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+ The objécti\}e of this thesis i¥ to’ optimize the
. [ .

éesign of wafer swing-disc check valves. Optimal valve

design involves two major aspects of valve performance. The
. . . - . ‘ .
first performance criterion is minimum pressure loss when

- ' i © T
the wvalve 1is fully ' opened. The second performance

o
requirement is minimum waterhammer pressure and non-slam

n c .
seating action resulting from the valve closure. Also,” the

1 . N
'/optimized valve. design should retain_ the desirable features

v

of simplicity,~ compactn?ss and 'light-weight . construction

inherent to wafer type check valves.

.
-

Analysis of. the pressure loss minimization study is

verified experimentally. This concept is then applied to

the redesign of wafer swing-disc check valves manufactured

by Ri tepro Inc. of Montreal. The redesigned valves result

\ .
in a significant+ pressure .loss improvement over existing

* L

Ri tepro valves. . ,5
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non-slam seating action reqhire the study of- the valve

mechanism dynamics, the Pnteraction,gf the flow forces on,

the valve, and ti'ne, D.'a'rjalys'is of fluid ¥ransients for pipe

A S

flow.” The mathematics and model verification - of a

(- .

hydro-pneuma tic mechanism acting as a 'cpmbination spring- and

damper to control’ the wafer check valve dynamics, _is
oy ! ‘ - ~

reviewed. The flow -characteristic of the check valve- is~

" determined experimentally. The transient ' flow thr"ough a

pi;gel.ine is modelled by the niet:}ud'nf ldmpgd—pafameters.
The three studies are then combined

and simulated on a

»

‘from the simulation study. R T

v

"The cri teria for - min?mul{ ‘wa terhammer pressure and

digital cofnbuter. Conclusions and recommendations are drawn
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CHAPTER 1
\ q
- : INTRODUCT ION "
. L4
1.1 General
r & )

* — + . /

Check valves are essentially used as safety devices
ﬁn fluid A pipeline networks. ' The cﬁeck valve main function .

flow reversal.

. \
is to prevert fluid
4 «

.ff?w reversal vary depending on the application.. Some’

exé\nples where check valves

\- p ,

¥

are used follow:

’

K . C
-\ In tank fill-up applications, a check valée is

installed \on a supply pipe which is below the

2 water line to prevent draining the tank in_ the

——

case of low supply pressure. . ,

, 4
heck valve installed on the output ofva pump

woul prevenwt’.hig.h downg treani* pressure \'from

'drivifi the pump in’ reverse . in the event of a
power ailure.

= In an intermittent pumping application where the .
fluid supply 'level is below the pump, a check

valve is nstalled at the foot of the inlet

suction line to prevent draining of the pipe and
N ‘\

hence unrdecessary primming of the system.

] .
The undesired effects of




T4

LY.

N b .
/x)—~"\§ — N A >

“

Ideally, a check valve should offek n§ resistance .to

forward flow and instantaneous infinite resistance ¢to
4 ‘ . ;

reverse flow. Furthermore, the Qalve_should close without.
‘E;amming on its seat to prévenﬁ; damage to the sealing

"surface. Practical valvg design limitations, however,
’

o

-

result 1in some resistancé to forward flow and a slow valve

- , . .
response to -reverse flow. A rapid valve response

'brohibiting reverse flow to develop*f?duces the waterhammer

- f' “
effects, as well‘as reverse flow forces which would cause

the valve to slam on its seat.
‘ ‘ |

e

»

The desired characteristics of a check valve are

often traded off for such featurés like, simplicity of

design, compactness, and low co%t. Figure 1-1 shows a

schematic drawing of a wafer type swing-disc check valve
compatéd to . a conventional swing-disc checE valve. With
reference, to the f{gure, swing check valves are essentially
composed‘.of ‘%8 valve body where the cavity within the body
hégses a valve seat and a swing-disc connected to a hinge
arm. One end of the hinge.arm is pivoted for the digc to
swing open a;h close. When the disc “is in 1;5 limiting
posit?on' a?a< friF the valve seat, the valve is fuily open
and offers minimum resistance to the fluid fléw. In the
o ther extreg%”position the disc;isain contact with the valve

