Then it
becomes constant, for ideal gas, 0.528. That means if mp>0.31, this term will be negative.
This is true for most case, as we do not want fluid passing the valve with such a big

pressure drop.

Based on above analysis, the drag number changing with above three dimensionless
variables is shown in Fig. 2.7. When uniform flow passing through a semi-sphere body,
the drag always has same direction as flow. But to valve, it is not true. The drag number
can be negative, which means the flow pushes the plug outside, or positive, which mans

the flow sucks the plug to seat. The drag number is zero when any of these specific

values, Z, , A and €”, is satisfied. This is the most favorite operating situation for valve,

easy to be operated and vibration being great reduced. These should be considered when
design a valve. For continence, the drag is assumed as positive in this thesis, except when

specified.

There are no experiment data to show the accuracy of our model. In 1976, Zaher M.
Moussa gave some data about the relation between the drag number and pressure ratio by
running Davis’ computer program as shown in Fig. 2.7b. The basic idea of the program
is to use computer solve the equation (2.22) to obtain pressure drag. Moussa did not
explain the data. Compared the 10% and 20% lift lines with our theoretical relation
between drag number and pressure ratio, they match very well. The drag and pressure

ratio are linearly related when flow is choked (pressure ratio less then the dotted line).
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L%=100

200

0 T, 1

b. Relation between drag number and pressure ratio from computation result

Dy,

0% 100%  Travellift  200%

c. Plug drag-travel characteristic
Fig. 2.7 Hydraulic drag number
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As plug travels to fully open position, at the low pressure-ratio, the drag becomes
independent on pressure ratio, as the horizontal lines on the left side of dashed line. We
think the reason is that the shock waves happen outside the valve or the control volume,
thus the downstream pressure has no influence on the fluid inside the valve, so that the
force remain constant. This is not a big concern, because the bigger the plug lift is, the
higher the pressure ratio. In real turbine, it is unlikely that the shock waves happen
outside of the valve. At higher plug lift, the drag still has linear relation with the pressure
ratio between the dashed and dotted lines. The slopes at different plug lift are almost
same. This proved our equation (2.41). One thing needs to be mentioned that the pressure
ratio scale during which curve show linearity is decreasing as the plug travels to its

maximum lift position. At two times of wide-open lift, there is no such relation anymore.

Drag-plug travel characteristic

Not only with pressure ratio and geometry difference, the drag changes also with plug
lift as shown in Fig. 2.7c. The solid lines are characteristic cures with fixed pressure ratio.
Normally lift position changing affects the total pressure ratio, even it is one out of eight
valves. If the valve affects pressure ratio from 0.9 (closed position) to maximum lift

position, the drag-plug travel characteristic will look like the dashed line.

According to equation (2.37), if valve inlet and outlet total pressures are fixed, only
second and fifth terms determine the drag. In valve opening process, we know from one-
dimensional analysis the average pressure increases, so does the absolute value of second
term. When the valve starts open, the mass flow rate and average z-direction velocity

component increase quickly, then the mass flow rate slows down when plug lift reaches
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the governing point as shown in Fig. 2.4 and becomes constant after wide-open position.
So the fifth term starts as a sharp increasing, then after about wide-open position, enters
its flat increasing region. Because the force caused by the two terms are opposite with
each other, so the combination effect results in the drag-travel characteristic as shown in

Fig- 2.7c, the drag increase before the wide-open position then drops quickly.

T o understand the characteristic, drags at wide-open position (maximum drag) and at
max imum lift position (minimum drag) should be obtained. To get maximum drag, the
fifthh term in equation (2.38) can be simplified by using flow properties at throat. At that
posi tion, the valve throat area equals the seat throat area. Also we assume the jet direction
is 45 © with z-direction. Therefore, the equation (2.38) and (2.39) can be changed to

.2

7 2m, .,
D .. = P()I”(R2 -r’ )_E(Pm +F,+F, )(R2 - R(f )_ PozﬂR(f +———27[,0,,,R: (2.38a)
D
D =
hmax R Pm (2.39a)

Where m__, is maximum mass flow rate at wide-open position, can be obtained by
€quation (2.11) for subsonic or (2.12) for supersonic.

For maximum lift position, we assume the plug is too far away from seat, so this

becomes a static fluid problem. Define a control volume as shown in Fig. 2.6b. The drag

and drag number are simply

D_ =-P,m’ (2.38¢)

min

D, . =-A (2.39¢)

hmin

29



We do ne
showing the

open positi

Where Li

amost close(

0pen positio
From wide
between the,

Dhmm to get )
222 One.g;

As discusg
ire S¥mmeryy
dimensi(ms_ ]
8. lify oscil
Some Tepors
Valug of lify )
Sé\ere "ibrar

mecha“isms



We do not have enough data to develop an empirical equation, but there are some data
showing there is approximately linear relation between drag and plug lift, so before wide

open position, the relation can be expressed as

Li—-Li
D,=D, + = (Dhmax _Dhalc) (2.40)

alc .
1-Li,

Where Li is the ratio of plug lift with wide-open position lift. The subscript, alc, means
almost closed position. The equation can be only used from fully closed position to wide-

open position.

From wide-open position to maximum lift position drag, there seems no good linearity
between them. For guessing, we still can use the linear interpolation between Dyax and

Dhpmin to get the drag.
2.2.2 One-dimensional analysis on unsteady hydraulic forces acting on plug

As discussed before, the lift acting on plug is zero if the geometry and flow patterns
are symmetric. The drag is a function of pressure ratio, plug lift and geometry
dimensions. In real cases, both drag and lift are also functions of time as shown in Fig.
2.8, lift oscillates around 0 while drag around a number we can get by analysis of 2.2.1.
Some reports show that the peak-to-peak value of drag can reaches to 1,000 lbs, while the
value of lift can reaches to 3,200 lbs. This oscillation is very dangerous, it can results in
severe vibration of plug and potential failure of valve. Here we will discuss the major

mechanisms that cause oscillation of hydraulic forces

Instability of highly turbulence flow
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According to fluid turbulence theory, all the instantaneous continuum properties, such
as pressure and velocity, fluctuate rapidly and randomly about a mean value with respect

to time and spatial direction. Thus the pressure can be express as

P(x,1) = P(x)+ P(x,1)’ (2.45)
- 1 10+At
Where, P (x) = E Lo P(x,t)dt is time average pressure at a fixed point x.

Drag
Dpﬁ%ﬁvﬁvﬁA
Lift
0 ‘vaLﬂ%%

Fig. 2.8 Unsteady hydraulic forces
The pressure along upstream, downstream, and valve surface at one instant fluctuates
as shown in Fig. 2.9a. If integrating the pressure on both left and right sides, the pressure
drag and lift may become asymmetric in both magnitude and acting points as shown in
Fig. 2.9b and moment can be generated at this instant. This will start the plug vibration,

which inverse makes more pressure fluctuations.

Influence of Separation and shock instability on drag and lift

Separation occurs when flow met an adverse pressure gradient, while shock occurs
when flow is supersonic and the back pressure is different with some special value, P™ as

shown. They are different fluid phenomena’s. But for this case, two characteristics are in
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common, first they both occur in valve diffusion region or after valve throat; second,

fluid pressure jump suddenly after shock or separation points as shown in Fig. 2.10a.

]
Po; o : Po:
Up stream i
¢, Down stream ,
\ P2 :
i
Valve surface ;
: Po2
a. Pressure distribution b. Forces

Fig. 2.9 Pressure distribution and resulting forces at one instant

Ideally, the separation point and shock wave point should be symmetric with the
central line of valve. Due to instability of high velocity compressible flow or structure
vibration, the points become asymmetric, let’s say, both separation and shock happen
earlier in right side than in left side. If we assume that the pressure after separation
remain almost constant, we can get same conclusion both for shock and separation that
the average pressure on left side is less than right side. That means the pressure drag on
left side is less and the pressure lift is more than right side. The force acting point on left
side is higher and further from central line than right side. These also cause momentum.
Of course, in next instant, the shock and separation may happen earlier in left side than
right side, or separation earlier in one side while shock later, or in subsonic flow only
separation happens. To actual three-dimensional flow, the changing also occurs in
annular direction. The pressure force magnitude and acting position changes in response
of shock or separation instability. The hydraulic forces can repeat the changing randomly

or with a frequency depend on flow conditions. The plug will be harmonically excited, if
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this frequency is close to plug natural frequency. Severe vibration will be experienced by

valve. This situation should be avoid.
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a. Pressure distribution b. Pressure Forces

Fig. 2.10 Pressure and forces at one instant with shock or separation

D/L

Pressure Friction !

b = of - -

0 A

So §y __separation 1
Atotal
a. Drag/lift changing with area ratio b. Friction forces

Fig. 2.11 Pressure-friction drag/lift relation and friction forces due to separation
Separation has influence not only on pressure drag/lift, but also on friction drag/lift.
We discussed that total drag/lift is summation of pressure drag/lift and skin friction
drag/lift. The drag/lift can be expressed as function of separation area to total semi-sphere
area ratio as shown in Fig. 2.11a. The pressure drag/lift decreases while friction drag/lift

increases as the area ratio increases. This is because the friction mainly occurs in
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boundary layer attached area, the more area in separation, the less friction. While for

pressure drag, the more separation, the more the drag is.

To discuss the separation influence on friction drag, we also assume that separation
happens earlier in right side than in left side. Due to the reverse trend, the friction
drag/lift will have exactly opposite way with the pressure drag/lift. The forces due to

friction drag/lift difference will have opposite trend as shown in Fig. 2.11 b.

According to total D/L curve, three domains can be defined. The domain with area
ratio less than sy is called friction dominant region, in which the total drag/lift changing
has same trend with friction drag/lift changing with area ratio. The domain with area ratio
more than s, is called pressure dominant region, in which pressure drag/lift dominates.
The region between dashed lines is called separation insensitive region, in which total
drag/lift remains almost constant. So in pressure dominant region, separation instability
results in the unbalanced force pattern like Fig. 2.10b, and in friction dominant domain, it
will results in the force pattern like Fig. 2.11b. In separation insensitive region, the

separation has no effect on valve.

Unsteady jets and vortex

After separating from both seat and plug, the flow can be idealized as free jet, either
subsonic or supersonic. The shock we discuss before is normal shock wave. We think in
most cases normal shock waves happen if the flow is supersonic and after that flow
becomes stable free subsonic jet. There is still possibility that the jet is supersonic with a
succession of oblique expansions and shocks or possible conical waves, which combined
together results in the basic characteristic of supersonic jet, instability. The instability

also causes pressure fluctuation resulting in unbalanced forces as shown in Fig. 2.8b.

34



Actual ]
shown in F
asymmetric
generated d

side to side

the plug nat

Expans;



Actual flow is constrained by seat wall and encountering with the jet from other side as
shown in Fig. 2.12. Also it is three —dimensional. The annular jet flow may become
asymmetric, thus the flow leave valve with x and y-direction velocity component. Lift is
generated during this process. This asymmetry can change in annular way or simply from
side to side and can be random or with a frequency. If the frequency equals or is close to

the plug natural frequency, resonance will happen, great vibration altitude will occur.

a. Supersonic jet b. Subsonic jet

Fig. 2.12 Asymmetric jet flow after valve throat
We believe that the jet instability is the result of instability of separations on both plug
side and seat side. The separation we discussed before just focus on the plug side
separation. We assume the valve geometry is symmetric, so does velocity distribution,
and mass flow rate is same. According to continuity, if the flow separation on left side of
plug is later than right side, the flow separation on the left side of seat will be earlier. As
shown in Fig. 2.10b, the main flow velocity has momentum normal to z-direction which

causes lift.

Vortex occurs in the separation region as shown in Fig. 2.12, because jet flow causes

big velocity gradient. The 3-D flow is too complex to have regular vortex arrangement
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like vortex wake. The irregular arrangement of vortex still has random impulses on

structure.

Other mechanisms

There are also other possible flow mechanisms counting for the unbalanced forces,
such as upstream flow instability, upstream vortex direct impingement on plug, and
secondary flow in jet region. We believe that compared with above three mechanisms,
these have much less influence on plug. They may behave like vibration trigger, but not

act as key roles to maintain or strengthen the plug vibration.

2.3 Analysis on Fluid Structure Interaction

Normally, fluid structure interaction means flow instability caused structure vibration,
or simply flow-induced vibration. For a pure flow-induced problem, like the wind-
induce;'.l vibration of bridges, the interaction is one way, from flow to structure while the
structure almost has no influence on flow. For this valve problem, because it is an
internal flow passing an immersed body, the structure vibration has strong influence on
flow pattern and instability. The structure vibration caused by flow instability due to
structure vibration is called self-excited vibration. So the plug vibration is a combination
of flow-induced vibration and self-induced vibration. We think in this problem, flow-
induced vibration plays major role, while self-induced vibration is auxiliary to either
strengthen or weaken the vibration. In this part, we will analysis how the plug vibrates
due to the flow instability mechanisms discussed in 2.2, meanwhile, do some analysis

about self-induced excitations.

36



2.3.1 Flov

Flow-In

induced vi

We dis
resultin h
the valve |
and down
associated
Tesonance

For loc
forces ca
INteractio,
induCed v
on the flo
Esearch \

More &en,



2.3.1 Flow-induced vibration

Flow-induced vibration can generally be divided into two categories: local flow

induced vibration and piping system-induced vibration.

We discussed the mechanisms that cause unsteady hydraulic forces on plug and finally
result in hydraulic induced vibrations. All these forces are extended by the flow around
the valve plug. This kind of vibration is called local flow induced vibration. The valve
and down stream pipe form a piping system. The vibration in response of mechanism
associated with the system is called system-induced vibration. Most known is acoustic

resonance in valve piping system.

For local flow induced vibration, the mechanism is like direct feedback. The unsteady
forces cause plug vibration and vice verse. The research focuses on valve and local flow
interaction. The vibration is normally random. While mechanism of acoustic resonance
induced vibration is like a feedback loop as shown in Fig. 2.11. The research is focused
on the flow valve piping system. The plug will vibrate with one dominant frequency. Our
research will focus on local flow induced vibration, because we think this mechanism is

more general and basic.

Based on one dimensional hydraulic force analysis, three dimensional forces and
moment acting on plug at t instant are shown in Fig. 2.13. Thus vibrations in three
directions, axial, lateral and spinning, are generated. For convenience, another coordinate
system, z;-a-p, is defined from the plug stem beginning position. The relation between

two coordinates at t instant is: Z; = Z +1(t), where I(t) is the stem length at t instant, the

plug length without stress is lo.
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Fig. 2.13 Flow induced vibration mechanism

Assumptions

a. 3-D view b. Up view c. Side view c. Front view

Fig. 2.14 3-D view of unbalanced forces

Flow induced vibration can be modeled as a second-order mass-spring-damping
system in response to hydraulic force excitation as shown in Fig. 2.14. We do not deal
with the vibration due to lift changing or control induced vibration. From Fig. 1.2, the
valve plug is mounted on a beam to be operated. The whole multiple-valve vibrates as a
whole structure. The beam vibrates due to vibration from all the valves and pressure

oscillation around it as a continuous system serving as a base excitement for single valve.

Because the beam is much stronger than plug stem, from practice, in most cases, the
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beam experiences much less vibrations. Due to above reasons, we assume that the beam

remains stationary, which means z;-a-p coordinate remains stationary.

*dashed line is balanced position
a. Axial vibration b. Lateral vibration c. Spinning vibration

Fig. 2.15 Plug vibrations due to unbalanced forces
In reality, the three direction vibrations occur simultaneously. This make the three
vibration governing equations coupled by nonlinear terms. So another assumption is that
the vibrations are not influenced with each other, they can be treated separately. We
know in real situation, the vibrations in three directions are not very big. In some report,
the “severe” vibration, which causes valve failure, can only reach amplitude of 100-400
pm. That means we can get a decent result with such an assumption. Compared with the

hydraulic forces, body force is too small. Thus plug and stem body force is ignored.

