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Flow Characteristics around a Valve Plate Installed in a Duct * 

(2nd Report. Swing Type Valve Plate Installed in a Chamber) 

By Junichi KUROKAWA** , Akira TAKAGI***, 

Toshiyuki UCHIDA+ and Takashi KUSA++ 

The steady flow characteristics around a swing-type valve plate installed 
in a rectangular duct are studied theoretically and experimentally in order to 
determine the fluid force acting on a swing-type check valve and the side-gap-
leakage effects. 
The results show that the side-gap leakage has dominant influence upon the 

fluid force characteristi~cs, which can be well predicted by a small modification 
of the conventional two-dimensional potential flow theory. For the case of a 
large side gap , the pressure over the valve plate becomes nearly uniform and is 
equal to the upstream one . And that the fluid force is expressed as a function 
of only the velocity ratio of the jet to the upstream, if the side-gap-leakage 
is less than the mainflow volume . It is pointed out that the separation zone 
at the back of a valve plate is recovered very rapidly due to momentum transfer 
effects of side-gap-leakage , and that the outlet flow from a valve plate is not 
contracted with its width nearly equal to the valve opening one . The experimen-
tal formulae of moment coefficient are also presented. 
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1 . Introduction 

In the former report(l] the flow chara-

cteristics around a swing-type valve plate 
installed at the exit of a rectan~ular duct 
were studied experimentally in order to 
determine flap valve performances fundamen-
tally, and it was shown that lateral lea-
kage from both plate side-gaps has dominant 
influence upon the valve performances and 
experimental formulae of fluid force were 
pre sented . 

In high head pump pipe-lines a swing 
type check valve is usually used to prevent 
a reverse flow at the stop of pumpirig. In 
this type of a valve the downstream is 
restricted by a pipe wall and accordingly 
the flow pattern of a valve outlet flow is 
considered much different from that of a 
f I ap valve , and s ide-ga p-1 eakage mi ght 
also have large influence on the check 
valve performances , as suggested by the 
results of a flap valve . 
As is already surveyed in the former 

report, studies about such flow characte-
ristics are very few(2) (3) and it is still 

difficult to predict the fluid force of a 
swing-type check valve and side-gap-leakage 

effects, though there are many about water 
hammer phenomena of a pipe-line system with 
a swing type check valve as a component . 
The present study is aimed to deter-

mine the steady flow characteristics around 
a valve plate installed in a duct, the 
fluid force and the side-gap-leakage ef-
fects theoretically and experimer~tally in 
order to have fundamental knowledge on 
swing type check valve performances. 

2 . Theory 
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A two-dimensional flow model around a 
swing-type valve plate installed in a duct 
is shown in Fig.1 . Birkhoff et al.(4¥ have 
analyzed this flow using potential flow 
theory with a Hodograph-method. But accor-
ding to the measur~d results shown later, 
the three-dimensional leakage from the 
valve side-gaps has large influence upon 
the flow characteristics , and especially 
for the case of a small valve opening angle 
it has dominant influence. It is in gene-
ral very difficult to predict the three-
dimensional effeets of the flow by two-
dimensional theory. Therefore, an appro-
ximate method is proposed here to predict 
the side-gap leakage effects by modifying 
the conventional two-dimensional potential 
flow theory. 
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For the sake of simplicity of the 
analysis, velocities are normalized by the 
infinite downstream velocity Ul , that is 
U1=1 , and the upstream one is V, the flow 
volume is IT per unit time and unit channel 
width as shown in Fig.2. The complex velo-
city u+iv (u and v are the horizontal and 
the vertical velocity components, respecti-
vely) on the boundary streamlines DBAC and 
D t C f is mapped onto the fan-shape in the 
Hodograph plane(~ -pl) in Fig.3･ Using the 
Schwartz-Christoffel transformation it is 
again mapped ont6 the straight line and the 
flow field is mapped onto the half-infinite 
plane , and the complex potential W(~) in 
~-plane is determined as follows by placing 
a source and a sink at the corresponding 
points to the infinite upstream D , D ' and 
the infinite downstream C, C f . 

n W(~) In( ~11! _ V ) - 2ln( ~YL - 1) 

+ In( ~n _ 11VIL ) .... (1) 
.... 

where IT/n= TV2- ~ . The value of the valve 
plate length L is also determined by the 
given configuration of a duct assembly as 
follows using a radius R along BA in ~-pl. 

f
l
 

ITL/hV = {1/(Rrt+vrt) + vrt/(Rrtvr~+1) 

- 
/(Rrt+1 )}nR:rl-2 dR . . . (2) 

.. 