seat and thé valve is fully closed. The main advantages of

the wafer type check valve over conventional check valves

are their compactness, their light-weight, and their

hd
: .
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Figuré 1-1. Oomparison of Wafer-Type Swing-Disc Check
‘ " Valves and Conventional Swing-Disc Check
‘ ’ Valves

o ‘ (courtesy by Ritepro Inc.. [25])
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simplicity of design. . Wafer Qpé check valves, however,

offer higher resistance to forward flow than conventional

valves.
1.2 Rewview of Previous Work

'fo the knowledge of the author, no globai and
sys tematic ir;vestigatizm of all the essential aspects
leading to an gptimal design of the wafer type swing-disc
check valve 'has been conducted. The 1literature survey
indicates that. ‘only limited. work has‘ been done .n the

4
direction of energy minimization and contrq,lling‘}' the

[

dynamics of check valves in general. The work of several

investigators are summarizéd as follows:

b

Esleeck and Rosger [1] showed that the problem.of
X "check valves can be reduced to a

wa terhammer due to pivot
single second order differential equation of disc motion.
The .valve is related \tp the piping system by knowing the

"coastdown™ characteristic (fléw versus time) of the

pipeline in the ~absence of the check valve. This assumes’

‘that the check valve exerts negligible effect on the pipe
"coastdown" flow until the valve 1is nearly closed. The
mo tion of the valve disc results from the f£luid momén tum.

At the instant when the disc seats, the corresponding

- reverse flow velocity is cafculated and’ converted into

wa terhammer pressure,

R o =) s A mime an e - e e




Pool, Porwit and Carl'ton (2] Dhaye " extended the work
from Esleeck and Rosser [1] to get{"' ‘ag reemen t wi th
expe%}mental results. Their work focx;égd on modelling the
check valve dynamics more accurately to obtain better surge
pressure pre’diction\s. Swing-disc’ and tilting-disc check
valves were considered. The tilting-dist check valve pivo ts
at30u.t a point wi thi'n its disc diameter. Ext:rapolation‘of
the va]:ve ma thematical model -to pivo ting check valv(fs of any

size in any system was established. Thiy requires a

! :
knowledge of the check valve design parameters and the valve
fluid flow characteristics. ) a .

optimized pivoting check valve? so that

)
g Pool“[)B] thén
the disc reached'tjxe seat as ‘fast as possible after the pipe
flow c,iec;elera ted to zero. If no reverse flow occurs,
wa terhammer pressure is minimum. Internal valve body, disc’
sha//w and pivot location were considered. P?ol sugéegted

at the best pivot location is at half of the disc radius.

P
This calculation was -based on an assumption considering the

swinging diSc as an oscillating pendu\’ium. Addition ‘of a
torsional spring decreases the period and y_élve closure is

faster. Methods to determine the least pressure 4drop. across

-

o [ 3
the valve was not consi®ered.

Csemniczky [4] studied the hydraylic performance
characteristics of pressure drop and fnqmentum for tilting-

disc check valves. The emphasis of his work/ was to derive a




semi-empirical formula describing the moment acting on 'the
f]isc shaf t. Csemniczky showed that the moment character-
istic dges no { depend on/ly \i!'pon the disc aml}e, but also on
the eccentric ’location of éxe pivot. Experimental preésure '
drop results showed 1little difference for various pivot

. >

locations. No method of obtaining the leastlpressure drop
¥ »

for the tilting-disc check valve at full opening was
: <4

’

presented.

Krane and Cho (5] experimentally determined

v « pressure drop and moment goeffi-cients for a- tilting-disc

/
check valve. Both forward and reverse flow through the
valve were considered. The similarity in variation with
e . F disc anmgle between these two coefficients indicated that the

N -

S fluid flow generated moment on the disc is related ‘po sthe

essure drop across the valve. Knowledge of these tv@
/ "“\,/

hydrjulic varz/ables were used to predict pressure drops
5 .
- during normal operation and to estimate pressure surges

during valve closure. The check v@;lve studied’ incorporated

~¥

.a. dash-pot. mechanism for non-slamming closure action. The
rd
authors indicated that from- test results, there was no

appreciable throttling of the flow (agreeing with Esleeck
% and Rosser [l]) until the disc made contact with the