Axial vibration
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The plug can be treated as a point mass attached at the end of mass less shaft. The axial
vibration is due to the unsteady drag. By using Newton second law, the motion equation
in z-direction is derived as:

d’l(t)  di(t)

Mg — +c " +kz(l(t)—lo)—D(t)=0 (2.45)

The first term is inertia force. The plug equivalent mass can be obtained by integrating

the mass of plug and stem.

The second term is damping force mainly from stem internal friction, which is called
structural damping, and friction from fluid, which can be treated as viscous damping.
Damping factor c thus is summation of structural damping factor, cs, and viscous

AE,. AE,,
X*nw,  X*

damping factor, c,. For harmonic vibration, €s = is the ratio of

energy loss per cycle to the square of displacement amplitude. It is a property of material,
which can be obtained from experiment. o; is plug vibration frequency; For random
vibration, it is very difficult to get exact value of structural damping factor. In this case,
viscous damping is also impossible to get from theory. The structure damping is believed

to be the major damping in this case.

Em

s

} ( )2 is equivalent spring constant or stiffness

Jo.1\3

for stem. The stem density p is treated as constant. E is Young’s modulus. The stiffness

The third term is spring force. k.=

in stem stretching process is less than in depressing process. This term is nonlinear.
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D(t) is the drag on plug at t instant. Drag is unpredictable due to flow instability. The
plug vibration also has influence on drag. When the plug is stretched from the balanced
position to positive deviation as shown in Fig. 2.15a, the valve throat area decreases,
which means pressure loss increases and downstream total pressure decreases. Thus the
drag increases during this process. Combined with decreasing of stiffness, this self-
excitation tends to strengthen the axial vibration when plug has positive deviation and

weaken the axial vibration when the plug deviation is negative. The natural frequency is

Lateral vibration

In lateral direction, the vibration can be idealized as a mass less cantilever with end
point mass. The vibration is due to the moment of forces around the fixed stem holding
position, O. When we analysis moment, the geometry of plug is considered. For small
amplitude oscillation, which is true in practice, we approximate sina by a, and cosa by 1
to eliminate nonlinear terms. By using equation (1.2) in vibration direction, the motion

equation can be

d’a do
2 % +co,lz+kaal2 =M(t) (2.46)

l

oeq

First term is inertia moment of plug with equivalent mass; Second term is the moment

from mainly structural internal and flow friction damping with damping factor, c,. Third

3EI,

term comes from spring force of stem. Spring stiffness, ko, =—5~

l3

, can be treated as
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constant, while I is the polar moment of inertial of the cross-sectional area of the shaft.

k
The natural f is Wgn =[5
€ natural Irequency 1s Meq
M ()= D(e)x (R, (£)+ Laeyx (T + R, () o 2)z 2.47)

—

M (t ) is the momentum due to hydraulic drag and lift. Its direction, y with x-axis,

defines the vibration direction and its amplitude, M(t), affects the vibration. So it is very
important to determine this term. It is very difficult because all the terms in equation are
unstable. Some qualitatively analysis must to be done to simplify the lateral vibration

model.

The throat area of valve shown in Fig 2.15b becomes asymmetric as shown in Fig.
2.16a, when plug starts vibration. For example, at t moment, it is moving to left side, the
left throat area is less than right side. Thus the pressure distribution becomes asymmetric
Different flow situation causes different pressure distribution along the valve surface,

based on one-dimensional analysis.

Poy P

.............. left ----ideal ——right

a. Vibration and forces b. Asymmetric pressure distribution

Fig. 2.16 Pressure distribution and forced in response of vibration
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For sonic or subsonic flow, the integration of fluid pressure (doted line) along left side
of valve is less than right side (solid line) when flow is subsonic. There is also another
possibility that left side is supersonic while left side is sonic or subsonic, which causes
big pressure difference as shown in Fig. 2.16b. Under both situations, the lift and drag in
left side is less than right side. Thus the overall lift points to left and the overall drag
acting position moving to left shown in dotted arrow in Fig. 2.16a. As plug continues
moving to left, both lift and drag acting point deviation becomes bigger. Thus the
moment of lift pushes the plug further left side to strengthen the vibration while the
moment of hydraulic force pushes the plug to its balanced position to stabilize the plug.
Normally, the drag is much bigger than lift. So even its acting distance around O is much
less than lift, we still think it can play a big role in valve stability. As we discussed
before, the drag goes down to zero or a value not strong enough to overcome the lift

moment at some open position. The plug will experience severe vibration.

In case of supersonic flow, shock waves in right side occur earlier than left side due to
more diffusion in left side. Thus left side average pressure is higher than right side. The
total drag and lift will behave in opposite way to subsonic flow situation as shown in
solid arrows in Fig. 2.16a. The moment of drag is minimized as two trend encounter with
each other, the plug move to left while the drag acting point moving to right. This is lift
moment dominant region. As the lift moment tries to stabilize the plug, we think the plug

will experience a high frequency low amplitude vibration compared with sonic flow.

Of course, the plug vibration also has strong influence on other instability mechanism,
like turbulence, separation, and jets. But the way is quite unpredictable or not as regular

as above discussion. For turbulence, this is always a random excitement mechanism to
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plug vibration. For separation, adverse pressure gradient and flow kinetic energy in
boundary layer determine the separation area. In diverging region, both the pressure
gradient and kinetic energy of flow are larger than right side. So we just assume the flow
separates at almost same place in both sides with oscillation. For jets, because even in left
side the flow velocity is bigger and the mass flow rate is less. Thus we assume that the

flow has moment oscillating around a same value in both sides.

Based on above analysis, the moment term can be simplified according to flow
situation. For sonic flow, the moment direction is combination direction of moment due

to drag and lift, the amplitude is:
M () = (eD(t) + L(t))} (2.49)
For supersonic flow, the lift defined the vibration direction, the moment of lift is:
M@)=L@)l (2.50)

Spinning vibration

In B direction, the valve also experiences vibration, like a disk attached at the end of a
mass less shaft, as shown in Fig. 2.13c, in response of torque caused by lift as shown in

Fig. 2.15c. The motion equation can be derived as

d* do
Jeq dt§+cﬂ 7 +ksB=T,(t) @2.51)

The first term is inertia term. J¢q is equivalent moment of inertia of the stem and plug
around the center point of semi-sphere. Second term is damping moment due to internal

and skin friction. cg is equivalent damping factor. The third term is moment of spring
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force. k g = is equivalent torsion stiffness, while G is the shear modulus. The last

term is torque of lift, T; (£) = L(t)(R, (t) X Z) . The natural frequency is

The spinning vibration is believed as the weakest vibration because the torque is much
less due to little acting distance of lift. But it is still believed to be more dangerous than
axial vibration, because it cause the lateral vibration keeping changing directions in x-y
plane as shown in Fig. 2.17a. Assume, at t instant, the lift acts on plug as dashed arrow
with same direction as +x. If drag moment is ignored, the plug lateral vibration is in x-
direction. Some moment later, due to the spinning vibration in f direction, the lift force
direction is rotated y anti-clock wise. Thus the lateral vibration changes direction with an

angle vy to x-axis. Also, the rotation can cause rotation of asymmetric jet.

a. Rotation changes lateral b. Lateral vibration influence
vibration direction on spinning vibration

Fig. 2.17 Interaction of lateral and spinning flow

Relation between flow-induced excitation and self-excitation
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As shown in Fig. 1.2, the steam flow normally enter the chest mounted valves with the
direction normal to valve plug. Assume the velocity, V; as shown in Fig. 2.5b. Thus
causes tangential velocity, Vp. Flow enters the valve with z-direction velocity, V. By

applying Momentum equation in B-direction, we can get torque acting on plug

Tu = P IWﬂdA - J.WﬂdA (2.52a)
4 A,
By assuming all the flow enter the control volume (dashed rectangle) at right side goes
into the valve and no flow exit and enter at left side, we can get the force acting on plug

by using momentum equation in x-direction

F. =mV (2.53a)

A) s

Now if we assume, the plug is at this balanced position, eccentric with seat. Due to
flow instability, the velocity in three directions and oscillating mass flow rate, which
finally cause unbalanced force and torque. This mechanism is called upstream flow
instability. It is a kind of flow-induced excitation, but as we mentioned in 2.2, this

mechanism is not a key role in flow-induced vibration.

If we assume the plug is vibrating, and the velocity of three directions are constant
with time changing; Vp is symmetrically distributed; The V is uniform in this cross
section. At t moment when the plug moves to —y-direction with angle a, the equation

(2.52a) can be reduced to

T, = pVV,(A - A,) (2.52b)

46



Alsod

effect on

Thisis

have effec

mechanisn

Based ¢
strong vih
of drag ac
Ophmizin;
frequent]y
latera] an
BYmmeyy
the va)ye

We are
O Vibray;

and S[nl(:[l
)
32 Ran'

The €qu
ﬁqu;m(ms .

e Oby,,



Also due to eccentric, the force in equation (2.53a) excites a moment, which can have

effect on spinning vibration and direction changing of lateral vibration.
M_=FR =mVl (2.53b)

This is a typical self-excitation mechanism. The actual situation is both mechanisms
have effect on plug vibration. The above example is just to show how these two

mechanisms interact with each other and contribute to plug vibration.

Valve optimum design

Based on above analysis, the valve should be designed following some rules to avoid
strong vibration. We believe that the severe axial vibration occurs when large amplitude
of drag acts on valve. When designing a valve, it is recommended to use equation (2.40)
optimizing valve geometry to minimize the drag at that point to about zero at the valve
frequently opening postion. This can great reduces the axial vibration amplitude. For
lateral and spinning vibration, the basic rule is to reduce the flow instability or
asymmetry, which is defined by the plug and seat shapes. So it is important to optimize

the valve shape to guide the flow in a symmetric way.

We are not concentrate on material properties of plug. But according to above analysis
on vibrations of three directions, materials with higher shear modulus, Young’s modulus,

and structural internal friction are preferred when design a valve plug.
2.3.2 Random model for random vibration

The equations of motion in three directions are obtained. So if the right side terms of
equations or excitation terms, D(t), M(t), and T.(t) can be determined, the valve motions

can be obtained. As we discussed before, because so many factors, like instability of
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turbulence, separation or shock waves, affect the lift and drag, the excitation terms cannot
be predicted or cannot be expressed as explicit time description as shown if Fig. 2.18.
This kind of excitation is called random excitation. The response of a system to random

excitation is called random vibration.

71mamB
DorMor T,

Fig. 2.18 Random phenomena

By using Fourier transform, the three motion equations can be transformed to
O(w) = H(w)Il (w) (2.54)

Because they have similar form, so we write three equations as one. O(w) is output term,

can be 1 for axial vibration, o for lateral vibration and P for spinning vibration; I (@) is

input term, can be any of the three excitation, D, M and T}.

- 1
Hw)= m,(0? - 0 +i2lww,)

(2.55)

C.

i

Where m; can be meq, Megl, or Jq, depending on direction of vibration. ¢ == is
2,/ki m,

damping ratio.

Thus we can get the relation between input and output as

o(t) = I:I (t-o)h(w)do (2.56)
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Where h(tv) is system response to a unit impulse.

Relation of mean value of input and response

First, we need introduce some basic conceptions in random vibration theory.

The mean value means time average value. For function f, the mean value is

.1
f=E(f)= }Lfg;fof (t)dt (2.57)

Autocorrelation is the mean value of products of the instantaneous values of function,

f, at two times t=t and t=t+t.
R, (2) = E[f () f(t +7)] (2.58)

The mean squared value is a random variable provides a measure of the energy

associated with the function.

72 = Elr*]= R, = tim- [, £y 2.59)

—o0

Power spectral density (PSD) is variable concerning properties of a random variable in

time domain. It shows the spectral distribution of average energy.
oo —-iwr
S, (@)= [ R, (D)e""dr (2.60)
If we know the PSD, the autocorrelation can be obtained as
e iwr
R, =[S, (0 dw @61)

Two important relations between excitation and response variable are
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O = E(0(®))= HO)E(I(t)) =£ (2.62)

So(@) =S, @A) 2.63)

From basic physical knowledge about the valve vibration we can get that the mean

value for Drag is D, while both moment and torque are zero. Thus the mean value in axial

D
direction vibration is -l-c— and is zero in both a and B direction vibrations.
Z

PSD relation is still unknown because we do not know either the excitation or response

~ 2
signal. Also the value of IH (60)| cannot be obtained by theory, as damping factor is

unknown. So experiment data is needed. As it is difficult to measure all information of
excitation and response of three directions, a more simplified model is needed to direct

the experiment.

Simplify excitation as dynamic pressure oscillation

We know the basic excitation is drag and lift for plug vibration. Ignoring the viscous
effect on valve, we assume the total drag and lift equal pressure drag and lift. Discretizing

equation with equal area in semi-sphere, we can get

—— N —-—
D=P,zeA,—-) PZeAA (2.64)
k=1

At direction 7, the lift is

N
L= ZPkr‘z e AAsin6, (2.65)
k=1
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—1—»! Valve-fluid system ——7—
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Excitation Response

Fig. 2.19 Simplified excitation-response model for plug vibrations
The pressure is not been considered as a function of space domain. They were
considered as N independent variables that influence the drag and lift resulting in plug
random vibration. Thus we can get a simple model. Rather than consider force, moment
and torque as input, we consider the pressure oscillation as plug system excitation, as

shown in Fig. 2.16.

In above model, we consider pressure as basic excitation for the system. Py, and Py,
reflect up and down stream turbulence instability, P, to Py represent the turbulence
instability of flow when passing through a valve. Some pressure points also are taken in
seat side, we can get information of jet and vortex instability. Thus we use finite pressure
points to represent integration of pressure along plug surface. This is the basic purpose of

this model and basic theory of experiment.
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CHAPTER 3

LITERATURE REVIEW

3.1 Flow Asymmetry and Instability

Stall in diffusion process

For diffusing flow in a divergent passage, stall or backflow happens as boundary layer
separates from the wall. The boundary layer separation is due to the adverse pressure gradient,
which is caused by pressure rise due to diffusion. Kline et al reviewed the topic of stall and
boundary layer theory in 1956. In their study on diffusion process in straight-walled two-
dimensional diffusers for incompressible flow, stall regimes were identified. Four typical flow
patterns were found as shown in Fig. 3.1. For a fixed diffuser length and inlet width ratio,
L/W=5, when flow is low turbulence, at small diffuser angle, no stall happens (Pattern a); In the
range of larger angles, from 16° to 20°, large transitory stall zone was found (Pattern b); Fully
developed steady stall (Pattern c) occurs in the range of 20° to 80°. This pattern is nearly steady;
When diffuser angle is wider than 80°, flow separates from both sides and become nearly steady
jet flow (Pattern d). The inlet flow condition has some effect on the flow patterns. But before the
flow is choked in the inlet, the stall happens in a similar way. It was also pointed out that
stall happens in a position where the wall curvature changes sharply or under a high adverse
pressure gradient due to shock wave. This can be used to explain flow phenomena in venturi
valve and to improve valve design.

All above analysis is about symmetric straight 2-D diffuser. Kline et al did not discuss the stall
problem in a general asymmetric curved wall diffusion passage. Referring to boundary layer
theory, we make an assumption here that the flow behaves like in a symmetric diffuser, but stall

is easier to occur in the sharper curvature side due to larger adverse pressure gradient.
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The valve can be treated as an annular of 3-D converging diverging nozzles. To simplify
analysis, the valve is further idealized as 2-D infinite wall with same cross-section area as real
valve. Thus the valve becomes a combination of two converging diverging nozzles facing each

other with an angle. Here the major concern goes to the interaction of two converging diverging

nozzles.
/_—:——'—"/" _____—-———"
—_— > _—>
| S
a. Flow b. Large c.Fully developed
without stall Transitory stall steady stall d. Jet flow

Fig. 3.1 Stall in diffuser

N A

Pattern (b”) Pattern (c) Pattern (e)

Fig. 3.2 Possible flow patterns due to stall in valve
Based on 1-D stall analysis, 6 basic flow patterns may possibly occur according to the paper of
D. Zhang and A. Engeda. Pattern (a’) occurs when there is no stall in both sides. When fully

developed steady stall happens in plug side, pattern (a) occurs. When stall happens in plug side at
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right and seat side at left, pattern (c) happens. Due to transitory stall, pattern (b) and (b’) are
unsteady, which may be symmetric or asymmetric (not shown in Fig. 3) with one stall near plug
in one side and another stall near seat in the other side. Pattern (e) is caused by jet flow. There are

also possible intermediate flow patterns not shown here either.