If it were not for lateral leakage, 
all the flow volume would leave in the 

Then the existence downstream direction. 
of lateral leakage from both side-gaps of a 
plate leads to reducing the downstream 
velocity Ul , or increasing the upstream 
velocity V to V+AV for the constant down-

Considering this in stream velocity Ul=1 , 
the Hodograph-plane, the ordinates of the 
infinite points D and Dt are shifted to E. 
Thus, the complex potential W(~) is obtain-
ed only by replacing V by V + AV in Eqs. (1 ) 
and (2) when there is lateral leakage. 
Considering this again in the physical 

plane , the above-described procedure chan-
ges the duct dimension L/h as shown in Fig. 
4(b) , as an example, because the equation 
of continuity requires that all the inflow-
ing volume be strictly equal to the out-
flow.ing volume for an incompressible fluid. 
That is to say, this procedure approximates 
the flow field such that the duct height h 
is enlarged to accommodate the leakage 
volume for the same upstream velocity V and 
the same plate length L. 
The leakage volume ~ A V/V from both 

side gaps is estimated approximately as 
follows using the pressure difference of 
the plate P-PB = P(1-c2)/2 for the case of 
no leakage, the side clearance t and the 
plate lateral width B: 

AV = (2Lt/hB) jf:~~dS . ....... (3) 

where c is the absolute velocity along the 
valve plate and S=x/L. ' 
As an example, the stream lines are 

calculated for the case of the valve open-
ing angle ~= 40b and the gap ratio 2tlB = 
0.11 , and are compared in Fig.4(a) and (b) 
with those of no leakage(t=0). It is here 
recognized that the flow volum~ of ~/Uoh = 
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-0.49 ~ -1 .O( ip is a stream function) goes 
out from the lower wall and this volume 
corresponds to the leakage volume from the 
side gaps . That is, about a half the in-
flowing volume becomes side gap leakage , 
which results in reduction of the pressure 
drop along a valve plate , the jet velocity 
and the back pressure. 

3 . Experimental Apparatus 
and Procedures 

Experimental apparatus is shown in 
Fig.5. A rectangular duct of h=300mm in 
height, B'=180mm in width and L'=2270 mm in 
length is installed at the exit of a wind 
tunnel, and a valve plate of L=322mm in 
length and B=198mm in width is set in the 
valve chamber with its upper end rotatably 
supported. The sid~ gap t can be varied 



2064

by　inserting　a　spacer・
　　　　Veloci’しy　distributions　in　’bhe　upstream

an（1　the　downs’bream　sections，　pressure　dis－
tribu七ions　on　the　valve　plate　and　the　　si（ie

wall　　and　moment　aroun（1the　valve　axis　were
measure（l　　for　various　valve　　opening　angles
βbetween　100　and　800　and　various　side　gaps
’b　between　　l　mm　and　21mm　　with　　a　　cons七ant

upstream　　velocity　Uo・　　　The　　measurements
were　perfor皿ed　in　’bhe　range　of　the　Reynolds
numbers　lx105＜Reく3x105，where　Re　is
definedas　Uoh／V．

4，Measured　Results　an（l　Comparison
　　　　　　　　　　withTheory’

4．1　　0utlet　　flow　　characteristics　　from　　a
　　　　valve　pla’be

　　　　At　the　exi’し　of　a　valve　plate　’bhe　皿ain－

flow　　becomes　a　j　et　and　a　　separation　　zone

is　　formed　　just　　behind　the　　valve　　plate．
Figure　6　shows　・bhe　varia’しion　of　a　　veloci七y

dis’しribution　　toward　七he　domstream　in　　the
case　of　a　valve　opening　angle　β＝50．50（Fig。

