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Flow Characteristics around a Valve Plate Installed in a Duct#*

(1st Report, Swing Type Valve Plate Installed at a Duct Exit)

By Junichi KUROKAWA*¥, Toshiyuki UCHIDA*** and Takashi KUSA¥*#*¥¥

The steady flow characteristics around a valve plate installed at the exit of
a rectangular duct and the fluid force acting on the valve plate are studied
experimentally, in order to determine the flow characteristics around flap valves,
which are wusually used to prevent reverse flow at the stop of pumping in large-

size low-head pumps.

It is shown that the outlet flow has strong three-dimensionality with Ilarge
lateral leakage from both sides of the valve plate, which results in that the
outlet flow has the characteristics of a discontinuous separated flow rather than
that of a jet flow. Empirical equations for pressure drop coefficient and moment
coefficient around the plate axis are obtained, as well as a simple approximate
method for estimating fluid force acting on the plate. The influence of an
obstructing wall near the valve exit upon valve performances is also determined.

Key Words : Fluid Machine Element, Duct Flow, Flap Valve, Back Pressure, Drag
Coefficient, Moment Coefficient

1. Introduction

The exit end of a discharge pipe of a
large-size low-head pump is generally in-
stalled wunder the discharge water level,
and a flap valve is used at the end of a
discharge pipe in order to prevent a back
flow from the upper water reservoir at the
stop of pumping. In this case the opening
of the valve plate changes largely with the
change of the upper or the Ilower water
level as the flow-rate changes largely with
it. And in the range of large flow-rates
the fluid force acting on the valve plate
also becomes very large, which sometimes
causes destruction of a stopper when the
flap valve with a stopper is used. If the
upper or the lower water level changes pe-
riodically, an oscillation is induced in
the valve plate, which also induces de-
struction of the axis of the valve plate.

On the other hand, in a high-head pump
a check valve is usually installed near the
pump exit to prevent a back flow. Among
the check valves usually manufactured a
swing type is most popularly used, as its
mechanism is very simple and the pressure
loss in it is relatively small. But this
type of valve plate can hardly follow a
sudden change of flow-rate at the shut-off
of the valve plate and a back flow is
caused, or sometimes a self-excited vib-
ration due to a sudden pressure change!1M2),

In order to prevent the above-describ-
ed destructions of a flap valve, and to
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predict the response of a swing type check
valve in a transient flow, it is first
necessary to determine the steady flow
characteristics, fluid force and energy
loss. However, there are few studies about
a steady flow characteristics around a flap
valve®and a swing type check valve, though
there are many about a transient characte-
ristics for the combination of a swing-type
check valve and a pump concerned in a water
hammer phenomena ‘3)~61,

This study is aimed at determining the
steady flow characteristics around a valve
plate, fluid force and loss of a flap valve
installed at the end of a discharge pipe
and a swing-type check valve installed
midway in a pipe line near the pump exit.
In the first report, the steady flow char-
acteristics and fluid force of a flap valve
installed at the discharge end of a rect-
angular duct are studied mainly by measure-
ments.

2. Experimental Apparatus and Procedures

Experimental apparatus is shown in
Fig.1. A rectangular duct of 300mm in
height, 180mm in width and 1012mm in length
is installed at the exit of a wind tunnel,
and the valve plate of 338mm in length and
198mm  in width is attached to the exit end
of the duct with its upper end rotatably

@' v
KA PR g
S g g3 5
() ﬂ|5° & '—_.; 2

T v

J B €

2
240 6§70

1012

Fig. 1 Test stand.



1130

supported. In a flap valve of practical
use the exit end of a duct is usually cut
diagonal as shown in Fig.1 in order to
attain perfect shut-off performance and to
shorten the shut-off time. The exit end of
the present apparatus is also cut to 15
degrees.

In the first step of the experiment
the flow characteristics in front of and
behind the valve plate were measured by
three-hole Pitot probes varying the valve
opening angle B from 10 to 60 degrees and
keeping the inlet velocity constant, and
the static pressure distributions were
measured along the valve plate and the duct
wall. The moment around the valve plate
axis was also measured by strain gauges
attached to the axis. The measurements of
the outlet flow were performed along the
duct center at four sections, of which
distances from the valve exit edge are 20,
40, 110 and 180mm (the radii ratio r/h are
1.20, 1.26, 1.49 and 1.73 respectively,
where r is the distance from the valve
plate axis and h is the duct height) by
traversing the Pitot probe in the s-direc-
tion(see Fig.1) perpendicular to the main
flow. .

The influence of the obstructing wall
installed behind the exit of the valve
plate wupon the valve performance 1is also
determined experimentally for the purpose
of practical applications.