High velocity compressible flow theory

The venturi valve can be considered as an annular of converging diverging nozzles
formed by plug surface and seat surface. In Chapter 2, one-dimensional theory for
symmetric nozzle is summarized. The compressible flow is considered as isentropic. In
the converging part of valve, the flow will be accelerated with increasing Mach number
and decreasing static pressure. In diverging part, for subsonic flow, after valve throat,
flow is diffused with decreasing velocity and increasing static pressure. For supersonic
flow, flow will be continuing accelerated with decreasing static pressure. Shock may
happen for supersonic flow. The transition flow changing from pure subsonic
(converging and diverging) to pure subsonic-supersonic (converging-diverging) is called
transonic flow. In one-dimensional theory, the transition is a process with continuities.

A. Shapiro explained the study done by Emmons about the transition process while
considering two-dimensional effects. For pure subsonic flow, as the back pressure drops,
a region of supersonic flow develops near the throat wall as shown in Fig. 3.3a. The flow
velocity is sonic at the boundary of this region and main flow is subsonic. As the back
pressure is reduced further, the supersonic region grows with shock wave happening at
backside region as shown in Fig. 3.3b. Then two growing regions join together with

shock waves happening in the plane of after the throat as shown in Fig. 3.3c. The
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supersonic region keep growing with the shock plane moving toward the exit of nozzle,

and finally becomes pure subsonic-supersonic flow inside the nozzle.

—— o — ——

i

4-Shock M<1

Supersonic zone

Fig. 3.3 2-D flow changing from subsonic to supersonic (after A. Shapiro)

Subsonic Transonic

Supersonic

]

Fig. 3.4 Visualized transonic flow for airfoil (after Becker)
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Becker visualized the flow patterns for airfoil as shown in Fig. 3.4. The subsonic and
supersonic flow is stable. The boundary layer is thin and wake is small. But transonic
flow is unstable with thick boundary layer and large violent wake. Liepmann et al studied
the interaction between boundary layer and shock wave and pointed out the way
boundary layer affect flow stability. Kuo investigated the flow instability due to pressure
pulses in transonic flows. For the valve, the plug can be considered as immersed body
like airfoil in wind tunnel. In our point of view, the transonic flow is one cause of

unstable flow in the venturi valves.
Fighting Theory

All above theory can be very useful to understand the flow phenomena in a venturi
valve, which is similar. But they were about either symmetric nozzle internal flow or
uniform external flow of airfoil. The valve problem has different focus with them. In the
papers of D. Zhang and A. Engeda, a theory is generalized by considering the valve
geometry and basic fluid theories. According to boundary layer theory, the adverse
pressure gradient in diffusion process can cause boundary layer separation. The
separation normally happens in a position where the wall curvature changes sharply or
under a high adverse pressure gradient due to shock waves. As mentioned before, the
cross section of the venturi valve can be considered as two nozzles facing each other with
an angle. For current design, nozzles are asymmetric as the curvature of seat side is
sharper than that of plug side. Thus separation is easier to happen in seat side. We know
that pressure in separation region is higher than that of main flow. The high pressure in
seat side separation region will push flow attaching the plug surface. Because flows in

two nozzles mirror each other, they will fight for the attachment of plug. As the result,
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either flow in one side retreat to form a stable asymmetric flow pattern or flow on both
sides keep fighting to form unstable flow patterns. In a real valve, the interaction between
the plug and flow makes the flow more unstable.
3.2 Fluid Forces

It is necessary to understand fluid forces to minimize control valve problems arising
from them. Drag is mostly concerned because it is very important factor to be considered
when designing control valves. Thus how drag, or vertical force, changes with plug or

actuator travel becomes a major topic in this field.

Fig. 3.5, given by Schuder, shows a typical plug force-travel characteristic curve for
balanced plug travel process. The tension is essentially defined as positive drag. The
compression force is defined as negative drag. At almost closed position, the drag is —z-
direction by using same coordinate system as Chapter 2. Then as valve starts opening, the
drag decreases almost linearly with the plug lift. At about 0.55in lift, it changes direction
becoming positive drag. At about 0.7 inches lift, it reaches its maximum positive drag
value. Then it changes its direction again and increases with the plug travel. It agrees
with our theory analysis and force-travel characteristic by Moussa’s computation data in

Chapter 2.

Fig. 3.5a shows only steady state component of the drag. The actual experiment data
shows strong oscillation in Fig. 3.5b. The time-varying drag has a fairly flat spectrum
from O to 100 Hz. The peak-to-peak values exceed 1000 Ibs. This can cause strong
vibration of valve plug. If the plug axial direction natural frequency is at this range, the

plug will experiences large amplitude vibration. This is quite possible, because normally
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the plug stiffness in any direction is large, while the plug equivalent mass or polar inertia

is little resulting in small value of natural frequency.

2004 --=m-mmmmmm e e e oo
=] [}
8 :
= |E |
& 1001 & §
8 O [
= O H
o ]
Hy {
o 172 -1 312
8 Travel(in)
&
100+
a. Steady state drag
(=}
-
& A
O
O

Plug Force(lbs)

=1
o
7]
1=}
©

Travel(in)
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Fig. 3.5 Drag-plug travel characteristic (after Schuder)

It is not generalized by Schuder, but in our view by studying the Fig 3.5b, the large

drag oscillation probably occurs at the places where there are large drag acting on the

plug, shown as A, B, C at Fig. 3.5b. We do not have enough data to prove our

conclusion. But at least, for this case, it is true. This is the one reason that it is better to

design a valve with minimizing drag on it in Chapter 2. We know that the drag increases

linearly with the pressure ratio decreasing. This point can also be proved by one
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conclusion of Schuder, “buffeting forces are proportional to AP”. AP is the pressure drop

across the valve.

3.3 Flow-Induced Vibration

There are a lot of papers on flow-induced vibrations. Most of them are about low

velocity incompressible flow. For turbine inlet valve, the flow is compressible with high

velocity. But still some mechanisms are in common for them.

3.3.1 Low velocity incompressible flow-induced vibration

INSTABILITY INDUCED EXCITATION
EXTRON- (IIE) MgNVEM
EOUSLY Excitation Excitation Excitation INDUCE
INDUCED unaffected by | unaffected by D
EXCITATI | unaffected by fluid bod
oscillators . 0cy EXCITAT
ON Fluid- oscillators oscillators _ION
(EIE) Dynamics Fluig- Body- (MIE)
yn Resonance Resonance
Flow Flow instability controlled by Se}ti’- P
Excitation | pulsations Flow mi’igr::ent
due to | not intrinsic instability Fluid Body of
to system resonator resonator
structure
Excitation Flow conditions alone Flow conditions + dynamics Fh.".d
function | (not affected by structure of conditions
. Fluid Body +structure
of dynamics) i : .
oscillator oscillator dynamics
o rigid body
Cylindric — JV - - . a
al r—! N ——— - > :‘ po. \’
Structure 57 Avh o\ o Fa_Y
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Fig. 3.6 Fluid excitation mechanisms (after Naudascher)
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In 1980, Naudascher classified the basic flow-induced excitation into three main
categories, extraneously induced excitation (EIE), instability induced excitation (IIE), and
movement induced excitation (MIE). EIE is caused by the flow pulsation; IIE is due to
flow instability when passing a structure; MIE arises from movement of vibrating
structure, or can be called self-excitation. Each category can be subdivided as shown in

Fig. 3.6.

Weaver generalized jet flow-inertia mechanism, turbulence and acoustic resonance as
the flow-induced excitation mechanisms for valves operated at small openings. Some
methods of alleviation are given. The basic method to reduce jet flow-inertia type
vibrations is to design valve in a way avoiding large closing force at small openings (this
also proved our point that large drag can cause severe axial vibration); For turbulence
induced vibrations, which caused by broad band random pressure or impingement with
high energy levels in the lower frequency range, increasing the plug stiffness and
damping becomes very important to reduce the vibrations, of course, this is true for
vibrations due to any excitation. For Acoustic resonance induced vibration, the most
effective way to reduce vibration is to design the valve-piping system with the widest

possible separation between the valve natural frequency and acoustic frequencies of pipe.
3.3.2 Flow induced vibration for steam turbine inlet control valve

In 1980, Araki et al investigated the plug vibrations phenomena. A mathematic
vibration model was built and a 1/3-scaled valve and an improved valve were tested. The
study revealed that it was the random pressure fluctuation on valve surface due to flow
instability that causes the plug vibration. Changing the valve geometry can be an

effective method to reduce the vibration due to pressure oscillation.
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Plug vibration models

The plug vibration at different opening is different due to the pressure drop difference.
The vibration frequency of small valve opening (almost closed position) is in the range
600 to 3,500 Hz, while at wider opening is about from 100 to 300 Hz. It is believed that
the high frequency is corresponding to the primary longitudinal (axial) vibration and low
frequency is corresponding to the bending (lateral) vibration. The two degrees of

freedom vibration models are shown as Fig. 3.7.

SO

Fig. 3.7 Lateral and axial vibration models (after Araki)

By assuming the plug stem is mass less, equations of motion are derived as

d’x  dx

m—-+c,—+kyx=F
i bdt b x 3.1
d*z Z

(3.2)
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m is the mass, ¢, and c, are the lateral and longitudinal damping coefficients. ky, and ky
are the lateral and longitudinal spring constants. Fx (Lift) and F, (Drag) are the directional

forces in the x (lateral) and z (longitudinal) directions respectively.

2
xD Uhp, wD P, h
Fx,Fz=——(R-PR)f|M,—2%,—, L — (3.3)
4 w, "U’'PR’D
D is the diameter of the plug and seat contacting place. U is the flow of the velocity. p
is the density. M is Mach number. o is the angular vibration frequency of the valve. P,
and P, are valve inlet and exit pressure. The second dimensionless variable in the

brackets is the Reynolds number, then Strouhal number, pressure ratio, and a plug lift

percentage with respect to D.

Assume that the damping forces are proportional to the velocity of the plug vibration.
The restoration or spring forces are proportional to valve plug displacement. Combining
with the hydraulic forces, these three types of forces defined the valve vibration as

following way:

X [ kb Cp D(I)l B [,2)f

- = —t’ ’

b7 \/ m \Jmk, k, 34
Z_¢ /&, ¢, DA-B)f

D m Jmk,” K, (55

The first term in the bracket is actually system natural frequency times time, which

defines system property of the valve. The second term is the ratio of damping force and
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spring force in respect to mass. The third term is the ratio of hydraulic forces with spring

force. The value f is determined by equation (4.3).

Two-Dimensional model test and model improvement

The two-dimensional model test was constituted as shown in Fig 3.8. The air pressure
in tank (1) is 30ngcm2. After a control valve (2), the air pressure in the surge tank (3) is
controlled to be constant. The outside of model test valve (4) is made of optical material
to visualize the flow patterns. Another valve (5) is used to control the down stream

pressure to change the inlet and outlet pressure ratio.

N 5

(1)

\_

Fig. 3.8 Two-dimensional model test equipment (after Araki)

@ @

The test result shows that two jets occur at both sides of the valve. The shapes of jets

or flow patterns are defined by pressure ratio and plug opening as shown in Fig. 3.9.

When valve opening is fixed, at large outlet-inlet pressure ratios, the jet flow on one
side adheres to the plug up to the point near the center of the valve, while the other side
jet is free jet departing from the plug and seat immediately after the valve throat, as
shown in Fig. 3.10a. This flow pattern is called type B pattern. The region it occurs is

called region B. When the pressure ratio is small, jets of both sides become free jets.
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They are almost symmetric joining at about the center as shown in Fig. 3.10c. This flow
pattern is called type C pattern. The region it occurs is called region C. When pressure
ratio at a middle value, there is a transient pattern as shown in Fig. 3.10b. This flow
pattern is called type D pattern. The region it occurs is called region D. In the region D,

the type B pattern and type C pattern occur at irregular intervals.

Region C

075 10 15 20 25
WD(%)

Fig. 3.9 Flow patterns with different valve opening and pressure ratio (after Araki)

a Pattern B (Py/P1=0.42)  b. Pattern D (P/P\=0.30)  c. Pattern C (P/P;=0.19)
Fig. 3.10 Visualized flow pattern at a different pressure ratios (after Araki)

Jets are unstable phenomena especially when two jets meet together. The jets turning
from one side to another at regular intervals is unstable. Correspondingly, the pressure at
wall side or plug side turns irregularly. For example, under some small pressure ratio, the

jet vibrates at 2.8 KHz. For most cases, the spectrum is randomly patterned. Not like flow



passing immersed cylinder, neither a random wake nor a turbulent flow vortex is

produced.

The test result also shows that under high pressure ratio, jet pattern keep turning from
one side to another. The jet adhering area also changes from one side to another, thus
cause large pressure oscillation on the valve plug, which very possibly causes plug
vibration. So to keep the jet adheres to the seat instead of plug becomes a possible way to

reduce pressure oscillation.

Region C
1

g Region A
0.5
0

Fig. 3.11 Improved valve design and flow patterns (after Araki)
‘When passing through the gap between two cylinder columns with different radii, under
a large pressure ratio, the flow was found to adhere to the cylinder of larger radius of
curvature. As the pressure ratio decreases to some value, the flow moves away from both
cylinders becoming a free jet. Based on above phenomena, an improved 2-D valve plug
model is designed by making the seat radius larger than plug and cutting the nose of
valve plug as shown in Fig. 3.11. The test result of this improved model shows that the

magnitude of pressure variation is extremely smaller in comparison with the unimproved



one. The flow patterns are also different with the old type valve. The improved model
has type A pattern instead of type B. The flow adheres to both side of seat after valve

throat. In a transient pattern region, type A pattern and type B pattern turns to each other

irregularly.
Three-Dimensional model test and improved valve design

As the real flow passing through a valve is three dimensional, a 1/3-scaled valve is

designed as shown in Fig. 3.12.

i
|_—Lever

Accelerometer

! —%

Valve y

Plug — 7

: 7

6"

Y

Valve i Pressure 7

Seat - Sensors a
Flow )
Outlet :

a. Test valve b. Pressure sensor positions

Fig. 3.12 3-D test valve and pressure sensor positions (after Araki)

The valve is also put into the same place of same test system of 2-D model. Dynamic

pressure sensors for measuring pressure oscillation and accelerometers for measuring

plug vibration were installed as shown in Fig. 3.12 (b).

Flow patterns
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Both old and improved valves are tested, the result shows that they have difference
with their 2-D models. The improved valve design has much less pressure oscillation and
structure vibrations than the old valve. Fig. 3.13 shows the flow patterns for both valves.
Fig. 3.14 shows the pressure oscillation and plug vibrations corresponding to different

flow pattern regions for both valves.

RegionA  RegionC

TH

% RegionB  RegionB'

0510152025@@

WD)

a. Old valve model

Region C

Region A

b. Improved valve model

Fig. 3.13 Flow patterns for 3-D valve test (after Araki)
For the old valve, only type C pattern is in common. For 2-D model, it is symmetric in

left and right way, while for 3-D, it is axially symmetric, so does the type A pattern. In
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transient regions, type D pattern turns irregularly from one side to the other, while type B

or B’ varies irregularly in the circumferential direction with time.
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a. Old valve model

Pressure
L DWW

AC3 . —
P,/P,=0.662 P,/P,=0.144
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b. Improved valve model

Fig. 3.14 Pressure oscillation and plug acceleration at different patterns (after Araki)

For improved design, the 3-D model does not have transient region. The pattern
boundary pressure is lower than 2-D valve at same opening. For 3-D models, the
improved valve has much less pressure oscillation and plug vibration amplitude than the
old one. For the old valve, the most unstable regions are region B and B’. Strong pressure

oscillation and structure vibration occur due to the flow pattern instability.