6（a））and32。（Fig．6（b））。1七isseen七hat
bo’しh　　the　recovery　of　’しhe　　separa七ion　　zone

and　　the　　reduc’しion　　of　j　et　　veloci’by　　have

somewhat　　（1ifferen七　tendencies　in　these　’しwo

cases．　　　In　　Fig．6（a）　the　recovery　of　．the

separation　zone　is　very　slow　and　七he　　velo－
city　re（1UCtiOn　in　j　et　region　iS　very　Small，
bu七in　Fig．6（b〉　・bhe　recovery　of’もhe　separa一

’しion　zone　is　　rapid　an（1　’しhe　velocity’reduc一

．bion　　in　　j　e．b　　is　very・large．　　Though　　not

shown　in　’もhe　figure，　　the　recovery　is　　more
rapid　　for　　the　case　ofβ＝21．50　，　　and　　・bhe

veloci’by　　dis’bribution　in　七he　（luct　　section

isalmostuniformatx／h＝1．43．　Thus，the
outle七　flow　has　two　differen七　behaviours　at
larger　　and　　smaller　plate　anglesβthan　400
in　bo’しh　the　reduction　of　J　et　region　and　’bhe

recovery　of　’しhe　separation　zone・
　　　　As　for　’しhe　reduction　of　j　e’し　　veloci’しy，

i七　　is　consi（1ered　’bo　be　dependen’b　upon　　’しhe

existence　　of　the　po七en’しial　core　region　　in

j　e’b　region，　where　the　velocity　distribu’bion

is　flat・　　In　’bhe　case　of　β＝50・50　a　poten－

tial　core　is　maintained　’bill　’しhe　downs’bream，

but　in　the　case　ofβ＝32。　i’b　does　not　　exist

any’　more　in　’もhe　j　e’し　region・　　　　To　make　　it

clearer，　’bhe　　variation　of　j　et　width　hj　or
hj　l（define（i　in　　the　figure）　　is　　shown　　in

Fig・7　　for　’しhe　varia’bion　of　β　・　　The　value

hコ　corresponds　’bo　the　potential　core　　wid’しh

and　　is　　seen　　to　increase　largely’　in　　the

range　β＞400　an（1　1i’しtle　in　七he　range　β＜400

wi’bh　an　increase　in　　β，　an（1　is　also　seen　七〇

change　lit七le　with　’しhe　change　of　a　side－gap

cleara尊ce・　　In　　Fig・7　　is　also　　shown　　’bhe

valve　　opening　　width　ho　by　a　　chain一（10t七ed

line．　It　is　seen　that　’bhe　j　et　width　hj　l　is

nearly　equal　to　ho　for　七he　range　ofβ〉400　，
which　means　tha’b　the　outle’し　j　e’し　flow　is　not

con’しrac’bed　and　i’もs　wi（ユ’bh　is　nearly’equal　七〇

the　valve　opening　one．　　　In　the　former　　re－

P・rtζni七isp・inted・utthat七he・u七let
flow　　from　a　flap　valve　plate　is　con’もracもed
to　　abou’b　60％　of　’bhe　valve　　opening　　wid・bh，

which　is　similar　’bo　the　separated　discon’しi－

nuous　　flow　from　an　orifice。　　Present　　re＿
sul’bs　　have　　revealed　tha’b　’しhe　outlet　　flow

from　　a　　swing－type　check　valve　　plate　　has

similar　　characteristics　七〇　a　nozzle　outlet
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flow. But in the range of ~<40' the char-
acteristics of jet flow is much different 
and the j et width is large but the core 
region is very small(Fig.7) . This suggests 
that the velocity reduction in jet flow is 
mainly due to the interaction between the 
momentum of jet and the wall friction, and 
that a jet with high velocity but small 
mass flow volume is decelerated rapidly to 
the downstream. 
As for the velocity recovery in the 