3. Experimental Results and Discussions
3.1 Outlet flow from the valve plate

A transverse distribution of the out-
let flow characteristics at 4 sections in
the main stream direction is shown in Fig.2
for the case of the valve opening angle
B=22 °. The static pressure is not yet
uniform at the section of 20mm (r/h=1.20)
from the valve exit edge, but there exists
a core-region where the total pressure is
constant, which 1is similar to the two-
dimensional jet. However, the decay of the
core-region is very rapid and at 180mm from
the valve exit edge (r/h=1.73) the core-
region is not seen any more and the static
pressure becomes uniform. In the case of
a two-dimensional jet the distance of the
decay of the core-region is known to be 5.4
times the jet width(7), but in the present
case it is about 2.7 times the open width
at the valve exit edge, which is about half
of the two-dimensioinal jet.

Figure 2(b) shows that the outlet
velocity profile just after the exit is
relatively uniform, in spite of the antici-
pation that the velocity along the valve
plate will be strongly accelerated and the
velocity profile will be non-uniform at the
exit due to a strong contraction of the
channel and the non-symmetric exit profile.
But a detailed examination of the velocity
profile reveals that the vertical velocity
component becomes larger in the upper half
of the outlet flow and the horizontal one
larger in the lower half.

The velocity profiles are compared in
Fig.3 for various valve opening angles.
The abscissa is the transverse distance s

kPa

Pressure

non-dimensionalized by the jet width w.
The velocity distortion in the section
becomes larger for smaller valve openings,
but in the range of R260°the vertical velo-
city Dbecomes nearly zero and the distri-
bution of horizontal ones becomes uniform.
As such velocity distortion seems to con-
tract the jet width and the entrainment of
fluid from the outer periphery is hardly
seen from Figs.2(b) and 3, the growth of
the jet width is much smaller compared with
the two-dimensional jet.

Figure /4 shows the distribution of the
velocity vectors of the outlet flow for
various valve openings. The direction of
the outlet flow changes largely with B for
a small value of B, but it becomes hori-
zontal for large B. The jet width in-
creases in the flow direction for small B,
and Dbecomes constant for B =22°, but for
B >31° it decreases in the flow direction,
which is quite different from the tendency
of the two-dimensional jet.

The outlet flow characteristics, that
is the jet width w, the section-averaged
flow angle G measured from the horizontal
direction, the section-averaged velocity
and the maximum velocity of the section,
are plotted in Figs. 5 and 6 for the varia-
tion of the valve opening angle B .

Figure 5 shows that the mean outlet
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angle is nearly constant in the flow direc-
tion and decreases linearly with B, but
comes close to zero in the range B > 60°.
Also it shows that the jet width w in-
creases linearly with B.
the valve opening width wg is also plotted
by a dotted line in the figure. It is of
some interest that the contraction rate
w/wy, of the outlet flow at r/h=1.26 is 0.60
" 0,65 and independent of B, which is equal
to that of a discontinuous separated flow
from a two-dimensional slit (®?.

From Fig.6 the sectional mean velocity
is seen to be nearly equal to the upstream
velocity Up for R230° in spite of the
contraction effect of the channel, and in
the range B<30° it increases rapidly with a
decrease in 8. The maximum velocity of the
section also shows the same tendency, but
it changes little for the variation of the
position r within the range tested, which
suggests that there still remains the core-
region at the centre of the jet.

In Figs. 5 and 6 the theoretical re-
sults by Birkhoff‘®) are also plotted by a
chain-dotted line. The theory by Birkhoff
is aimed at analyzing the flow with a large
cavity region formed at the back of a body
set in a high velocity liquid flow, and the
Hodograph-method is used under the assump-
tion of a two-dimensional potential flow.
They have given the solutions of the poten-
tial flow around the cavity region just
behind the two-dimensional wedge shown in
Fig.7. Dividing the flow field in two by
the center line gives the present case.
Figures 5 and 6 show that the theory gives
good results only for the jet width w, and
the other results are much larger than the
measured ones. This is because the theory
is based on the two-dimensional analysis
and the real flow is 1largely influenced by
the three-dimensinal lateral leakage due to
the pressure difference between the front
and the back side of a valva plate. Assum-
ing that the leakage flow-rate is propor-
tional to the square root of the differen-

: Uy =20m/s
Fig. 4 Velocity diagram of outlet flow.
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tial pressure dp=po—ps , where p, and pp
are the upstream and the back pressure
respectively, the leakage flow-rate Qi is
given by

QchA'W ................................. (1)

where A'3BL2%/2 is the open space area of
both sides of the valve plate and C is the
flow-rate coefficient. The velocity reduc-
tion at the valve exit due to the leakage
is then calculated as

AV =2Q./B'w (B’ : duct width) oo (2)

Modifying the theory by V gives the
dotted line in Fig.6 for the value of
C=0.50, which is in good agreement with the
measurements. This suggests that the late-
ral leakage has a significant influence
upon the outlet flow of the flap valve.
The difference between the chain-dotted
line and the dotted line gives rough esti-
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mation of the leakage flow-rate and the

ratio of the leakage to the total flow-rate

%?oungs to about 40 Z at B=40°nd 60 % at
=13".