.dash=-pot. At the dash-pot contact, water hammer resulted
- K \

from the sudden change in valve resistance. Al though a

b}

generalized equation descri,bi‘ng the fluid torque on a moving

V4 N

disc was dei:ived, "ho mathod was established to predict " the

\ ¥ M
k™ . .
. . .
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. .
L least pressure drop across the check valve. The research

. concluded that the pressure drop occurred almost entirely

across the valve-disc. ' , 1 N

e N

'—g Both Gwinn [6] and Uram [7] investigated the 'c]y‘namics
of a' swirig—d;gc check valve in otder to estimate the disc
impéct velocity due to "steam-hammer". Gwinn calculated the
valve lixfe by requiring t;xe closing impact s_tresses to Dbe

below the disc and seat yield strenghts. Both investigators

) 4
considered the closing moment on the disc to be due to the

[ 7% . . .
valve pressure drop ~caused g:imarily by the disc. Hence,

4

the motion of the valve disc 'can.sbe estimated if the

pressure loss acrose-~the valve is known.

’ “

s . . /\ g ’ Y ,
\f*f«,,‘ 1.3 Thesis Outliné = : ‘ B >
P J Lo B . N . :
—~ ‘ ‘
The object of this thesis is to optimize the design
of wafer “type swing-disc check valves for improved
perféimance, ' yet maintaining its simple design. . The’

» rgfearch focuses on two major areas of study:

”

e 1. -E?ergy losses and their minimization.

\

,2. Valve dynamics in order +to limit pressure

surges and mechanical shock. \

——

A . a

For the sake of brevity,. a "check valve" vfill refer !




-

\[}3 o ther xﬁinor losses. The second .paramete

-,

.

-8 -

thro‘ugh'out the thesis to mean the wafer swing-disc ‘check

valve type, unless otherwise specified. - ’
\_‘ ' . A

——

{ *

—~

The different topicd investigated in thig thésis and the

interactions between them, are¢ shown in block diagram form

' .
)

in Figure 1-2. To '_minimize thé check valve energy loss, the

valve discharge coefficient and valve flow passage areas are
considered in the valve design. The check valve dynamic
performance ir{vestigation.f&d’ivided into three separately
re%atéd areas of study. These include the valve’inec'hanism

dynamics, the flow fdrces acting on the valve, and the

N
.

wa terhammer resulting from the- valve dynamics. A brief
. K \
outline of these subject areas is described in the ffllowing

)
paragraphs. . ' ' . :

P}
'
- . <

\across@wa”fer type check valve. The pressure loss is
z

minimi by altering .two. parameters associated with the

valve geometry. One parameter is the discharge[:oefficient
is the flow

passage area ratio. The iﬁvestigation results in an
analytical prediction of the pressure drop across the check
T 4 °

valve in terms of a normalized flow " coefficient.,. This

* ¢
~

analytical flow co\efficier;'c is(\ver'ifie'd experimentally.

.

In Chapter 3, the design of the wafer swing-disc

4

check v'alves m‘anufactu:ed‘ by Ri t:epro (,Inc_. ‘in Montreal is

IS
-

y
»

i ¥
. N !

Chapter 2- pré;énts the energy 1loss investigation

;}
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‘studied. 'i‘hen study is aimed at improving the pressure drop
‘chara‘ctetistic of the valve. Two .types of wafer valves are
mam;factuzed by Ritepro. The first type is used‘in fi§
prevention syste)ts and requires a pressure dl;"op less than

26.7 kPa when the water flow velocity is 4.57 m/s. The '

‘ second type of wafer valve is wused® in, general indus trial

applications .and has no upper: limit .on the pressure drop,

however, the design is improved to giveA the valve a better

*

pressure , loss characteristic. The results from the ehergy

loss study in\Chapter 2 are applied to redfsign the Ri tepro

wafer valves. Further pressure drop improvements are

achieved by changing the valve disc pivot location. On the
bas‘is/ 'o'f this investigation a totalgly new generafion of
Ri tépro wafer check~va}.ves was 'des‘igneg'. The redesigned
v“firé prevention valve’p:o to types meg/t the rgquired pressure

éﬂ;op values.