separation zone , the side-gap leakage has 
large influence . When the side-gap is 
narrowed, the recovery of the separation 
zone becomes much smaller as shown by the 
dotted line in Fig.6(a) and even a reverse 
flow appears . In order to study the velo-
city recovery in the separation zone, the 
longitudinal (Y-direction~l ) and lateral (Z-
directional) velocity distributions of the 
section at X/h=1 .63 are shown in Fig.8. In 
the range of Y/h<0.124, corresponding to 
the core width of the jet, there is seen a 
good two-dimensional flow field in Fig.8(a) , 
but in the other range the velocity varia-
tion is large in the lateral direction. 
Especially in the range of Y/h>0.4 the 
velocity peaks are seen both in the central 
region and near the side walls. To show 
this clearer, the equi-velocity diagram is 
shown in Fig.9 at X/h =1 .63. In the sepa-
ration zone at the back of the plate the 
side-gap-leakage flows diagonally upward 
from both side gaps to the duct upper wall, 
is turned to the center and then rolled up 
to the inner region forming a pair of vor-
tices . Accordingly the side-gap leakage 
supplies momentum to the separated zone 
from both sides, the upper side and the 
center, which makes the recovery of the 
separation zone very rapid. 
After all it is concluded that the 

side-gap-leakage accelerates the velocity 
recovery in the separation zone, tho.ugh the 
existence of the potential core in the jet 
region decelerates the velocity reduction 
in j et . Accordingly, in the case of a 
large side-gap and a small valve opening 
angle the plate outlet flow becomes uniform 
very soon. 
TF igure I O shows comparison of the 

present theory with the measur9ments at 
X/h=1 .63 as for the velocity ratio of the 
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j et ul to the upstream one Uo and the 
influence of the valve opening angle and 
the side-gap ratio 2t/B. It is seen that 
the leakage effects can be well predicted-
by the present theory except for the case 
of small valve opening angle and large side 
gap. As the jet width varies little for the 
variation of side gap as shown in Fig.7, it 
is possible to estimate leakage volume 
from Fig.8. That is, the ratio of (Ul/Uo ~ 
(th/Uo)t= o ) to (Ul/Uo)t=0 gives the ratio 
of the leakage volume to the mainflow 
volume . Then it follows that the leakage 
volume in the case ~ =80' is nearly zero 
even for a large side gap and in the case 
40' < ~ <70' the leakage increases almost 
linearly with the side gap. In the case 
~<30' the leakage increases remarkably with 
an increase in the side gap and the rate of 
increase becomes especially large when the 
side gap becomes larger than a value at 
which the leakage volume amounts to the 
same as the main flow one . In such cases 
the present theory gives much smaller value 
to the measured data, as the velicity pro-
file of the jet flow is sharp with no core 
region and the reduction of the jet veloci-
ty becomes rapid due to wall friction. 
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Though the velocity variation of the 
plate outlet flow is very large in Y-direc-
tion, the static pressure in the section is 
almost uniform as shown in Fig.11 except 
just after the plate exit . The static 
pressure is also largely influenced by the 
side-gap, as it changes the jet velocity 
l arge I y . 

Figure 1 2 s hows the wal I pre s sure 
variation along a duct wall. In the up-
stream of the valve chamber the pressure is 
almost uniform along a duct wall, but at 
the valve plate it drops remarkably and 
recovers a little just behind the plate. 
And then it drops and recovers again at the 
exit of the valve chamber due to the con-
traction of the channel width and it be-
comes almost constant at Xf/Lt>0.6. In a 
separated flow it is usual that the pres-
sure of a separation zone recovers gradual-
ly toward the downtream direction due to 
velocity reduction in the main flow, but in 
this type of flow the influence of side-
gap-leakage is so large that the recovery 
of the separation zone is very rapid as 
already discribed and a uniform flow is 
formed soon behind the valve plate. For a 
comparison, the pressure variation in the 
case of small side-gap(t=1mm) is also illu-
strated by a dotted line in Fig.12, which 
shows typical pressure recovery in the 
separated flow. 

3 ･ 2 Pre s sure di s tr ibut ion on the val ve 
plate and fluid force 
Pressure distribution along the cen-

terline of the valve plate is shown in Fig. 
13 in the mainstream direction (Z/B = 0.5) 
and the transverse one (xlL=0 . 5 ) together 
with the plate back pressure PB for the 
case of large side gap (2t/B=0.21). It is 
recognized that the pressure on the plate 
is almost uniform and is nearly equal to 
the upstream pressure Po for any plate 
angle ~ . In the region near the tip and 
on both sides of the plate it drops sharply 
to a back pressure but its range is very 
narrow. It is then suggested that the fluid 
force acting on the plate might be well 
estimated by approximating a constant pres-
sure over the plate surface, that is P=Po . 
When the plate angle is large, such treat-
ment is not adequate, but the fluid force 
becomes so small that no problem arises in 
the practical application. 
However, in the case of a small side 

gap the pressure drop at the plate tip 
becomes very large as shown in Fig.14 for 
~ =40' . Even in this case the variation of 
pressure in the transverse direction is 
still small as shown in Fig.14(b) . 
One of the import~nt factors of the 

valve plate is a coefficient of plate back 
pressure which represents a pressure drop 
at the valve plate and is defined as 