Pressure oscillation
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Fig. 3.15 shows the maximum amplitude of the pressure oscillation using the pressure
ratio and the valve-opening ratio as parameters. They have something in common, when
the valve opening is large, the pressure oscillation reaches a maximum value at the
pressure ratio of about 0.7. When the valve opening is small, the pressure oscillation

maximum value occurs at the pressure ratio about 0.25.

0.3 0.3
. 0.2¢ . 02
& &
5 ]
0.1} 0.1t
0 0.5 1.0 0.5 1.0
P,/Py Po/P,
a. Pressure at valve throat b. Pressure at valve center

Fig. 3.15 Surface pressure oscillation of old valve model (after Araki)

0.2p 0.2}

O.IT 0.1
) ‘

7 N
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0 0.5 1.0 0 05 1.0
P,/Py P,/Py
a. Pressure at valve throat b. Pressure at center

Fig. 3.16 Surface pressure oscillation of improved valve model (after Araki)
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For improved design, since the flow pattern is symmetric in all the regions, no unstable
flow is produced. The pressure oscillation is generally constant and smaller in

comparison with the old design as shown in Fig. 3.16.

Plug acceleration

1.5} Longitudinal 1.5} Lateral
1.0 — 1.0}
5] 5
< <4
0.5[ 0.5¢
0 0.5 1.0 0 0.5 1.0
P,/P, P./P
a. Old valve model
1oy Longtudnal 1op  Laterd
[32] —
0.5¢ O 0.5¢
2 2
\/“:\
o 0.5 0 ot 0.5 0
PZIPI Po/Py

b. Improved valve model

Fig. 3.17 Plug acceleration (after Araki)
Fig. 3.17a and 3.17b show the changes by pressure ratio and the valve-opening ratio in
the maximum amplitude of the valve acceleration corresponding to the pressure

oscillation. For the old design, the acceleration is great in the region of large pressure
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ratios when the valve opening is large and in the region of small pressure ratios when the
opening is small. The same tendency is shown in both lateral and longitudinal directions.
The regions with large vibration amplitude coincide with the regions with large pressure
oscillation. For the improved design, the lateral acceleration is reduced to about 1/3 of
the old valve and its maximum acceleration amplitude is at the opening ratio of about 0.1
or more than 0.8. The longitudinal acceleration reduced to about ¥z of the old valve and

reaches maximum value at 0.3 and 0.5.

Relation between pressure oscillation and plug vibration

S 270 Yy

100 1000 Hz 100 1000 Hz
WD=0.078 P./P;=0.61

Fig. 3.18 Power spectra of surface pressure oscillation and acceleration (after Araki)

Fig. 3.18 shows the spectrum analysis result of the flow pattern B for the old valve. For
pressure oscillation, the spectrum is randomly patterned without containing any
outstanding component. For valve acceleration, the prominent components are shown at
300 Hz and 2,500 Hz respectively in the lateral and longitudinal directions corresponding
to the plug natural frequencies. This means resonance occurs due to unstable hydraulic

forces caused by pressure oscillation.
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As shown in Fig. 3.19, there is an approximate linear relation between the square root
of the power spectrum density (PSD) of fluid force and root mean square (RMS) valve of
the vibration displacement, which can be expressed as

\/;; =G Wq(p)ig (3.6)

Where W(p) is the power spectrum density, p = @, is natural frequency; { is damping

ratio; x is displacement; Cy is constant.
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Fig. 3.19 Correlation between square root of PSD and RMS (after Araki)

Valve operation characteristics and surface pressure oscillation

In Fig. 3.20, the dashed line is a typical pressure ratio along opening curve for single
valve. At fully closed position, the pressure ratio is zero. Then it increases quickly with
plug lift. After some point, the increasing slows down until reaches about 1. Considering
the pressure ratio and lift changing, the pressure oscillation amplitude is shown for both

old and new valves.
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Fig. 3.20 Typical valve lift characteristic curve and pressure oscillation (after Araki)

3.3.3 Self-Excited Vibration

Self-excited vibration is still believed not as the major mechanisms to cause plug
vibration for turbine valve in most cases. This is not only because the fluid-induced
excitations, which also serves as negative damping, are stronger than self-excitation, but
also because the self-excited vibration can be effectively restricted by increasing the

system damping.

Fig. 3.21 Valve configuration (after Eguchi)
But at almost closed position, the self-excitation becomes a factor to be considered.

According to the only test with an actual turbine in the former Soviet Union, it is
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confirmed that self-excited longitudinal vibration occurs when the valve opening is small.

Self-induced vibration is the product of aerodynamic instability.

Eguchi et al investigated the self-excited vibration of inlet control valves for large
turbines. As shown in Fig 3.21, the valve studied is different with venturi valves. But the
method and the mathematic models are useful for research in the self-excited vibration of

the venturi type valve.

Theory analysis
Seal Ring
7
/ a
[ Valve Plug
/ (Rigid Body)
/4 Valve Stem

Fig. 3.22 Schematic of the system (after Eguchi)
The plug is simplified as a spring damping system with two-degree-freedom with small
vibration as shown following Fig. 3.22. Knowing the fluid force is very important to
understand valve vibration. To estimate the fluid forces, the relation between plug

displacement and force should be identified. The basic relation between them is shown as

G EIHE S T
ny Kyy y C>’" C)'.v }’ Myx Myy y - F)’ l

Kxx» Kxy, Kyx, Kyy are from the sum of flows: induced stiffness and stem stiffness; Cyx,

matrix form,

C.y, Cyx, Cyy are from the sum of flows: induced damping and stem damping; My, My,

My, M,y are the sum of the added masses and valve masses; Fy, F, are the self-induced
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forces; x, y are the valve displacements in the x and y axis. Because there are too many

unknowns in the equation 3.7, a practical more simple matrix form can be derived from

(3.8)
yx Yy y y

above equation

=K,y +i0C,y — ©°M,y. Thus the number of unknowns in the equation is reduced to eight.
In experiment, Fx and Fy can be calculated from the output of the pulse counter targeting
for the unbalanced mass. The x and y displacements are measured by a displacement
sensor. To obtain the unknown Z coefficients, two types of excitation under same
condition are applied to system, a forward circular excitation and a backward circular
excitation. Thus the equation is changed to

The forward circular excitation matrix form

G 2HE)
Zyx Zyy Y FyF) .

The backward circular excitation matrix form

Zyx Zyy yB FyB '

Combine equation (3.9) and (3.10),

(Z,,) (xp ye 0 0 \—l(FxF\
Z, _ 0 0 x ye| |Fyr

yxX xB yB O O FxB (311)
Z,) \0 0 x5 y \F_yB)
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Experiment to determine the fluid force coefficients

The Z coefficients can be determined by experiment method. The experiment set up is
shown in Fig. 3.23. The test result shows that the fluid force coefficients have relation
with frequency. Fig. 3.24 shows the relation between Z,, with frequency. Following the

same method, other coefficients can be obtained.

Flow direction

1.motor

2.upper unbalance mass
3 lower unbalance mass 5.upper displacement sensor
4.photo-electric pick up 6.lower displacement sensor

Fi

g. 3.23 Fluid force coefficients test model (after Eguchi)

10°

Koo+ 02 M

Fluid force coefficient (N/m)

Resonance

10?

=2

102 10°
Frequency (Hz)

Fig. 3.24 Fluid force coefficient, Zx, determined by test result (after Eguchi)

Fluid force estimation
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For same valve under same opening, the coefficients remain constant. As these
coefficients are known, they will be putted into the equation (3.9) to predict the forces
when knowing displacement and vice visa. So in real valves as flow passing by, the self-

induced fluid force can be known if the displacement of the value plug is measured.

Stability analysis

If the vibration mode is unstable, the valve experiences severe vibration. So stability
analysis is very important. Above motion of equation is derived to get the fluid force

coefficients. For actual valve, the equation of motion can be
M, 0Yx o[ Ca 0Y)x o[ Ka 0 Y x)
0 M, A\y) \0 C,A\y) \0 K,\y)
= (Eu M_:xy J[x) + [é"‘ 9 J[x) + Ii“ Ii"yyx)
M.vx Myy y C)'x C.vy y ny Kyy)\y

M, is the added mass; C—',.j is the induced damping; I?,j is the flow-induced stiffness;

(3.12)

M , is the valve mass, C|, is the stem damping, and K, is the stem stiffness. The

eigenvalue matrix form equation of 3.12 can be reduced to

{A(Ag (1’)+[_Cl gj}{x}=o (3.13)

This equation is very useful to analysis the stability, while instability occurs when the
real part of the complex eigenvalues become positive. The M, C, and K are essentially the
sum of fluid force coefficients and structure coefficients, which depend on frequency.
Then, two ways can be done to analysis the flow stability. One method is to assume the
frequency first, then calculate the matrix and eigenvalue using the frequency, Fig. 3.23a

shows a typical analytical result for the different modes in terms of assumed frequency
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and damping ratio; The other way is to calculate the relation between assumed frequency

and calculated frequency for each mode, as shown in Fig 3.25 b. The result should be

same, for example, the two figures both show the first mode with frequency of 50 Hz and

damping ratio of 0.12, is stability mode; while second mode with frequency 65 Hz and

damping 0.04, is unstable.
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[ Mode

Fi}'st Mode )

L L d .y 1 ek ']

0 60 120 180

Assumed Frequency (Hz)

b. Relationship of calculated and assumed frequency

Fig. 3.25 Stability analysis of vibration modes (after Eguchi)

By using this method, the frequencies, vibration modes and damping values can be

predicted. These results can easily be extended to obtain an estimation of the performance

of an actual machine by just looking at the structural and fluid properties. Also the mode
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stability can be analysis. Same process can be followed for self-excited vibration of

venturi type valve.

3.3.4 Acoustic effects

Two acoustic phenomena cause problems for turbine inlet valve, noise and acoustic

resonance. The noise is somehow a result of structure vibration and acoustic resonance is

a cause of vibration.

Noise

Valve noise is notorious phenomena. Two main reasons are responsible for noise,

first, structure vibration, second, the transmission through the structure of fluid-borne

sound wave. Former is dominant reason while the downstream piping is short; later is

predominant cause of noise when the downstream pipe is long.
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Fig. 3.26 Test valve for noise (after Heymann)

Heymann investigate the relation between noise level and Mach number for different

shapes of valves at different plug lift. The basic test valve configuration is shown in Fig.

3.26, air goes through from a high pressure inlet chest to a low pressure outlet chest.
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Acoustic efficiency is defined as 77, = —*. w, is sound power and w, = EmV 2 As
w
s

shown in Fig. 3.27, the test result shows that the normally the acoustic efficiency increase
with the increasing Mach number. It reaches maximum value at some point. Then it starts

decreasing. The turning point is different due to different valve shape and lift ratio.

102 102

103f

3t
Na 10

Na
104

Fig. 3.27 Result of noise tests for different valve configurations (after Heymann)

We know the Mach number is a function of pressure ratio. For a valve with fixed
opening, the smaller pressure ratio is, the higher the Mach number. The recessed shape
valve looks like the improvement valve in the paper of Araki at el. According to our
observation, the curve at the lift ratio of 0.15 for recessed shape valve in Fig. 3.27 is

actually the combinations of the curves for lateral and longitudinal vibrations at lift ratio
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of 0.175 in Fig. 3.17b, if we look the acceleration and acoustic efficiency as same
physical meaning terms. There are two peak points in Fig. 3.27, first one is at low Mach
number, which means high pressure ratio. We think this peak is due to lateral acceleration
peak in Fig. 3.17b; The second peak is at high Mach number or small pressure ratio. We
think this one is due to severe longitudinal vibration peak in Fig. 3.17b. Our conclusion is
that even the downstream piping systems are different for two experiment, the results
match in a qualitative way.

Heymann also observed the flow pattern changing phenomena as shown in Fig. 3.28.
The annular flow and core flow pattern are actually called type A and type C pattern
respectively in Araki’s paper. The flow pattern regions also match with the Fig. 3.13a and
with a little difference with Fig. 3.13b. The opposite region boundary in two figures is

because here pressure drop ratio is used while in Fig. 3.13, the pressure ratio is used.

CORE FLOW
REGION 1

(HIGH NOISE)
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o o o
N ~) o0
T T T

o
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| ANNULAR FLOW
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0 002 004 006 008 0.1
s Valve Lift / Dia. Ratio

Fig. 3.28 Flow patterns and regions (after Heymann)

Acoustic resonance
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As we mentioned in Chapter 2, for the acoustic resonance the research subject should
be the valve piping system. Even same valve design, due to different down stream piping

system, the valve may experiences different vibrations. So the research in this field is

case by case.
VALVE BEAM
VIBRATION MODE

VALVENO.2

INLET STEAM SPEED OF SOUND
FLOW CONDITIONS: IN PIPE: 470/MS

TR

OSCILLATION
MODE IN

P=68 bars f STEAM PIPE
=284 degree C :
massflow=640 kg/s ‘ DYN. PRESSURE

TYPICAL SPECTRUM OF
MEASUREO ACCELERATION
ON SERVO SPINDLE

*.

ACC. AMPLITUDE

o

- =ln
0 50 100 150Hz LENGTH OF PIPE

ACOUSTY WAVELENGTH AT MECH.
RESONANCE FREQUENCY

Fig. 3.29 Solving of acoustic resonance for an operating turbine valve (after Widell)
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Widell studied the failures of servo spindle and couplings for an operating turbine inlet
valve as shown in Fig. 3.29. The bar lift type multiple-valve is composed of 9 separated
mushroom-like valves. The valves are lift one by one by two hinged beams, which is
controlled by servomotor. Two inlet emergency stop valves supply steam to valve
casting. After the casting, the steam is led by valve downstream pipes with different

lengths to two steam chests, one on each side of the first stage of the turbine.

Severe vibration of casting and servo spindle with frequency 63 Hz and amplitude
about 100-400 um occurs in the No. 5 operating range. The power output is between 270
and 320 MW. By both using theory analysis and experiment of testing the beam vibration
mode, an S-shaped mode with a frequency close to 64 Hz is confirmed. Then acoustic
impedances of No. 5 downstream pipe and terminal impedance at turbine end are
calculated and proved by test. From all above information, No. 5 valve is judged unstable
while all others are stable. Acoustic resonance occurs between the beam and No. 5 valve-

piping system.

The logical method is suggested to lengthen the downstream pipe after No. 5 valve.
But considering the real situation, it is more convenient to removal the No.5 valve with
less influence on turbine performance. The valve is removed, then after 7 years of

operating, the vibration never happened again
3.3.5 Flow impingement

Powell (1953) recognized the impingement mechanism of shear flows as shown in Fig.
3.30. The vortex caused by velocity gradient is strengthened as traveling down stream

producing regular pressure and velocity fluctuations. These fluctuations are drastically
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self-enhanced at some frequencies when meet an edge. It causes severe structure

vibration or noise problems.
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Fig. 3.30 Impingement mechanism (after Ziada)

2.Chest
3 Rings

Fig. 3.31 Valve configuration for impingement analysis (after Ziada)

By using above theory, Ziada et al, studied the excitation mechanism of a kind of
turbine control valve as shown in Fig. 3.31. When passing through the valve throat, flow
separation occur possibly form the valve stem or seat. Then due to the flow impingement
on the downstream corner of plug shroud, the flow instability is enhanced. Repeating

separation and reattachment of the jet to downstream corner would generate great
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pressure fluctuations. If the pressure fluctuations were coupled to the acoustic resonance
of the valve chest, severe vibration and noise would occur. It was found that this kind of
excitation likely occurs when high-speed jet separates after valve throat and the valve
dimension is much small than the jet movement in unit time. An effective counter-
measure is suggested to eliminate the impingement boundary, when impingement

excitation occurs.
3.3.6 Valve improvement design

Two directions to improve valve design by either cutting the nose semi-sphere shape of
venturi plug or extending it as shown in Fig. 3.32. As we mentioned before, Araki
designed an improved valve by cutting the semi-sphere nose. The better performance was
observed by experiments and practical operation in turbines. Zarjankin and Simonov
designed a valve by extending the nose as shown in Fig. 3.33. The new valves were
installed in all kinds of turbines like R-50-130, PT-80-130, K-300-240, T-100-130, and
T-250-240. In more than 15 years observation in some turbines, the new design was

proved to have high reliability.