”

# hY

o

Chapter 4 ‘reviews the work by Svoboda and Lee [8],
Lee. [9],- .and Lee, Svoboda and Kwok [1@] in conjunction with

is projec'_t. The work considers the modelling of a

hydro-pneumatic mechanism , that has been incdrporated

together with a wafer check valve. The hydro-pneumatic

combination spring and damper for quick

.

system acts "as a

valve closure and non-slam action. ‘System dynamics relw

.

thé_anguiar position of the disc opening to an input torquel’

-4
~
i e

1 e -X
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Chapter 5 presents the study of flow .:f_brces acting on
the valve ' disc. The. flow forces are deterlmined by
experiment and describe the valve fldw characteristics jn
terms of a flow coefficient and drag cbéffic?ent. Thé flow
ccTéfficient \relateé the £fluid £flow to the pressure ‘dropA
across the valve. The drag coefficient nrelates the force
normal to the ‘disc surface to the flow rate th‘x:ough the
valve. Both coefficients are determined for various
openings of disc angie and ‘pipe flow Reynol'ds numbers.

[

Forward and reverse flow conditions are considered.

In Chapter 6, a ger;era.lized' model for a“ pip\eline‘
using the method of lunvlped-par‘ameters is presented. The
model is used to study waterhammer effects in a fluid system
incorporating the check valve. The fluid sirstein ‘is. rh\odelled
as a circuit composed of lumped capacitances, inductances,
and resi'stan‘ces. Volumeks, fiuid compressibility, and pipe
material e;asticity fofm the cdapaci tance. The ° fluid
inductance is due  to the change of fluid flow velocity‘in‘
_the pipeline. ~Pressuire drop across the valve, as’ well a;s
the _pressure drop due to the p'ipe rouwdhness are represen t;d
by the regis tance. ‘ \ |

v
. A éase s tudy, using‘ computer simulation, evaluates
'the . dynamic performance of a check valve. The chegf valve.

includes the hydro-pneumatic '%prit(gﬁ-damper mechanism [8]

(91(19]. Similar to the method of calculating pipe flow



=

. [4

AN - 12 -

waterhammer transients by lumping the fluid and pipe
parameters, the -check valve is considered as a luinpe'cl
variable resistor. The valve resistance and the disc shaft

torque reqixired to ‘open the valve is a function of the disc

swing. angle. The flow forces characterized by the f'low.

Y
coefficient and thfe- drdag coefficient relate the pipeline

wa terhammer calculations to the valve dynamics.

A
O

To summarize, the energy loss and dynamic behaviour
of the cu'rren’t wafer type swing-disc check valve design is

studied so that its advantages can be retained. At the same
s,

time, the limitations of the present valve are established

t L)

and guidelines to improve the perforinance are developed. 1In
conclusion, the study results w}ll help valve manufacturers
and users to design and select the required swing-disc check

s

valve performance based upon their application requirements.
. . 1

The results of this thesis have been summarized and

' \ : N :
reported ,to the Natural Sqiences and Engineering Researc:h

Council of Canada (NSERC) and to Ritepro Inc. by Svoboda,

Y

Hong and Katz [11]. , ( o

s
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= - CHAPTER 2
. ¢

THE CONCEPT OF PRSSSURB LOSS HINI!IIZATION'

1

a

Y .
'2.1.~. Introduction

Ideally, therelshould be no pressure drop across a
cpeck talve. ‘I;i pra ‘"ice, however, a pressure drop ‘;/ccurf
across the&algg,/«‘ﬂﬁ/s pressuré drop depends‘ on the vilve
dekign parameters. In ti‘ltir\dJGi;'é /:nd conventional
swing-disc check valves, the valve séét forms an orifice
approximately equal to the pipe di;méter‘. A'lso,l the
conventional ‘valve provides ; cavity to partially remove the

"