CpB (Po - PB)1(pU 2/2) . . (4) ... 
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14　　1nfluence　of　side　gap　on　the　P「es－

　　　　sure　dis’しribu’しion　of　valve　plate。
　　　　　（β＝40。）
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　　　　　Figure　　15　　shows　the　varia’しion　of　GpB

for　　もhe　varia’bion　of　a　plate　angle　　β　　and

the　side－gap－leakage　effec田しs．　　In　the　range
of　　β　＞600　・しhe　back　pressure　varies　　li・し・ble

for　’しhe　variation　of　’bhe　side－gap，　　bu七　for

β　＜400　it　（1rops　remarkably　with　a　　decrease
in　β　an（1　2’し／B。　　For　example，　in　the　case　of

β　＝200　the　　back　pres　sure　　increase　s　　eight

’しimes　when　’bhe　si（ie　gap　is　narrowed　fro搬　21
m！n　も0　1　m皿．

　　　　　The　　back　pres　sure　is　es　sen七ially　　de－

penden’し　upon　the　j　et　veloci七y　even　if　七here

exists　　large　side－gap－leakage，　　and　’しhere－

fore　i’し　is　to　be　expressed　as　a　function　of
only　　the　　velocity　ra七io　Uo／UI　of　’しhe　　up－

s七reamtothedo㌔mstream．　Figure16shows
七he　　relation　be’bween　CpB　and　　Uo／U1，　from

which　　i’し　is　confirmed　七ha’し　almost　all　　七he

measured　data　fallononecurve　for　any
si（1e－gap　raもio　with　a　few　excep七ions　of　the
case　of　β　ニ20。．

　　　　　In　　Figs。14，　　15　　and　16　　’しhe　　present

’しheoryF　gives　good　resul七s　an（1　predic’bs　七he

si（ie－gap－leakage　effects　with　good　accuracy，
which　shows　’bha’し　the　pres　sure　at　the　　front

and　’しhe　back　surfaces　of　’bhe　valve　pla七e　is

mainly　　depen（1en’し　upon　七he　j　et　veloci七y　an（i

is　li’btle　influenced　by　the　strongly　three－
dimensional　　flow　a’b　’bhe　back　of　’bhe　　plate

in　　’しhe　　range　tha’し　七he　leakage　　volume　　is

less　’bhan　’bhe　mainflow　one．

　　　　The　　fluid　force　F　acting　on　the　valve
plate　is　obtaine（1　by’in’しegra七ing　七he　　pres－

sure　　distribu’しion　over　’bhe　pla’be・　　Figure
17　　show白　’bhe　dependence　of　a　normal　　force

coefficient　defined　as　follows　upon　　β．
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CF＝F／（PU・2BL／2）……・・一（5）

　　　　　For　co皿parison，　the　　CF　－value　is　ob－

tained　　by’several　differen’し　me’bhods，　　that

is　　七he　integrated　value　from　the　　pressure
distribu’bion3　　’bhe　　measure（i　moment　　data
aroun（1　’しhe　pla’しe　axis　divided　by　the　ra（1ius

L／2　0f　’しhe　plate　　gravi’しy　centre，　　七he　　mo－

mentum　　change　be七ween．the　ups’しream　and　七he

downs・しream　an（1　also　七he　apProxima七ed　　value
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(a) As a function of valve opening angle ~ . 
Fig. 1 8 Variation of moment coefficient 

C F =Cp obtained by putting P=Po over the 
whole plate as described before. 
In the case of a large side gap(t=2lmm 

or 2t/B=0.21 ) the CF values obtained by 
various methods agree well with one another, 
which shows that the rough approximation of 
P=Po over the whole plate for any plate 
angle ~ is a reasonable approximation in 
calculating the fluid force. And also the 
fact that the C F value obtained from the 
momentum change is less than that by the 
other method indicates that the side-gap-
leakage takes out large momentum to the 
separation zone . 
The fluid force acting on a plate 

induces a moment M around the plate axis 
and the moment coefficient defined as fol-
lows is one of the important factors of a 
swing-type check valve . 