—

Cutting Extending

Fig. 3.32 Two directions for optimize valve plug shape
In our view, because the flow is better guided passing through a valve with extending
nose, the thermal efficiency of extending nose valve is higher than the valve with cutting

nose¢.
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Fig. 3.33 An improved valve design (after Zarjankin and Simonov)

3.3.7 The recent research

In 2003, two papers were published about the failure cases of steam turbine venturi
valves. D. Zhang and A. Engeda reviewed the literature in this field and investigated the
flow phenomena by using CFD tools for the valve. Improved designs were also reported.
The detail CFD results will be shown in Chapter 4. Recently, J. Hardin, F. Krushner and S.
Koester published another paper describing two turbine venturi valve failures and designed

a new valve that showed good flow stability.

A recent valve failure was reported in 1998 at Elliott Turbomachinery Co. The valve
(shown in Fig. 1.2 and 1.3) is a real valve, which started operation in a multistage steam
turbine in 1998. After 3 months of running, the No. 2 valve failed after the crack
developed in the location shown in Fig. 1.3. It happened as the No.1 valve was almost
fully open and No. 2 valve was at an opening of 0.147(h/D). The falling plug drove the

seat into the steam chest wall approximately 0.7 in. The failed valve stem surface is
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shown in Fig. 1.3. Before the failure, there was higher noise coming out of the machine,

which means that chattering may have existed.

Just before the valve has the severe vibration, the frequency spectrum for the pressure
port transducer at downstream of No.2 valve was tested. Fig. 3.34 shows the high
amplitude, 66.6 psi, of valve vibration occurs at frequency of about 350Hz. This is due to
the “organ pipe” resonance since the transducer was not flush-mounted. The long time
trace period of four seconds of pressure pulsations is shown in Fig. 3.35. Zooming in the
Fig. 3.35 for a quarter-second time trace of pressure pulsations, Fig. 3.36 shows clearly
that the sharp drops in pressure are at an average of 35Hz. The pressure pulsation during
high valve vibration is also tested as shown in Fig. 3.37. The frequency is 32 Hz. So the
pressure pulsation at frequency between 30 and 40 Hz is caused by unstable flow.

O X354 Hz Y:66.59175 PSI

PORT 2
100 ‘

PSI| .

10 Hz Frequency 810 Hz

Fig. 3.34 Pressure pulsations before high vibration of No.2 valve (after J. Hardin)
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Fig. 3.35 Time trace of pressure pulsations (after J. Hardin)
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Fig. 3.36 Zooming in view of the pressure pulsations (after J. Hardin)
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Fig. 3.37 Pressure pulsation frequency spectrum during valve vibration (after J. Hardin)
The valve natural frequency was tested as shown in table 3.1. Both bending mode
frequency and torsion mode frequency decreases with decreasing pressure load of the
valve. This is due to the changing of stem length and mass as the valve moves to change

the pressure load.

Table 3.1 Original Valve Natural frequency (after J. Hardin)

Pressure Load (Lbs.) | Bending Mode Freq.(Hz) [ Torsion Mode Freq. (Hz)
325 208/238 850/930
675 268/282 1050/1160
1325 290/310 1200/1240

The steady state CFD analysis was performed in the paper. By changing the curvature
of plug, three new valves, cutoff, concave and hybrid, were designed. Three new valves
at both large and small openings are simulated and the streaklines of results are shown in
Fig. 3.38. The flow is annular flow for each case. The annular flow pattern is preferred
and proved more stable by Araki et al. In terms of this, the new designs are better than

old one. According to test data, the hybrid valve is more stable and is with less vibration.
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Fig. 3.38 Streaklines and reverse flow region of new valves (after J. Hardin)




CHAPTER 4

2-D NUMERICAL INVESTIGATION

Because it is very difficult to express the drag and bending moment as function of time
due to complicity of flow structure interaction, it is very difficult to get analysis solution
for equations in Chapter 2. Experiment is very important to help us to understand fluid
nature, but due to some reality issues, we have no way to obtain a lot of detail important
information from experiment alone. 2-D model was calculated by using commercial CFD
package, TASCFLOW. The steady state flow field, forces and moment at plug balanced
position and fluid structure interaction mechanisms by arbitrarily adding displacement on

valve plug were investigated.
4.1 Numerical Modeling

TASCGRID was used to generate the grids. The whole grid composes four blocks,
left and right side chest (i=50,j=30,k=4 for each), throat (i=50,j=150,k=4), and
downstream seat (i=50, j=50,k=4), totally 46,000 nodes. A cross section of the mesh is
shown in Fig. 4.1. The grid density around the plug (the darker area) is much greater
because this is the most concerned area. The flow is treated as steady state, compressible,
turbulent ideal gas with high speed. For inlet boundary condition, constant total pressure
and total temperature is imposed. The wall is treated adiabatic. Constant static pressure is
used at valve exit. Because this is a 2-D problem, symmetric boundary condition is used
at k=1 and 4 surface. All cases were convergence to maximum residence in the order of
10*. The y+ value of the valve plug surround region is allowed to vary from 40 to 400.

Except the plug geometry, same grid is used for improved valve design simulations.
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Fig. 4.2 Flow patterns and pressure field
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4.2 Results and Discussion
4.2.1 Asymmetric flow pattern

Five basic flow patterns are found at different pressure ratio, defined as downstream
static pressure over upstream total pressure, and valve opening ratio, defined as plug
opening over plug diameter, as shown in Fig. 5.2. The plots at right show the velocity
field while plots at left show the corresponding static pressure field. Even the boundary
conditions and geometry are perfect symmetric, three patterns are asymmetric, especially
pattern (c) showing strongly asymmetric. Pattern (a) is most wanted flow pattern for the
valve. The flow accelerates before the valve throat, then slows down at valve diverging
part and attached to the seat on both side. Pressure distribution is symmetric, which
means less force occurs. This pattern happens in large opening and largé pressure ratio
situation. The difference between pattern (b) and (a) is that flow starts separation from
seat in both sides. It is also relatively symmetric as a transition pattern between pattern
(a) and (c). Pattern (c) is most unwanted flow pattern. Passing through valve throat, flow
decelerates with one side attaching the seat and another side attaching the plug. Pressure
is asymmetric essentially causing huge hydraulic forces and moment. This is dominant
flow pattern as valve large (not as large as pattern (a)) opening. One thing interested is
that the right side flow always attaches the plug at this pattern (In coarse grid with 1/4
density as this one, we do have some results that flow attaches left side plug. For that grid
at 10.6% opening and pressure ratio 0.9, from same initial guess, one result show the
flow attaching left while another attaching right looking like flip imagine. We did not try
in fine grid, because converging is time consuming). Pattern (d) is transition pattern

between pattern (c) and (e). At down steam of the seat, the pressure is asymmetric, while
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relatively symmetric surrounding the valve. According to former visualized result done
by Araki et al, this is a transient region. Pattern (d) is symmetric pattern, normally occurs
in small pressure ratio situations. Above flow patterns agree well with our predicted flow

patterns in Fig. 3.2.

When opening ratio is less than 20%, flow pattern changes from (c) to (d) as the
pressure ratio drops from 0.98 to 0.2. No pattern (a) and (b) found. For example, when
the opening ratio is 10.6%, pressure ratio between 0.98 and 0.51 is the pattern (c) region;
between 0.51 and 0.28 is pattern (d) region and then becomes pattern (e) region. Similar
experiment has been done by Araki et al, their visualized flow pattern shows the two
critical pressure ratio are about 0.46 and 0.25 instead of our result of 0.51 and 0.28, we
can say that somehow our CFD results are confirmed. The region of pattern (c) decreases

as pressure opening increasing.
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Fig. 4.3 Vanation of asymmetry ratio

When opening ratio is more than 20%, which is the region not shown in the former

research, the flow pattern changes in the sequence of pattern (a), (b), (c), (d) and (e). Not
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as dominant as in small opening, the pattern (c) occurs at the pressure ratio of about 0.8.
Before pattern (c), it is the region of Pattern (b), which is very narrow. Large pressure

ratio is the region of pattern (a). Pattern (d) is dominant pattern.

It is not enough to just understand the visualized flow pattern, because even in the
same pattern, the intensity is different. Thus two dimensionless parameters are defined to
describe the asymmetry of flow pattern in a quantitative manner. Asymmetry ratio is
defined as the arc length between center of downstream separation area and left end along
the valve surface over the plug arc length. The center position is defined as the lowest
average Mach number plane normal to plug surface. This means how far the attaching
flow reaches. When the ratio is 0, it means the right side flow attaches all the way along
plug surface while 0.5 means perfect symmetric flow pattern. As shown in Fig. 4.3, the
asymmetry ratio changes with the pressure ratio in a similar manner at different valve
openings. At fixed opening, as pressure ratio decreasing, the center meet point moves
further and further to left until it reaches some point, then it starts to retreat and flow
becomes more and more symmetric. At same pressure ratio, the flow is more symmetric
at larger valve opening. The peak point occurs at higher and higher pressure ratio as valve
opening larger and larger. At small opening and small pressure ratio situation, the
asymmetry ratio has large oscillation. This is because at down stream there are big

vortexes, which affect the accuracy of the asymmetry ratio.

To show the flow pattern in another way, the average velocity ratio between tangential
component and overall velocity is defined to capture the speed angle at the center plane
normal to plug surface. The more the tangential velocity ratio is, somehow means the

more asymmetric the flow pattern is. It means that flow fully attaching the center point
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of plug without any departure velocity component when the ratio is 1, and 0 means no
attachment at the center point. The asymmetry trend in Fig. 4.4 confirms the trend in Fig

4.3.
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Fig. 4.4 Variation of average velocity ratio at center plane

To understand why the flow pattern phenomena happen, the passage of valve at each
side is considered as a converging diverging nozzle. As the curvature of seat side is
sharper and over diffuses the flow, the adverse pressure gradient is larger than plug side,
which turns slowly. Thus separation is easier to happen in the seat side. At large pressure
ratio, when the flow does not have enough momentum to form free jet, the separation in
the seat side pushes it attaching to the plug surface. Because in the opposite side, flow has
the same trend to attach to the plug, They fight each other for attaching to the plug. As
the result, one side, for some reason has more momentum, pushes the other side flow
attaching to the seat to reach a relative stable state. As a result, flow pattern (c) happens.
At same opening, as pressure ratio keeps decreasing, both sides of flow have more

momentum to become more straight instead of bending attachment, pattern (d) happens.
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Finally both of them become symmetric free jets meeting at the center point, which form
the pattern (e). This is how flow pattern changes at small openings. At large opening, the
converging part of flow passage becomes shorter. Guided by upper side of plug surface,
the flow has more vertical velocity component. The flow has more momentum to
overcome the separation in seat side while the adverse pressure in plug side is larger. So
flow of both sides attaches to the seat forming pattern (a). As pressure ratio decreases,
flow departures from the seat side to form pattern (b). As pattern (b) developing further,
two jets meet at down stream of seat. Commonly two meeting flow are not stable. Even
the flow become more and more straight, they still do not have enough momentum to
become free jets. So a more stable pattern (c) happens. After that, as pressure ratio
decreases more, same story happens as small opening situation. The flow patterns change

from (c) to (d) and (e).

4.2.2 Mass flow rate and total pressure ratio
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Fig. 4.5 Mass flow rate
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Fig. 4.8 Pressure and Mach number distribution
Fig. 4.5 shows how mass flow rate changes with the pressure ratio at different valve

opening. Because the valve exit area is much larger than valve throat area, the flow can
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be choked at large pressure ratio. Mass flow rate passing the left side valve passage over
overall mass flow rate is defined as mass flow ratio. As shown in Fig. 4.6, at large
opening, they are symmetric. While at less opening and large pressure ratio, the mass
flow rate at right side, which flow attaches to the plug, is more than the side, which flow
attaches to the seat. This is either the reason or the result of asymmetric flow pattern.
Less mass means less momentum in this side. So the flow retreats to attach to the seat in
the battling with the other side, which attaches to the plug. This also can explain why the
flow at large valve opening is choked at larger pressure ratio than small openings in Fig.
4.5, because for symmetric inlet mass flow rate, two passages choke at same time, while

for asymmetric situation, one chokes after another.

Total pressure ratio changing with the pressure ratio and opening is shown in Fig. 4.7.
It drops as pressure ratio decreasing. Normally, at same pressure, at larger opening, total
pressure ratio is larger, which means total pressure loss is less. There is no big difference

at large pressure ratio.
4.2.3 Pressure along the valve surface

Corresponding to flow pattern, there are symmetric or asymmetric pressure patterns as
shown in Fig. 4.2. The pressure ratio and Mach number along the plug surface are shown
in Fig. 4.8 for pattern (a), (c) and (d). 1 of x-axis means value in left or right end (i=1),
while, 50 means data gotten from the center of plug (i=75). The Mach number is obtained
at j=25 (j=1 is plug surface, j=50 is seat curve and interface between center block and
seat block) to capture the main flow situation. Except d. in Fig. 10, which shows the
Pattern b in supersonic flow situation, all other plots are identical cases with

corresponding plots in Fig. 4.2.
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For symmetric pattern (a) and (e), the pressure and Mach number distribution are
symmetric also as shown in a. and b. in Fig. 4.8. Pressure drops and Mach number
increases. The sudden flat pressure line in converging part is due to separation. For Mach
number, because it is not following the flow direction after throat, it does not capture the
shock wave accurately in supersonic flow situation. But it captures the vortex

phenomena. The minimum Mach number captures the center of vortexes in both sides.

The pressure and Mach number is asymmetric when flow pattern is asymmetric. For
pattern (c) at large pressure ratio, flow is subsonic. As the mass flow rate of flow
attaching side is larger than the other side, the Mach number is larger and pressure is less.
Because the separation happens much earlier in left side and no separation happens in
attaching side, there is a pressure jump in left side. For supersonic flow, before throat,
every thing is symmetric. After throat, pressure is recovering in both sides. Because

separation happens earlier, the pressure jumps earlier in left side.
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Fig. 4.9 Vertical force on plug
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4.2.4 Forces and moment caused by fluid

In highly turbulence flow, there are many mechanisms that can cause unsteady forces
and moment, such as pressure oscillation and instability of separation or even plug
asymmetry with seat by manufacturing error. All of these make it almost impossible to
predict forces acting on valve. But it is very important to understand the steady forces and
moment acting on plug, which can help to understand fluid structure interaction

mechanism.

The dimensionless drag is shown in Fig. 4.9. Drag increases as pressure ratio
increases. The curves are almost linear at small valve opening or after choke at large
valve opening. This trend agrees with the theory analysis in Chapter 2. At different
opening under same pressure ratio, the drag is less at large opening after flow is choked.
The equation cannot predict this changing, but according to some data from industry, this

1S true.