\disc frcir’n the flow sfream., Thg. pressure drop’for. tl';ese
types of valves is primarily due to tlf;g disc
alone ([51(6](7]. Wafer swing~disc check valves d9 no t haVe‘ ""‘
a cavi/{:y to "partially remove the disc.from the flow. When
the valve is fully opened the disc st,ill restricts thé pipe
flow area. Also,the valve seat forms an orifice which is
always smaller. than the internal pipe diameter. The
‘preésure drop across the wafeg swing~-disc check v‘al,ve‘ is.‘ due
to the combined effect of the'disc_: obstruction in‘ the flow

-
as well as to the orifice restriction of the flow.

o

. Ve o
In this chapter, ‘the wafer valve is modelled as two

flow restrictiins in seriesJ One restriction is due to the
orifice followed by the second restriction due to the disc.

Analytical equations are derived to relate the total

- 13 -
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4 !

pressyure drop across the valve to the parameters of each of

the restrict}on/s. ‘These equations ate used as the basis for .

7
developing the concept of the pressure loss minimization.

LS

Experiments performed on edch of the restrictions sepatately
.. .

and on conbinations. of both the restrictions tbgéther

verifies the analysis. p

‘

This work has been published by Svoboda, Katz and

Fitch {12] in conjunction with this project. T . S

2,2 Wafer Swing-Disc Check Valve'Analysis

2.2.1 valve Descr‘iptioq '

~

A schematic drawing of the wafer swing-disc check

>

valve is shown in Figure 2-1 sandwiched between two ' flanges.

In the closed position, a disc seats over an orifice smaller

-

than the internal ‘pipe diameter. Diameters dl' d, and d3

" are the 'pipe, orifice. and disc diametersf respect'iyely.

‘With reference o the figure, as '~ the force due to the

»

pressure upstpream of the.valve exceeds the combined. forces
due to the pressure downs tream of the valve and spring

required. to keep: the valve closed, the disc will start to.

swing open about its pivot pin. As flow forces increase the
disc opens further until the nut securing the disc to its
hinge arm, or until the web on the backside of the hinge arm

comes to rest against the upstre'am pipe wall. The nut or

“

\

?
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the . web is used to preverit the disc from wedg ing into ‘the

connecting pipe. ) A o

1 e ‘ Vg
' - :

\Check valves are usually spring loaded to keep tl"e ;
13 s 4 ‘ - :

valve closed. When the disc is partially open, an
~ ‘ 4

addi tional pressure loss is Ereate_d_due to' the spring force.
Once the disc is completely opened, the sprixg force has no
further effect on the pressure drop. The-- analysis deals '

with the valve always at its.fylly opened position, and the

pfessufre drop due to the 's'pring force will not be
e

s <

~

considered, Furthermore, . the projection of the nut or the
" web ‘on the back of the disc will be ignored ‘in the énalys‘is,

and the disc will be,'assumed to touch.the downs tream pipe-

.walls. When the disc is fully opened at anglé 8, the disc.:

-

extends ,beyond the valve l'.n the adjacent"connecting pipe. . .

In this position, the ,disc is restrained by the pipg/ and

remains in the .pipe flow area. Lo ' i
.‘ * , . »l -

2.2.2 Normalized Flow Coefficients - . .
: ; .
JaN 3 - , ,
As shown in Figure:. 2-2, the'wafer swing-disc check
"’ . . valve is modelled as two restrictions in seri'es,. The
upstream restriction is’ die to the orifice - and the
e 3

downs tream restriction is due to the wide open disc. Each

lgestriction is composed of an entrance contraction followed
by an exit expansion. The velocities along each indicated

section, 1l°'to S5, are assumed uniform. Sections 1, 3and S

= .