After all, it is concluded that the
differences of the valve outlet flow from
the two-dimensional jet are based on the
following reason: The valve outlet flow is
‘under the dominating influence of the late-
ral leakage, while the two-dimensinal jet
is Dbased on the diffusion due to the fluid
viscosity and the entrainment effect of the
surrounding fluid. It then implies that
the valve outlet flow is to be treated not
as a two-dimensional jet flow into the same
kind of fluid but as a separated disconti-
nuous flow discharged into a different kind
of fluid, such as a water flow discharged
into atmosphere.

3.2 Pressure distribution on the valve
plate and the fluid force

The pressure distribution on the valve
plate is shown in Fig. 8 in the main-stream
and transverse directions, and both the
front and the back pressures are shown in
the same figure, in which the pressure data
are expressed as the difference from the
upstream one py . It is shown that the
pressures at the valve plate tip and both
side edges drop considerably due +to the
influence of the back pressure and these
low pressure zones become larger with a
decrease in the valve opening angle, while
in the other region the pressure decreases
slightly and linearly toward the valve tip.
It is also shown that the back pressure p,
decreases considerably with a decrease in

R. Here it should be noted that the pres-
sure over the front side of the valve plate
except for the tip and both sides is
expressed only as a function of the posi-
tion and not of the valve opening angle.
When calculating the fluid force acting on
the valve plate by integrating the pressure
distribution around the plate, good - re-

sults might be expected by approximating
p=p, over the whole length of the wvalve
plate, because the negative pressure zone

at the valve tip seems to be cancelled by
the positive pressure zone in Fig.8(a). In

the case of large 8 such approximation is
not adequate but the fluid force becomes
very small and raises no problem. However,

in Figure 8(b) it is necessary to modify

this
of

approximation especially for the case
small B as the pressure drop at both
side edges becomes larger with a decrease
in B. As the profile of the non-dimensio-
nal differential pressure distribution Ap/
APmax 1s nearly the same for every valve
opening angle as shown in Fig.9, - the rate
of the reduced fluid force due to the low
pressure zone of both side edges is calcu-
lated to be about 22% (shown by the dotted

lines in Fig.9). After all, rough esti-
mation of the fluid force acting on the
valve front side can be given by the fol-

lowing equation:
F:0.78A(ﬂo—l)a), A=BL -ereereeerereeneen (3)

In Fig.8(a) some peculiar distributions are
seen near the root of the valve plate. It
is because this region is located in the
separation zone just after the duct wupper
outlet edge.

As the lateral leakage has a domina-
ting influence upon the flow characteris-
tics around a valve plate, the theoretical
results of the back pressure are much dif-
ferent from the measured ones, but the
relation between the pressure along the
valve plate and the outlet velocity must
satisfy the similarity law, that is, the
pressure divided by the dynamic pressure of
the outlet flow must take the same value in
both  the theory and the measurements.
Figure 10 shows comparison of the measured
pressure coefficient with the theoretical
one, and good agreement is seen.

One of the important performances of
the flap valve is the pressure drop coeffi-
cient defined as

Cp=(ﬁo“ba)/"2erz

The variation of Cp for the variation of
the valve opening angle g is shown in
Fig.11, from which the following empirical

equation is obtained:
Cp: 18 0 X 10—0.0450#

The 1loss
given by (Cpt+1),

coefficient of a flap valve is
as the total head of the

outlet flow is discharged from the flap
valve and is not recovered any more.
The pressure drop coefficient is a

function of the Reynolds number Re=Ujh/v as
shown in Fig.12. It is well known that the
drag coefficient of a body with sharp edge
perpendicular to the flow direction becomes
constant except in the low Reynold number
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range, as the separation point hardly
changes with the variation of the Reynolds
number. And in this case the pressure
coefficient Cp was anticipated to take a
constant value, but in Fig.12 the value Cp
varies largely with Re in the case B8=13.5°
and even in the case B=22° it still de-
creases with Re. This might be because of
the unstable separation point due to the
finite thickness of the valve plate and
also because of the reverse transition to
the laminar flow due to a large negative
pressure gradient as shown in Fig.8(a).
However, flap valves are generally used 1in
the large Reynolds number range, and it is
considered that Equation (5) is valid for
the practical application.