Dimensionless lateral force and moment caused by drag are shown in Fig. 4.10 and
Fig. 4.11 respectively. They are defined as same way as dimensionless vertical force, for
lift, substituting drag with lift and for moment, with moment over plug radius in
numerator. Essentially, they are caused by the asymmetric pressure distribution along
plug surface. They have same trend and almost similar amplitude, which can be proved
analytically by integrating along the plug surface. The positive value means that for
moment the direction is clockwise, while the lateral force points to right. At fixed valve
opening, as pressure decreasing, the lift and force increases until reaching a peak value
then decreases. At same pressure ratio, as valve moving toward the seat from wide

opening, the moment and force increases until reaching peach point at about 11% of
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opening ratio, then started decreasing. Even they are not simulated, for maximum

opening and fully closed situation, this becomes fluid static problem, both moment and

force become 0.
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Fig. 4.12 Ratio of viscous to total forces and moment

With the fact the amplitude of dimensionless lift and moment are about the same, the
equation (3) can be simplified to Mo = L e (I, —1) with the counterclockwise direction. Ir

is the ratio between stem length and plug radius. Normally Ir is much bigger than 1,

which means the lift defined the amplitude of total moment and the direction.

The forces and moment mentioned above are total forces and moment including both
friction and pressure difference. Fig. 4.12 shows that the viscous force and moment is
only a little fraction. At small pressure ratio, the viscous lift accounts a little bit more. For
example, at 10.6% opening, the viscous lift ratio is about quarter of total lift. This is

because the total force is very small at small pressure ratio.
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Understanding fluid mechanism at steady state

All parameters we mentioned above are shown in Fig. 4.12 for 10.6% opening
situation. The dimensionless lift and moment are 1/3 of their original value to show other
curves clearly. Average Mach number is obtained at the same plane of the average

tangential velocity component ratio obtained.
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Fig. 4.13 Variation of parameters at different ratio at fixed opening of 10.6%

As shown in Fig.4.2 and 4.8, there is huge pressure distribution between two sides in
Pattern (c) comparing with others. Pattern (b) and (d) are less asymmetric, while pattern
(a) and (e) are very symmetric. By comparing the lift and moment amplitude in Fig. 4.13,
it is very clear that it is the flow asymmetry that makes the pressure distribution along the
vale surface asymmetric and finally causes big amplitude lift and moment. This is
confirmed by Fig. 4.13 in a more qualitative way. Two key parameters determine the lift
and moment amplitude, flow asymmetry and pressure difference. The Mach number

represents the pressure difference, because according to thermodynamics compressible
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flow theory and Fig. 4.8, at same inlet pressure, pressure decreases as Mach number
increasing. That means with Mach number increasing, the average pressure in the plug
attachment side decreases, and more pressure difference occurs between two sides. Also
another important factor, asymmetry ratio, means how much difference of acting area of
two sides of the flow. The more the ratio is, the bigger the area difference is. The force is
pressure times area, so some how, the trend of lift and moment changing is defined by
Mach number timing asymmetry ratio as shown in Fig 4.13. In high pressure ratio, the
asymmetry ratio decreases a little bit, while Mach number increase quickly. This causes
the steep slope of lift and moment as pressure ratio is higher than 0.9. Then asymmetric
ratio starts to decrease, while Mach number increase slowly, the lift increasing speed
slows down until reaches the peak value in between the pressure ratio of highest Mach
number and Lowest asymmetry ratio. Then it drops quickly as Mach number drops and

flow becomes more symmetric.
4.2.5 Fluid structure interaction mechanism

It is far from enough to only understand the steady state flow mechanism. In reality,
plug vibrates driven by the forces and moment, which affect the fluid forces also. To
understand the interaction mechanism, displacement is added in both vertical and lateral

directions on valve plug.

Interestingly for subsonic flow, symmetric geometry causes asymmetric flow while
asymmetric geometry causes symmetric flow. When the plug moves from its balanced
position, the flow pattern changes from (c) to (a) immediately and keeps the pattern. This
means that in large pressure ratio, the asymmetric flow pattern does not have strong

stability, it always has tendency to become symmetric. For sonic or supersonic flow, the
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flow pattern (c) is very stable. There is no result showing that it changes pattern due to

geometry asymmetry.
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Fig. 4.14 Forces and moment changing due to lateral displacement on plug
By looking at the forces and moment change due to plug displacement, it is clear that
the plug lateral vibration is due to hydraulic forces and it also affects the vertical force,
which can cause or strengthen the vertical vibration. The data in Fig. 4.14 are obtained
when opening ratio is 10.6%. Driven by lift, the plug moves to positive direction, then the
excitation amplitude drops. It reaches some maximum displacement position, forced by
the combination of stem bending force and dropping hydraulic force. Then it moves back.

It reaches some point in other side, and come back again.

This is a typical self-excited vibration mechanism. For subsonic flow, the excitation
looks like a part of sin wave, while for supersonic flow is linear by simple assuming that
plug vibrates within in —0.5% to +0.5%. The vibration center point is defined as x=0

point. Then the excitation for supersonic flow can be expressed as y=kx, while subsonic
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y=ksinx. By assuming, the vibration is perfect harmonically, x=sint, then the two
excitation basically can be expressed in time, as part of sin wave as shown in Fig. 4.15.
By using Fourier series, the periodic excitation can be expressed as infinite series of sin
or cos wave. If there is a frequency matches the plug natural frequency, resonance

happens, which can cause huge amplitude lateral vibration.

Supersonic

Excitation

Subsonic

t
Fig. 4.15 Excitation under lateral vibration

Fig. 4.16 Self-excitation mechanism in vertical direction
Plug lateral movement not only has effect on lateral excitation, but also has strong
effect on vertical excitation when flow is subsonic as shown in Fig. 4.16 in the same way
and at about same amplitude. That means the excitation can be expressed as same

€quation as lateral subsonic excitation. Also, resonance may occur. When flow is
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supersonic, the lateral force has very little influence on drag. So in this way, the worst
situation for the valve probably happens in large pressure ratio, when both lateral and

vertical vibration resonate simultaneously.

The vertical vibration can be analyzed by using the same way as lateral vibration.
Fig.5.7 shows clearly how the vertical displacement affects the drag. At pressure ratio
about 0.8, there is little difference between the drag in different opening. As the pressure
ratio departure to less, the difference becomes larger and larger due to different curve
slopes. The smaller the opening is, the steeper the curve is. To explain it clearly, enlarged
sketch is shown in Fig. 4.16. For example, if at balanced position opening ratio is 0.6,
when the plug moves toward larger openings, such as 0.59, instead of reduce the value,
the vertical force becomes bigger, pushes the plug further until stem spring force push it
back. When the plug moves to small opening, as drag drops, same thing happens. In
reality it is even worse because the pressure ratio changes with opening. So instead of
oscillation in the cycle of 1-0-2, the drag oscillates within bigger cycle of 2-0-4. This is
typical self-excitation mechanism. For pressure ratio larger than 0.8, reverse process
happens which means it is impossible to form the self-excitation mechanism. In reality,
the valve is operated either at large pressure ratio with large opening or small pressure
ratio with small opening. So, based on above analysis, the self-excited vibration can only
happens in small opening situation, which is confirmed by former Soviet Union

researchers.

The vertical force has strong influence on plug lateral vibration in the blank area
between two nearest lines in Fig 4.16. For example, if the plug vibrates between the

opening ratio 6.5% and 10.6%. At pressure ratio of 0.4, the lift changes from 0 to 2.5. Of
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course, no plug can vibrates with such large amplitude in reality. This example is just to
show how the lift changes. The influence of pressure ratio changing due to vertical

vibration make the problem more complicated
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Fig. 4.17 Sketch of valve safe operation area
Based on all above analysis, all areas may cause problem are superposed in following
Fig. 4.17. In the darker area, possibility that the valve has serious problem is less. It is
hard to accept such a narrow safe operation area. So the design should be improved to

reduce lateral and vertical vibration excitation mechanism.

4.3 Analysis on improving design

Reducing the lift and moment acting on valve at balanced position is very important to
reduce vibration, because they are the driven excitation of valve vibration. The key to
improve design, in terms of reduce lateral force and moment, is making the flow pattern
symmetric. As we analysis before, the asymmetric flow attachment on plug side is one

important cause of flow asymmetry. Also, we know that the longer the flow attach the
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plug side, more possible that it cause unbalanced force. So the main idea to improve the

valve design is to make the flow attach the seat side and separates earlier in plug side

4.3.1 Possible improved designs
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Fig. 4.18 Flat cut design

As we know that stall happens in a position where the wall curvature changes sharply, a
simple improved design came out by cutting center part of plug at the angle 8 shown in
Fig. 4.18. To show the influence of cut angle on lateral force clearly, the value in Fig.
4.19a is the absolute ratio of lateral force for cutting edge valve and maximum lateral
force for original valve (Lomax). Similar with original design, lift changes with pressure
ratio. But the range of pressure ratio with large amplitude of lateral force decreases as 0
increases. This is due to the decreasing of asymmetric flow pattern region and interaction
area between plug and fluid. For original valve, asymmetric flow pattern occurs when
pressure ratio is higher than 0.5. For 44.9° cutting design, only symmetric flow patterns
can occur. In Fig. 4.19b, the absolute ratio of maximum lift and original valve maximum
lift is plotted with different cut angle. From 8=0° to about 30°, the maximum lateral force
(Lmax) decreases slowly. From 6=30° to about 40°, lateral force decreased dramatically.

After 40°, there is little force remaining, under such situation and only symmetric flow
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patterns happen, pattern (a) at large pressure ratio and pattern (c) at small pressure ratio.

This design is called flat cut.
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Fig. 4.19 Variation of lateral force under different cut angle at 10.6% opening
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Fig. 4.21 Comparison of lateral force at Opr=10.6% for different designs

Five other improved designs were simulated. The cut angle 0 is 45°. For arc cut,

Ri/r=1, for dish bottom, §=60°, 45° and 30°, h/r=0.15. The lateral force ratio of between

improved designs and maximum value of original design (Lomax) is shown in Fig. 4.21 for

different designs. Both arc cut and dish bottom design are better than flat cut. For arc cut,

when Ri/r is 1, the lateral force reduced to half of flat cut design (Ri/r=c0). In this way,

reduce Ri can further reduce lateral force. For dish bottom design, the lateral force

decreases as § increases. From 8=30° to 45°, the lateral force has a big decrease, after
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45°, there is no big drop in lateral force. For example, when 8=60°, the maximum lateral
force reduced to about 1/5 of flat cut design. Plug corner angle y is defined as the angle
between tangential direction of plug side profile with cutting edge as shown in Fig. 4.20.
In this case, the comer angle is reduced in this way, flat cut, dish bottom 30°, arc cut
(which is 45°) or dish bottom 45° and 60°. This is just the way that lateral force reduces.
So in our view, making the comer angle sharper is an efficient way to reduce lateral force
at constant cut angle. The dish bottom design is better than arc cut design if the comer

angle is same.

Compared with above improved designs, the guiding design as shown in Fig. 4.20c is
more “active”. The curvature of plug not only can cause separation happen in plug side
by the sharp comer, but also can guide flow attaching the seat side. Thus lateral force and
moment can be reduced. It basically is welding an extended part on the flat cut plug. Four
parameters defined the plug curvature, cutting angle 0, extending height ratio Het/r,
extending radius ratio Ret/r and the extending radius Rc. Because of so many parameters,
two of them are fixed, the cutting angle 8=45°, and the extending radius Rc equals the
seat side cure radius. Under opening ratio of 10.6%, two different combinations,
He/r=0.65+R/r=0.68 and H¢/r=0.75+R./r=0.59, are tested and result is shown in Fig.
4.22. To show all the curves clearly, the value of second combination is 1/6 of actual
value. Compared with original design, both designs can reduce the lateral dramatically.
The peak lateral force, such as under pressure ratio of 0.7 is caused by asymmetric
separation after the flat cut part. Separation is sensitive to extension curvature. For
example, the peak value of second combination is 15% of original design but is about 13

times of first combination. A well guided design, such as the first combination, can

116



reduce the force to the same level of flat cut design or maybe even better. More

simulations need to be done to optimize guide valve design due to so many parameters
defining the curvature.

According to above discussion about improved designs, the flat cut and dish bottom
designs are preferred because they can reduce excitations dramatically and also easier to

be manufactured than the guiding design.
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Fig. 4.22 Comparison between improved designs at 10.6% opening

4.3.2 Other tested designs

As shown in Fig. 4.23, four other designs were also simulated. The plug radius was
increased two times to be design (a), one half time and being cut to be design (c). A
semisphere was welded on the flat cut is design (b). Design (d) is a simple guiding
design. The CFD results under 10.6% opening are shown in Fig. 4.23. All designs are

better than original valve in terms of lateral force, especially at large pressure ratio. But

117



still dish bottom (60°) design is better than them at large pressure ratio as shown in Fig.
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Fig. 4.24 Comparison with original design at 10.6% opening
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4.3.3 Discuss on an improved design

a. Pattern (a) for improved design

b. Pattern (c) for improved design

Fig. 4.25 Flow patterns for improved valve design
Based on above analysis, the dish bottom 60° is a simple and good design. So the
detail CFD results are discussed here. Only Pattern (a) and (d) happens for the new
design as shown in Fig. 4.25. Under same opening, flow pattern changes from (a) to (d) at
almost same pressure ratio as old design changing from pattern (c) to (d). Due to this
reason, the lift and moment are reduced dramatically as shown in Fig. 4.26a. The drag of

new design is almost same as old one as shown in Fig. 4.26b. To compare the difference
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of them, the drag value at opening ratio of 14.7% is doubled for both old and new design.
Even though there is no big difference found. Viscous effect is only a very small portion

as same way as for the old design.
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Fig. 4.26 Comparison of lift and moment between old and improved design

120




Because at the plug balanced position, the lift and moment is very small, the bending
moment, which pushes the plug to one side, is eliminated. To understand the fluid
structure mechanism, plug lateral displacement is added as same way of the old design
under same opening and pressure ratio, Opr=10.6%, Pr=0.9. As shown in Fig. 4.27, the
lateral displacement has no influence on vertical force. This eliminates the vertical
vibration excitation due to lateral vibration for old design. For lateral force and moment
due to vertical force, symmetric result around O obtained as the valve moves from one
side to the other side. The moment has linear relation with lateral displacement similar to
the supersonic result of the old design. Amplitude of lift changing is much less than the
old design and only occurs at near center point region. At same 0.46% displacement,
lateral force and moment caused by drag changes very little, while drag changes linearly.

So that means the excitation due to pressure oscillation (vertical vibration) is limited.

When for some reason, such as pressure disturbance of upstream, the plug starts move
to positive displacement position. The lift becomes positive and increasing. The moment
becomes clock wise and increases in amplitude. Both combines together to push the valve
moving further. This is a typical self-excitation mechanism, which is not found for the
old design at same situation. For two reasons, it is still believed a much better design
than the old one, first, the self-excitation is not strong as the amplitude of lift is very
small; second, at the valve balanced position, there is no steady bending moment to cause

the valve displacement.