(4 . ' R g
S ) S e e W e - . o e o Sad T ARG S W+ - .
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L4 L]

are of equal area and hence their veloci ties are the

By , applying . the

sec tion, we get:

enerdy equation between

v pv3 v (2.1a)
4+ _...l = + ’+ . ——-2- ¢
¥ P1 2 Efz 2 KL]. 2
» .
’ ) ' 9
2 » 2 2 -
y vy V3 V/ v, (2.1b)
Pp ¥ o= Pyt 5T (/K5
Dva . ovi p{ii (2.1c)
ov? ovi- o (2.1d)
+ 4 = $ 2 + K. e —b
R e S SR ¥
. e
N ) - ‘ e
‘where P is the static pressure, v is the velocity, p is the
fluid. density,, and the subscript numbers refer to the
respective sections. Kiq and KLZ“ are the respective
‘contraction and ekbansiou loss @oefficients'df the orifice.
Similatly, Kt:3 and K;4 are respectively the contraction

A
expanssion loss coefficients of the wide open-disc.
. * L4

The

‘ obtained by combmxng Equatlons 2.1a and 2.1b with v

“to give: |

)

° -~ ' .
~ ' : s
. . v .
. .
- - ! :
.
.

9

same.

each adjacent

and

static pressure drop Rcross the or1f1ce alone 519

1"’3

/

A e et a4 et -
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+ K

4

2 .
(2.2)

y 22
L2 2 : 1 '
h% ; T ’ ‘

This equation is expressed in terms of the flow coefficient

Fvla'S: . / . - |

Y B, - P, = (

1~ Py 7 Ky

) | : . . (2. 3a)
Q=c_, ,[—_‘_gl 7 ,

’"Azf'273‘ ~ o ,
AR | o
N . ’

- \.')

Cirl =

where Q is the flow rate and Az\‘is the orifice area.
. - :

’ Normalizing the flow coefficient with ‘respects to

) pipe area Ay and fluid density 3/p dives the normal i zed

flow coefficient for the orifice as:

- - , ' : (2:4)
» Col Ay/l :

1T 775 JKiq * K
‘ 174P Y%Ll " P2

7

In a similar manner, substituting ‘v'3‘- v‘s', and
1 - :

rearrang ing Equations 2.1c¢ and 2.1d gives thg normali zed

flow cdefficient for the disc as:

Y it L (2.5)

*

C

V2 . \ : "
2O TR, |

j

A%

»

e oot o i P o PR i

g - -
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where C v 15 the non-normalize\flow coeffic1ent for | ’ the

disc and A4 is the flow area provided by-the disc at the

fully open position. L

The flow coefficients for the orifice  and the disc
v
. : are assumed as independent. The overall normalized flow

coefficient for the check valve is the sqries combina tion of
* * '
Cv1 and Cv2 and is given by: )

* *

oo Svs L Cnt G . (2.6)
= =/
. V3 Al |/270 C* + C*
’ ‘3 vl V2,
C b O
4 oo -

where CV3 is the non-normalized overall flow coefficient. i
; ‘ To evaluate the' valve flow coefficients, hentrance'
cdntraction and 2xit expansion loss coefficients must first

e determined for the orifice and for the f'ully opened disc
« : .

posistion.
4 ’ ’
4 . , /
2.2.3 Evaluation of the Ibss Coefficients "
2 L)
\ .
. As mentioned earlier, thé valve pressure loss can be
reduced by altering the valve georpet{fy, g}uch that:
| . .
1. the discharge coefficients of valve passages
! : will be maximized, -
A .

s -
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2. the valve passage areas will be maxjimized. -

- “ :
By referring to Equations 2.4 and 2.5, the discharge

coefficients are

‘ “ . f .
exit loss coefficients, for the orifice and for the- disc.

=

To increase 'these coefficients there shouid be no sudden
changes in pa s.7gé areas through the valve. Ideally, usiné

a venturi shlge entrance region and a diffuser shape exit
« oo

region for the restrictors, would 'reduce the discharge

coefficient of theé valve.- JIwrai:ﬁ.tice, there jé no control

w

. over the shape of the exit region of .the orifice and .the

disc, and over  the entrance region to the dise! However,

() L] 1] > ‘h » I
rounding 4&he entrance to the orifice would increase the flow

coe‘fficieg‘t slightly and would be easily' implgmen‘ted., ‘Major-

improvements are attained by increasing the flow passage

oy

- ' =,
area’ ratios. This will be-shown in Section 2.2.4 and its

practicality will be implemented in actual valve designs in

°

Chapter 3. The advantage of increasing ‘the flow passage
Kad \

area ratio does not impair the desired valve compactness and
1} . .

light-weight features.,

- |

) References ([13](14][15] give .the loss coefficients;

- : u,
for a well rounded entrance and for a sudden enlargement,
. / .