The fluid force F acting on the valve
plate 1is given by integrating the pressure
distribution around it, and the fluid force
coefficient defined by

CF:F/(% ozA), A=BL coreeererrerersnes (6)

is plotted against B in Fig.13. For compa-
rison, also shown are the calculated re-
sults from various measured data, that 1is
the measured moment data around the plate
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axis divided by the plate half length L/2 (
marked O in the figure), the momentum change
from the velocity data of the upstream and
the downstream (A) and the results of
Eq.(3) (@), The non-dimensional form of
the measured moment data is essentially to

_be called a moment coefficient:

CM=M/(§U02'A‘§) ........................ (7)

The result that the value of Cm agrees well
with the value CF means that the pressure
distribution along the valve plate is near-
ly uniform, and the result that the value
of @ agrees well with the other ones means
that a simple approximation of Eq.(3), or

CF:0~78Cp ....................................... (8)

is adequate for estimating the fluid force.

Lastly, the variation of the moment
coefficient Ovis shown for the variation of
the valve opening angle 8 in Fig.14, and of
the Reynolds number Re in Fig.15. The
tendency of the curves is similar to that
of the pressure drop coefficient Cp in
Fig.12, and the following empirical equa-
tion is obtained:

Cru=6.20X107%242  (8°) werrrerrniraannss (9)

Here for the case of B=13.5° the value Cpm
has not yet become constant in the Re
range tested as shown in Fig.14, but it is
expected to be constant in the range of
Re>10% . The result calculated from the
simple equation, Cu= Cr, is also plotted in
the figure by a dotted line, which gives
somewhat different tendency from the mea-
sured results, and suggests that the appro-
ximate method of Eg.(3) is not adequate for
estimating Cm values.

3.3 Influence of obstructing wall just
behind the valve exit.

Flap valves are mounted at the duct
outlet not only to the upper reservour of
sufficient volume but also sometimes near
the obstructing wall or into the midway of
an open channel. In order to examine the
influence of the obstructing wall in such
cases, several kinds of obstructing walls
shown in the right side of Fig.15 are set
just behind the exit of the valve plate.
The influence of the position of the obst-
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ructing wall upon the moment coeffient is 10.0
shown in Fig.15. It is seen that the in-

fluence of the obstructing wall becomes 5.0
negligible when the obstructing wall is set L
more than twice the duct height apart from
the duct exit for a large B and one time
the duct height for a small B even if the
L-type obstructing wall is set.

HE W

1]

4. Conclusions 0.5

(1) The outlet flow from the valve plate - \
has the characteristics of a separated ! 002 /\
discontinuous flow rather than that of a Cm=6.20-10
two-dimensional jet flow, as the lateral l
leakage from both sides of the valve plate 0‘]5 * 75 45
has a dominating influence on the valve p deg
outlet flow characteristics. Within the Fig. 14 Moment coefficient vs. B.
range tested, the outlet flow width is
contracted to 60 % of the valve open width

and the maximum velocity of the outlet flow 6
hardly changes in the flow direction. And

the outlet flow angle is nearly propor- s ‘\\\
tional +to the valve opening angle B in the “ -
range B <40°, and in the range R 260° it 3 e
becomes nearly zero.

(2) The pressure at the central part of the
valve plate front side varies little for a 2
wide variation of a valve opening angle oty o_ja_q
due to large lateral leakage in spite of 1
contracting effect of the channel. This - e

leads to a simple approximate estimation of e 2 3 4 5 & 7 555%232%
the fluid force, that is, assuming a con- (=107)  Re
stant upstream pressure over the whole Fig. 15 Moment coefficient vs. Re.

front surface of the valve plate and calcu-
lating the 227 reduced force due to a pres-
sure drop at both side edges.

65

p=135°

3t
40°
so0 "’
60"

e q » s b o

(3) The empirical equations of pressure 0.6 . S '”x'1
drop coefficient and moment coefficient are 0.5 f:60" Re=40x10 - I
obtained in Egs.(5) and (9). In the range S ©Y 140 ] L-type| & L
of the Reynolds number of practical use 0. oY -0} wall I
these equations are valid. A he1835] Vertical | 240.]
(4) The similarity law is still valid be- A he-ors) wall 950
tween the outlet velocity and the pressure L) L
distribution along the center line of the - he 17 -
valve plate, and the two-dimensional theory ===t “ 1
gives good results if the theory is ade-
quately modified taking the leakage flow- %0 1 2 3 x/n 4 FJL*
rate into account. 3 i |~
(5) The influence of the obstructing wall 3 =31° [Re=4oq0® O Y =375mm | A~
behind the valve exit is negligible when 2 8Y =165 8 ”]—-—
the valve is set more than twice the duct y \h\u oY= !
height apart from the wall in the case of r‘k“g_"—éf—o_T__“—*? [ 200_]
large valve openings and one time the duct 0 1630
height in -the case of small ones. 0 ! 2 3X /h ¢
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