Because the drag changing with openings remains same, the self-excitation
mechanism still exits for new designs at small pressure ratio. But as shown in Fig 4.28,

the difference of the lift and moment at different opening is much less than old design at
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any region. So it eliminates the lateral excitation due to vertical vibration. Based on
above analysis, the new design is better than current design in terms of forces, moment

and fluid structure interaction.
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Fig. 4.27 The forces and moment changing due to lateral displacement
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Fig. 4.28 The forces and moment changing at 10.6% opening
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CHAPTER 5

3-D CFD ANALYSIS

5.1 Numerical Modeling

CFD is used to get the steady state flow field, forces and moment at balanced position
of the plug for 3-D flow following the similar process as 2-D CFD analysis. Calculations
were performed using TASCFLOW. CFX-BUILD was used to generate the grids. For
convenience to build grid, the coordinate is moved from position shown in Fig. 2.5 in the
—z direction to a position where x-y and seat throat are in same plane. According to 2-D
analysis, up stream air chest has little effect on simulation results, as long as symmetric
boundary conditions are used. To save time and be more general, chest is not simulated.
Totally 290,124 nodes, whole grid composes four blocks as shown in Fig. 5.1, z>0,
outside ring-shape block (i=41,j=81,k=31), center box-shape block (i=21,j=31,k=21); at
z<0, seat ring-shape block (i=81,j=81,k=21), center box shape block (i=21,j=81,k=21).
Because simulations were done for different valve openings, the throat grid (z>0) size
changes to make grid density about the same. Grid density around the plug is much
greater because this is the most concerned area. The flow is treated as steady state,
compressible, turbulent ideal gas with high speed. For inlet boundary condition, constant
total pressure and total temperature are imposed. The wall (Fig.5.1 b) is treated adiabatic
smooth surface. Constant static pressure is used at valve exit. All cases were converged to
maximum residence in the order of 10~. The y+ value of the valve plug surround region

is about 400. Similar grid is used for improved valve design simulations.
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Fig. 5.1 Computational grid
5.2 Flow Patterns
According the simulation result, three flow patterns happen. At large opening
(h/D>20%), due to large volume flow rate, the valve is full of flow. A little region of
separation happens at plug center. Separation may happen in down stream seat side near
exit, which has very little effect on the plug. This pattern can be considered as large mass

flow rate pattern (a) or (e). For convenience, it is called pattern (e) as shown in Fig. 5.2.

‘When opening ratio is less than 20%, at large pressure ratio, flow passes through the
valve asymmetrically as shown in Fig. 5.3. As shown in x=0 and y=0 cross-section
velocity field, stall happens earlier in left side (+x and +y direction) of plug and right side
(-x and -y direction) of seat. At z/r=0 plane, secondary flow happens. Two vortexes are
symmetric about +45° line counting form +x with displacement from seat center line.
Velocity field at z/r=-1 plane clearly shows that flow attaches the quarter phase of +x to
+y seat and separates from other part. This is a typical 3-D pattern (c) flow. Pressure field

is plotted in both fringe and contour forms. After the valve throat, the average pressure on
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+x+y phase of plug is bigger than on opposite part. This finally can cause force, moment

and torque acting on plug.
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Fig. 5.2 3-D flow pattern (e) at pressure ratio of 0.9 and 23.1% opening
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Fig. 5.3 3-D flow pattern (c) at pressure ratio of 0.9 and 10.6% opening
As pressure ratio decreasing, the flow pattern changes form (c) to (). As shown in Fig.

5.4, free jet flow pattern (e) is almost symmetric around axis z. Secondary flow happens
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in the center of /r=0 plane. Main flow is at the center and separates from seat as shown
in =/r=1 plane. The pressure distribution around plug is also quite z-axis symmetric. The
tre d that flow changes form pattern (a) to () agrees with 2-D result under small opening

sitwaation. Pattern (a) is not found in 3-D simulation results.
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a. Velocity Field

"
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b. Pressure field
Fig. 5.4 3-D flow pattern (e) at pressure ratio of 0.5 and 10.6% opening

5.3 Worce, Torque and Moment

The percentage of dimensionless drag, D = D, T, is shown in Fig. 5.5. Dt is the
o

absolute drag; Py, is the inlet total pressure; ry is the radius of the plug. Because the grids

do not include upstream plug surface, the drag here means vertical force acted by the
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passing fluid. Drag increases as pressure ratio increases, which agrees with 2-D result.
The drag difference between different opening ratios is larger at smaller pressure ratio. At
about pressure ratio about 0.9, drag at different opening has the least difference. It is
observed that the peak unbalanced lateral force, moment and torque occur under such
pressure ratio. In 2-D simulation result, drag has least difference at pressure ratio of about
0.8. Under such situation, peak lateral force and moment also occur, especially for big
opening situation. This may because the flow is about to be sonic under such pressure
ratio. This is confirmed by the calculation results of mass flow rate variation with

pressure ratio both in 2-D and 3-D situation.
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Fig. 5.5 Drag variation with pressure ratio
Under pressure ratio of 0.9, plug opening affects drag value as shown in Fig. 5.6.
From almost closed situation, drag decreases until opening reaches about 10%, then starts
increasing. This trend agrees with the experiment result of Schuder and Moussa’s

unpublished computation data. According to some failure report, this is also the opening
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when valve failure frequently occurs. In Schuder’s paper, large drag oscillation at this
turning point was found. We suspect that some properties in this turning point cause large

drag oscillation, which finally may cause large amplitude vertical vibration.
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Fig. 5.6 Drag variation with valve opening changing Pr=0.9

L Mot
—, and moment, M, =

0170 7y, 1y

Dimensionless lateral force, L = are defined

3 1]

similar with dimensionless drag. Lt is the absolute lateral force and Mot is the absolute

moment caused by drag. Torque is caused by lateral force around plug center, non-

T,
T
)

dimensionlized as T, = Ty, means total torque acting on plug. Absolute values of

dimensionless lift, moment and torque at three openings and different pressure ratios are
plotted in Fig. 5.7. Lateral force and moment have similar variation trend with pressure
ratio changing at one fixed opening. At small opening situation, only one peak occurs at
pressure ratio of about 0.9. As opening becomes larger, another peak starts to occur at

small pressure ratio region. This peak has less amplitude and moves toward the 0.9
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pressure ratio peak, which has maximum values, as opening increases. In 2-D large
opening situation, the maximum values occur at pressure ration about 0.8. Torque is

caused by friction. It is much less than lateral force and moment at large pressure ratio.
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Fig. 5.7 Absolute values of lift, moment and torque

According to CFD result, lateral force and moment are always in one direction. The
lateral force direction at different valve opening and pressure ratio is shown in Fig. 5.7d.
It randomly point to an angle in the range of —60° to 80° counting from +x direction.
Torque normally changes from clockwise to anticlockwise at pressure ratio between 0.5

and 0.7.
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More results at pressure ratio of 0.9 and different openings are shown in Fig. 5.8.
Force, moment and torque have similar trend. They increase dramatically from very small
opening to 5% opening. Then it declines slowly. After 15% opening, it decrease quickly.
At opening ratio between 5% and 15%, they remain high value, which may cause large
amplitude vibration. In reality, due to big loss, it is uncommon to have a large pressure
ratio of about 0.9 at small valve opening. This is the reason it is believed that the most
dangerous opening is between 10% and 15%. Some valve failures under such openings
were reported. From here we know that to avoid valve operating at the position and
pressure ratio, which can cause peak value force and moments, is an important way to

reduce the possibility of valve failure.
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Fig. 5.8 Maximum excitations at different opening when Pr=0.9
The forces and moment mentioned above are total force, moment and torque caused
by both friction and pressure difference. Fig. 5.9 shows the ratio of viscous effect with

total absolute values at 14.7% opening. Compared with pressure difference, viscous
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effect is very small, maximum 2%. Due to the smaller absolute value, at small pressure
ratio, the viscous effects account a little bit more than at high pressure ratio. These agree
with 2-D simulation results. Torque ratio is not shown here because it is 100% caused by

friction.
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Fig. 5.9 Viscous effect at 14.7% opening
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Fig. 5.10 Total pressure ratio and mass flow rate variation at 14.7% opening
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Fig. 5.10 shows how mass flow rate and total pressure ratio change with the pressure
ratio at 14.7% valve opening. Because the valve exit area is much larger than valve
throat area, the flow can be choked at large pressure ratio of 0.9. Total pressure ratio

drops as pressure ratio decreases.

5.4 3-D Simulation Results For Improved Designs

Similar with 2-D analysis, three symmetric flow patterns are captured for dish bottom
improved design (6=45°, =60° and l/r=0.15). As shown in Fig. 5.11, pattern (a) happens
in about same region of pressure ratio and opening for original design pattern (c).
Accoring to velocity field in different view, after valve throat, stall happens in the plug
side after the sharp conner. In seat side, no stall happens and flow attaches to the
circumferential seat wall. Both velocity field and pressure field are pretty z-axis

symmetric. No secondary flow is captured at down stream.
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Fig. 5.11 Pattern (a) at Pr=0.9 and Opr=10.6% for dish bottom design

At small pressure ratio, flow becomes free jet flow as shown in Fig. 5.12. Due to the

curvature of plug, flow joins further downstream than pattern (c) in original valve design.



The cross section pressure and velocity field is more symmetric than 2-D result. For

original design flow pattern (e), secondary flow happens in z/r=0 plane, while here no
secondary flow is captured.
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Fig. 5.12 Pattern (e) at Pr=0.5 and Opr=10.6% for dish bottom design
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Fig. 5.13 Pattern (d) at Pr=0.5 and h/D=10.6% for dish bottom design

There is an intermediate flow pattern (d) occurs between pattern (c) and (¢) as shown

in Fig. 5.13. It is also z-axis symmetric. In 2-D dish bottom and 3-D original design
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simulations, this pattern is not captured. In this pattern, at down stream, the free jet shape

is like a ring, not like the joined circular free jet in pattern (e).

The velocity fields are plotted in Fig. 5.14 for flat cut design. Similar flow patterns
occur in similar region as dish bottom design in most cases. But at small opening and
pressure ratio, an asymmetric flow pattern (c’) happens as shown in Fig. 5.15. Strong
secondary flow happens in z/r=0 plane. In dish bottom design under same situation, the
flow is in pattern (e). For this reason, dish bottom is thought a better design than flat cut.
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Fig. 5.14 Flow patterns for flat cut design at Opr=10.6%
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Fig. 5.15 Flow pattern (c’) at Pr=0.5 and Opr=6.5% for flat cut

The CFD results (%) of excitations are plotted in Fig. 5.16. To show them clearly, the
values of moment for flat cut design at pressure ratio of 0.5 and 0.3 are 10 percent of

actual value. Most values are less than 0.002% except some points at small pressure ratio.
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Dish bottom design has better performance especially at small pressure ratio. At large

pressure ratio, there is no big difference between them.
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Fig. 5.16 Lateral force, moment and torque for improved designs
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Fig. 5.17 Comparison between original and improved designs

To compare the performance of original and improved designs, the absolute values of
excitations, total pressure ratio and mass flow rate ratio are plotted in Fig. 5.17. It shows
that the maximum excitation values at different pressure ratios for improved designs are
much less than original design, except for flat cut design maximum moment at 6.5%.
Only at small pressure ratio, big amplitude of moment of flat cut designs occurs, which is
due to flow pattern (c’). The values at pressure ratio of 0.9 are plotted in Fig. 5.17b. It
shows that at large pressure ratio, the improved designs are much better than original

design in terms of reducing fluid induced excitations.

The trends of drag changing with pressure ratio are similar as shown in Fig. 5.17c.
Two improved designs have almost same amplitude of drag under same condition. At
pressure ratio larger than 0.8, drag of original design is smaller. At pressure ration

smaller than 0.8, it is a little bit larger than improved designs.
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The total pressure ratio of original valve is larger than improved designs, especially at
small pressure ratio. The ratio of mass flow rate and maximum mass flow rate of original
design is shown in Fig. 5.17e. At large pressure ratio, the original valve can by pass more

mass flow than flat cut design, which can by pass more than dish bottom design.
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CHAPTER 6

EXPERIMENTAL INVESTIGATION

6.1 Equipment Setup

Atm inlet

a. Schematic experiment system

8 7

Air Inlet

-

1. inlet silencer 2. support structure 3. onfice 4. inlet chest 5. test valve
6. outlet chest 7. bypass valve 8. throttle valve 9. vacuum pump

b. Autocad drawing of test system
Fig. 6.1 Venturi valve test System
The test system was constituted as shown in Fig. 6.1. A wind tunnel was built to test
the flow patterns and instability when passing through the valve. A vacuum pump is used

to build low pressure in test valve downstream to suck air through the test valve (5). The
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ambient air enters the inlet pipe (1) through the orifice (3) then enters inlet chest (4). To
avoid upstream and down stream influence and non-uniform inflow effect, the diameters
of chests and inlet pipe are much larger than valve diameter. As a result, the pressure
variation is very small and flow velocity is much reduced at inlet and outlet chests. The
inlet chest and outlet chest can be considered as big tanks with constant pressure. The
pressure of outlet chest is controlled by a throttle valve (8) and a bypass valve (7). The
pump can be throttled to reach higher vacuum level. The by pass valve opens to increase
out let chest pressure. The different combination can make full potential of the vacuum

pump to reach desired pressure ratio. Some pictures of the system are shown in Fig. 6.2.

a. View from inlet pipe side b. View from vacuum pump side

Fig. 6.2 Pictures of the experiment system
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6.1.1 Vacuum pump

Fig. 6.3 Picture of vacuum pump

The ROOTS RAM™ Whispair 616 DVJ Dry Vacuum Pump is selected as shown in
Fig. 6.2. It is a heavy-duty unit with an exclusive discharge jet plenum design that allows
cool atmospheric air flow into the casing. This unique design permits continuous
operation at vacuum levels to blank-off with a single stage unit without water injection.
Standard dry vacuum pumps are limited to approximately 16" Hg vacuum because
operation at higher vacuum levels can cause extreme discharge temperatures resulting in
casing and impeller distortion. The Roots Whispair vacuum pump's cooling design
eliminates the problems caused by high temperatures at vacuum levels beyond 16" Hg.
Whispair vacuum pumps reduce noise and power loss by utilizing an exclusive wrap-
around plenum and pro-prietary Whispair jet to control pressure equalization, feeding
backflow in the direction of impeller movement, aiding rotation. The general statistics of

the vacuum pump are shown in the table below.
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Table 6.1 Pump performance table

Frame | Speed | Maximum | 12” Hg 16” Hg 20” Hg 24” Hg 27"Hg
Size | RPM | Free Air Vac. Vac. Vac. CFM | Vac. CFM Vac.
CFM CFMat | CFM at at BHP at BHP CFM at
BHP BHP BHP
616] | 1750 | 2367 1015136 | 901 |47 (748 (59 448 |71 |* 80
2124 1310 {44 | 1196 | 58 | 1043 |72 | 743 |86 |* |97
2437 1556 | 51| 1443 | 67 [ 1290 [ 83 | 990 |99 (244|111
3000 2001 | 63 | 1887 | 83| 1734 | 102 | 1434 | 122 | 688 | 137

The pump is driven by a 100 HP motor at speed of 2500 RPM. It sucks the air to build

vacuum in outlet chest and discharge air directly to room. At pressure ratio of 3, the

vacuum pump can produce a maximum flow of about 1300 acfm and 54 acfm at a

pressure ratio of about 10. Even no water needed for cooling, it can take inlet air

temperature as high as 175 °F.

6.1.2 Piping system

All the pipes are in the upstream of vacuum pump. The pipes, flanges, Tees, and chests

are made of PVC pipes, which are easier handle than metal and strong enough for the

vacuum.

6.1.3 Valve and chests

As shown in Fig. 6.4, the chests are built here to maintain constant up stream and down

stream pressure of the test valve. Their diameters are much larger than inside diameter of

seat to reduce the flow velocity. The inlet chests is a Tee shape with inlet flow coming
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from inlet pipe with much larger diameter than inside of pipe to reduce the influence of
upstream inflow.

The %2 scale test valve seat is mounted in the center of plate separating the inlet and
outlet chests. Hold in the center of inlet chest, the threaded test valve stem can be rotated
to adjust valve opening. The white cables are for measurement of pressure on plug
surface. They go through inside of stem pipe to data acquisition equipment. The static
pressure was measured in 9 positions one the plug surface. The labels of positions are
shown in Fig. 6.6. The center sensor (position 0) is designed to take both static and
dynamic pressure. There are 12 static pressure positions on the seat inner surface. The

white pipes go through wall of inlet chest to data acquisition equipment for static pressure

7 dynamic p ports are also designed at the positions of screws in

Fig. 6.7. Because the valve was tested under different openings, Fig. 6.8 shows the

pressure locations at different openings.