CM = M/( p U02L2B/4) ･ ･ ･ ･ ･ ･ ･ ･ (6) 

Figure 18 shows the dependence of CM 
on ~ and 2t/B and compares the theory with 
the measurements. Figure 19 also shows the 
Cm value vs . the velocity ratio UolUl of 
the j.et, in which the data are expected to 
fall on ohe curve for any valve opening 
anglb ~ and side-gap ratio 2t/B. 
As the back pressure drops remarkably 

with a decrase in ~ as already shown in 
Fig.15, the moment coefficient C M Increases 

For remarkably with a decrease in ~ -
example , when the valve opening angle is 
decreased from 80' to 200 the CM value 
increases as much as 200 ~ 400 ti;*es. More-
over, the smaller the plate angle is, the 
larger the influence of side-gap-leakage 
becomes, and accordingly the CM value chan-
ges remarkably for the variation of the 
side-gap when the plate angle is small . For 
example , a decrease in the side-gap ratio 
from 0.21 to 0.01 in the case of S =20Q 
results in an increase in the Cm value to 
as much as 10 times. 
From these figures the present theory 

is seen to predict the side-gap-leakage ef-

(b) 

CM and 

(
J
:
~
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As a function of side-gap ratio 2t/B. 
comparison with the present theory. 
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Fig. 19 Moment coeffieient as afunc-
ti6n of velocity ratio of jet. 

fects with good accuracy. However, from a 
viewpoint of the practical application it 
will be convenient to estimate the CM value 
by a simple equation. From the measured 
data the following empirical formula is 
obtained . 

CM 10(70 e)(o o~ 2 o 07t/B) ( ~ deg ) .. . . (7) 

For the range of ~>70' the accuracy of th~s 
formula becomes lower but considering that 
such a large valve opening is not usual in 
a swing-type check valve , the above formula 
is useful in estimating CM value roughly. 
From Fig.19 it is also seen that the CM 
value is expressed as a function of only 
Uo/Ul for any ~ and 2t/B values. 
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5 . Conclusions 

Flow characteristics around a swing 
type valve plate installed in a rectangular 
duct are studied theoretically and experi-
mental ly . The conclusions are sammerized 
as follows . 
( I ) Three dimensional side-gap-leakage ef-
fects and fluid force acting on a valve 
plate can be well predicted by a small 
modification of the conventional two-dimen-
sional potential flow theory. 
(2) Just behind the valve plate is formed a 
separation zone , but the side-gap-leakage 
is rolled up to the centre and forms a 
vortex pair at the centre of the separation 
zone and supplies momentum from every side , 
which makes recovery of the separation zone 
rapid . In the case of a large ~3~ide-gap the 
velocity recovery is very rapid and a uni-
form flow is formed soon behind the valve 
plate . But in the case of a small side-gap 
the recovery is very slow and a core region 
in the jet flow is maintained to the down-
stream, which delays the reduction of jet 
velocity, and the pressure is gradually 
recovered in the downstream. 
(3) The pressure coefficient on the front 
and the back surfaces of the plate and the 
moment coefficient are determined only by 
the velocity ratio of the jet to the up-
stream flow for any valve opening angle and 
side-gap ratio, when the side-gap-leakage 
volume is less than the main flow volume. 
(4) The outlet flow at the exit of the 
valve plate is not contracted with the 

width nearly equal to the valve opening 
on~ , whic_h is similar to the characteris-
tics of nozzle outlet flow. 
(5) When the side gap is large, the pres-
sure on the front surface of the plate 
becomes nearly uniform for any plate open-
- ng angle and is eqal to the upstream one . 
This leads to a simple approximation Cp8= 
CF = C~ In predicting the fluid force of a 
valve plate. 
(6) For the convenience of practical appli-
cation an empilical formula is presented 
for the moment coefficient of the valve 
plate . 
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