Inlet chest valve stem

valve plug

valve seat
outlet chest

‘ discharge

Fig. 6.4 Chests and valve
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Plug

Fig. 6.6 Valve plug and pressure sensor positions
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Seat

Fig. 6.7 Valve seat and pressure sensor positions

ﬁﬂﬁ%ﬁﬂm

k055 ND=0189
D [T ﬁ]—m n:rj | E—m
WD=0:100 1iD=0.357

Fig. 6.8 Static pressure sensor positins at different valve opening
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6.1.4 Experiment measurement system design

The major concern of this experiment is about pressure. Two kinds of pressure sensors
were designed to be used, static pressure and dynamic pressure. The measurement system

for pressure is shown in Fig. 6.9.

VYalve Seat

— - —— —— — —

Transducer

Static Pressure Tube

Signal Conditioner

00000000
Signal Analyser 00000000 :l
|
|
I
I
I

Digital Sensor Array

Floppy Disc -~

+T___J

Computer Ethernet

Fig. 6.9 Pressure measurement system
Besides the 21 locations in plug and seat surface, the pressure was also measured in
inlet/outlet chests to get the pressure ratio (Pr=Pouue/Pinier) and inlet pipe orifice to get
mass flow rate. Through the white pressure tubes, the pressure signals were transferred to
digital data acquisition array, then to the computer for recording and analyzing. 2 sets of
Scannivalve 3017 digital sensor arrays with 32 Channels were used. The rate of data

acquisition is 200 samples/channel/sec.
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Fig. 6.10 Pictures for static pressure measurement system

7 dynamic pressure transducer installation ports were designed for PCB Model 105B02
in plug head, seat. 1 accelerometer installation surface is designed for PCB 352 A10. The
system of two 4-chanell signal conditioner, one tape recorder, one signal analyzer and

computer with signal processing software was made and ready to get data.

The signal from the PCB pressure transducer was conducted to an inline amplifier
through a coaxial cable. The inline amplifier conditions the transducer output signal. The
signal was then passed on to the signal conditioner through a 50-feet low-noise coaxial
cable. Even though one inline amplifier was used for each transducer, one signal
conditioner was used for all four signals. The signal conditioner powered both the inline
amplifier and the PCB transducer and could also amplify the signal with fixed gain of 1,
10, 100. The amplified signals from the signal conditioner were transferred to a 4-channel
digital tape recorder and stored on to a tape. The stored data on to a tape were transferred
to a PC for further processing and analysis through the signal analyzer and the signal

processing software. The output connectors can develop the input signals or the tape
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reproduction signals. The real time signals are monitored through two-channel HP signal
analyzer. The HP signal analyzer also provided the capability for on-line signal analysis
through the various features available with it. It was possible to obtain the power
spectrum, phase and cross-correlation between two signals for on-line monitoring of the

valve.

Even the dynamic pressure gauges and data acquisition system was designed, in this
first stage of our test, dynamic pressure gauges were not installed. So following
discussion will be focused on static pressure data analysis.

6.2 Experiment Result and Discussion

6.2.1 Mass flow rate

The non-dimensionalized mass flow rate, maximum (choked) mass flow rate at
different openings over mass flow rate at wide opening (h/D=0.734), is shown in Fig.
6.11. The opening ratio is defined as the valve lift from the closed position (h) over the
valve plug diameter (D). Maximum mass flow rate increases quickly before 30%
opening, then slowly to about 50% opening, and remains constant at greater openings.
Thus 50% opening can be defined as the fully open position for this valve. The mass
flow rate variation with changing pressure is shown in Fig. 6.12. To compare mass flows
at different openings, the mass flow rate is non-dimensionalized as mass flow rate over
maximum (choked) mass flow rate at the same valve opening. At small valve openings,
for example h/D=0.022, the flow is choked at about Pr=0.6. At larger openings, the choke
pressure ratio is larger. At wide opening, h/D=0.734, flow is choked at Pr=0.8. From this
figure, the transonic region can be roughly judged, for example, at h/D=0.147 and

pressure ratio between 0.65 to about 0.8, the flow is transonic and likely unstable.
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6.2.2 Flow regions and patterns

By considering pressure distributions, pressure oscillation frequency, and amplitude,
four major flow regions, A, C, D, and E, are identified in terms of valve opening and
pressure ratio, as shown in Fig. 6.13. In regions A, D, and E, one kind of pressure
distribution occurs. Pressure oscillates with high frequency and small amplitude. This is
due to strong turbulence. In region C, several types of pressure distribution keep
changing to each other. Large amplitude of pressure oscillation occurs due to the flow
pattern changing. All transition regions between C and other regions are included in

region C. Thus region C is the most unstable region.

Since the flow is three-dimensional, it cannot be made visible. The flow pattern is
analytically determined using the measurement results of the static pressure distribution
and pressure oscillation. As mentioned before, the static pressure on the surface with
which the flow is in contact is lower than that on the surface with which the flow is not in
contact. Also, the pressure on the surface over which the flow is steadily in contact varies
randomly, with larger amounts of variation than in the regions where flow is separated.
These trends were proved to be true by the experimental results of Araki. The flow
patterns and corresponding pressure distribution are roughly drawn in Fig. 6.14. The
pressure in Fig. 6.14 is gauge pressure (psi). The two cross sections where sensors are
located are perpendicular to each other for each pattern in the figure. Even the
“visualized” flow patterns are not very accurate due to the complicated flow and
difficulty of judgment from limited numbers of sensors, but they can still help to

understand the flow phenomena.
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Fig. 6.13 Flow regions
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Fig. 6.14 Pattern A and corresponding pressure distribution
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Pattern A happens in region A, where there is a small opening and a large pressure

ratio. Pattern A is almost symmetric but not axisymmetric. Flow attaches to the seat in

one cross section, while it expands to the center in the other cross section.
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Pattern C, (h/D=0.085, Pr=0.8)
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Pattern C' (D=0.147, Pr=0.8)

Pa (psi)

Sensor

Fig. 6.15 Pattern C and corresponding pressure distribution

Region D is located in the lower left part of the chart. Pattern D as shown in Fig. 6.13
happens. It is almost axisyrﬁmetric free jet due to supersonic result from small opening
and pressure ratio. After valve throat, flow expands and joins together. The direction is
not straight down, thus touch the seat in some place down stream.

Flow in region E is axisymmetric. Due to large mass flow rate at large opening, flow is
full of or almost (with some separation at downstream seat side) full of the valve.
Separation occurs in the center of plug.

Flow in region C is most unstable. A lot of reported failures occur in this region.

For pattern C, flow attaches to one side of the seat and separates from the other and joins
together near the plug center in one cross section. In the other cross section, flow attaches
to the seat sides and the two streams join farther from the plug center. Part of the flow
also attaches to the plug center. The ‘hollow’ region actually is full of flow shown in the
other cross section and a vortex. This is a very unstable flow pattern. It can change to

three other patterns: Cy, Cy, and C’. At a small opening (h/D<0.064), the flow pattern
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keeps changing between Cy, C,, and sometimes C. At somewhat larger opening, it keeps
changing between C and C,. At opening ratios larger than about 0.106 h/D, the flow
pattern oscillates between patterns C and C’. As the transient regions between different
regions are also included in region C, at the boundary of the region, some intermediate
flow patterns happen. By comparing Fig. 6.11 and Fig. 6.12, it was found that flow in

upper part of region C is transonic.
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Fig. 6.16 Pattern D and corresponding pressure distribution
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Fig. 6.17 Pattern E and corresponding pressure distribution

6.2.3 Flow asymmetry

An asymmetric pressure distribution can cause forces resulting in plug vibration. Thus
time-averaged pressure differences between opposite pressure sensors are calculated. In
Fig. 10, Aveseat AP means time-averaged (|P,-P,|+|P,-P,|).,./2. Here P, P,,P,,and P,
are measured static pressures from the sensors 1, 2, 3, and 4 in the seat as shown in Fig.

6.7. Avein AP means time-averaged (|P,-P,|+[P,-P,|);, /2; Aveout AP means time-

plu

averaged (|[P,-P,|+[P(-Py|) | /2. P, P, P,, P, P, P, P, and P, are measured static

plug 2274, "6 T

pressures from the sensors 1, 2, 3, 4, 5, 6, 7, and 8 in the plug as shown in Fig. 6.6.
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Aveplug AP means (Aveout AP+Avein AP)/2. The pressure difference is

nondimensionalized by the inlet chest pressure P;.

Pressure difference variations with pressure ratio at different valve openings are shown
in Fig. 10. At small openings, the plug side pressure difference has similar trends and
similar amplitudes to the seat side. The peak value occurs at some place near the pressure
ratio of 0.5 located in region C at most cases (at very small opening, such as h/D=0.022,
the peak pressure happens in region D). At a middle opening (h/D=0.168), the seat side
pressure difference is higher than that on the plug side. At large openings, which are
located in region E, the plug side pressure difference is very small at large pressure ratio,
similar to all other openings. Then, as pressure ratio is decreased, the plug side pressure
difference increases and reaches a constant value at a pressure ratio of about 0.7. At this
opening, flow diffuses in the seat passage after the throat. At pressure ratios between 0.65
and 0.85, asymmetric flow happens in the passage after the throat, making the seat side

pressure difference much larger.

AP/P1

02 03 04 05 06 07 08 09 1.0
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Fig. 6.18 Pressure difference variation with pressure ratio at different openings

The maximum average pressure difference across the plug surface (aveDp_plug), its
corresponding pressure ratio (Pr_plug), and maximum average pressure difference across
the seat surface (aveDp_seat) are shown in Fig. 6.19 for different valve openings. As the
valve plug travels to the fully open position, the maximum pressure difference in the plug
side decreases. The seat side pressure difference increases and reaches its peak value at
about 0.23 h/D opening, then drops down. Because the pressure difference in the plug
side causes hydraulic forces on the plug, for venturi valve, smaller openings mean more
possibility of valve failure when upstream pressure is constant. Compared with Fig. 8, the
pressure curve shows that the maximum pressure difference happens in the lower part of
region C in most cases except the very small opening situation such as h/D=0.02. Under

very small opening situation, the maximum pressure difference happens in region D.
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Fig. 6.19 Maximum pressure difference and corresponding pressure ratio

6.2.4 Flow instability

Pressure oscillation on the plug surface at 0.085 h/D opening is shown in Fig. 6.20.
The numbers from O to 8 are the sensor numbers on the plug surface as shown in Fig. 6.6.
For example, the curve 0 shows the absolute gauge pressure (psi) oscillation at the plug
center. The x-axis is time. At large pressure ratio, Pr=0.95, pressure oscillation is random
around some average mean value with small amplitude. This is in region A. Flow is
typically turbulent. At pressure ratio of 0.9, it is clearly shown that the flow pattern jumps
from A to Cp then quickly to C;. At pressure ratio of 0.8, flow pattern A disappears, while
patterns Cy, C;, and C keep changing to each other with large amplitude and low
frequency. Decreasing pressure ratio further, the pattern changing frequency becomes
higher until the pressure ratio reaches 0.4, below which the flow becomes pattern D,
supersonic free jet flow. The trend is the same for any other valve opening except the
very large opening (h/D>0.168). At very large openings, only pattern E occurs, as shown

in Fig. 6.21. Pressure oscillation is due to turbulence with small amplitude.
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Fig. 6.20 Pressure oscillation at different pressure ratios and 0.085 h/D opening
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Fig. 6.21 Pressure oscillation at pr=0.7 under 0.375 h/D opening

To compare the pressure oscillation amplitude, the maximum peak-to-peak value of
oscillation AP is calculated. It is also nondimensionalized by the inlet chest pressure P;.
Pressure oscillation maximum peak-to-peak values at different positions on the plug
surfaces at three openings are shown in Fig. 6.22. The numbers from 0 to 8 are the sensor
numbers on the plug surface, as shown in Fig. 6.6. At small or large openings, a large
amplitude pressure oscillation happens in the region near the plug center, while at middle
openings, it occurs on the whole surface. The center pressure oscillation mainly causes
vertical force oscillation, and the pressure oscillation of the upstream side surface of the
plug mainly causes lateral force oscillation. So, for a real valve, large amplitude of
vertical vibration will happen at small openings, whereas large amplitude of both lateral
and vertical vibration will happen at middle openings. This may be a reason that the

recent reported valve failure happened at the opening ratio of 0.147 h/D.
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Fig. 6.23 Peak-to-peak value of pressure oscillation at plug center

Fig. 6.23 shows the pressure oscillation, AP/ P}, of the plug center at different

openings. At small openings, there are two peaks. As the opening increases, the two

peaks move toward each other. They join together, becoming one flat peak for 0.085 h/D

opening. Then the curve becomes more flat with increasing valve opening.
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The peak pressure oscillation (oscillation_center curve) at plug center for each opening
is shown in Fig. 6.24. The corresponding pressure ratio for the peak pressure oscillation
is also shown as the curve with triangle labels (Pr_peakP). maximum average pressure
difference across the plug surface (aveDp_plug) is the dashed curve with square labels. It
is the same curve as in Fig. 6.19. The peak value for pressure oscillation occurs at the
opening of h/D=0.064, then it decreases with increasing valve opening. The absolute
value of the pressure oscillation at the plug center is higher than the average pressure
difference for the plug, which means that the pressure oscillation may be more dangerous
than the asymmetric pressure distribution. The pressure ratio at which the maximum
pressure oscillation occurs is about 0.7. At this pressure ratio, flow is mostly transonic,
which agrees with the theory mentioned above. The pressure ratio line is located in the

middle part of region C.
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Fig. 6.24 Peak value of pressure oscillation with opening changing
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6.2.5 Superposition of pressure oscillation and difference

Based on the above analysis, the pressure oscillation and difference amplitude are
superposed in Fig. 6.25. Region C is a dangerous region for valve operation in terms of
flow asymmetry and instability. In the upper part of region C (around Pr=0.7), flow is
quite unstable due to the flow pattern changing. This is because in such a situation, the

1 : q

as

flow is transonic, which is fluctuating, and fighting for the plug
above in the discussion of theory. At the lower part of region C (around Pr=0.5), the flow
is more asymmetric. This is the result of asymmetric flow expansion. The lower left part

(red) of Region C is highly dangerous.
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Fig. 6.25 Superposition of pressure oscillation and difference
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CHAPTER 7

CONCLUSION

This study confirmed that asymmetric unstable flow is the root cause of valve
problems resulting in large amplitude of unsteady forces, moments and torque. The valve
plug can be broken in a very short time by the large amplitude of the excitations, or in

long-term operation by small amplitude of the excitations.

An analytical and numerical study on turbine governor valve was performed to clarify
the fluid/plug interaction mechanism. Large adverse pressure gradient due to diffusion or
shock waves cause stalls when flow is diffused through valve as internal flow. Stalls in both valve

plug and seat side are not axilly symmetric. This causes asymmetric flow patterns for current
design. The asymmetric flow pattern for current design causes asymmetric pressure
distribution along plug, which finally generates huge unbalanced force and moment at

valve natural position.

The interaction between fluid and plug is the excitation mechanism that causes plug
vibration. Vertical and lateral vibration affect each other and make the valve operation

situation even worse.

The key point to improving the design is to make the flow pattern symmetric for any
situation. Changing the valve plug curvature is proved to be a simple way to improve the
valve design by both theory and numerical method. Making the plug curvature sharper

than seat side is one way to make flow separate in plug side earlier than in seat side to
push the flow attach seat side and reduce its influence on valve plug. Several improved

designs were studied. They are better than current design in terms of reduced excitations
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of valve vibration, especially in large pressure ratio situation. The dish bottom design is
recommended because it can make flow more symmetric and reduce the excitations
significantly at any pressure ratio according to the validation by CFD data. It is also easy

to be manufactured.

Flow asymmetry and instability of a Y2-scale venturi valve for a steam turbine was
determined from tests at different valve openings and pressure ratios. The results showed
that asymmetric and unstable flow occurs in the valve, which can result in plug vibration
causing valve failure. Regions with large amplitude of pressure oscillation and difference

were identified for the current valve design.
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