§
respectively, as:

= 0.05 (2.7a)

Ll >

K

increased by decreasing both entrance and




%

-

* . 2 .
5 K2 = (A,/Aap - 1] f2.7b)
j ‘ , . -

Substituting ' Equation 2.7b in  Equation 2.4 gives the .

normalized £low coefficient for the orifice as:

&

S 3 1
x _ (dy/dy) (2.8)
id CVl V 2 ' 2 ¢
. , Ky, + (ld/dg)” = 1) |
: . A °
LY 3 ’ x ' .

o

<. The loss coefficients KLB énd KL4 for the disc, and

the flow area By provided by the disc, are not known. The

. 7y . - N
o “disc flow area is assumed to be related tive projected

area of the tilted disc normal to the pipe flow. The extent-
~ A (

of disc tilt is approximated by the’ opening of the disc

until ' its diameter d3 becomes a'chox_:d of the pdipe diameter

- ~

circle d,. Minor vgriat;&;y in the area due to the hinge

»

" arm is neglected. Following the above assumptions, the flow

ai’ea A4 provided by the opened disc is given in Appendix (A}

. ‘ )
by: ,
) "

»

S , A

'_ 3, = - 2.9)
=1 -—=(1-y1T-R/A (2.
] Al( . 3 l)’ . "‘u

4

| aad

where A, is the area of the disce. ' '

[

-,

The disc restriction is assumed’ equ,ivalent to an

s
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sudden enlargement at the exit.

v ———————— o~ o

- 23 -

orifice with entrance and exit loss coefficients given by:

-

= ' ° ‘ ‘2-1
Ksg 0.1 . ) .,( ga)

t - | 2 ’ )
o KL4 = [A4/Al - 15 " . (2.1“1))

-t “ @

‘ ~

These .values are chosen with ‘the assumption that the

equivalent orlflce has 9 Slightly rounded entrance and a
]

—_—

) LI ]
A

Substituting K , and Equation 2.9 in Equation 2.5

‘e

gives the disc normalized flow coefficient as:

* z - (2.11a)
C‘v2 ' - ‘ ¥

. |
2 +
\.—. a1 - 9.3_) [1 RV _<‘d_:i) ] . (2.11b)
dl ' N )

' The effect \of varying the diameter o\f the pipe,

orifice, and the disc .on the flow coefficients will be.

discussed in the following sections.
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overlap.
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2.2.4 Valve Overlap and Passage Area Ratio

4

In order to

¢

achieve a proper valve seal, a certain

amount of overlap has to be provided between the disc and

its seat orifice. With reference to Figure 2-1, the overlap

is defined as:
&

' _d3e 4,

Y = =
dI

The pressure drop. across

. L
pressure losses.

Figure 2-3 shows a plot of the flow coefficients C

L (2.12)

- <
14

the valve 1is affected by the

. C
Smaller valve overlap ratios result in smaller

*
vl’

4

* *
Cvé and CV3'versus the orifice to pipe diameter ratio for an

overlap of 16.6%. With reference to the figure, the orifice

(] (] * » (] ! . 1] i3
fiow coefficient Cvl increases.with the increase in diameter

)

ratio. This incﬁ%ase in flow

coefficient is due

to the

“

increase of the Zorifice flow area and the decrease of the

N . *
exit expansioz_losses. The disc~ flow coefficient Cvz is

shown to de
AN

rease with the increase of the diaméter ratio.

‘

This decrease in flow coefficient is due to the decrease in.

the flow area around the disc and to the increase of the

*
gxit expansi®n losses. The overall flow coefficient cv3 is

shown, in tne figure,

diameter ratio up to approximately @.75 with the coefficient

“approximately equal o #.871.

I

-

This maximum value of the

to increase with the increase in

)
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overill flow coefficient occurs 1in .thév,region whete the

- 26 =

R
individual flow coefficients gbi and C:2 are approximately

equal. For small values of diameter\iatid, the contribution

g
|

*
of C,, to the overall. coefficient s minimal, and the

orifice losses become dominant. The disc restriction losses

" become dominant for 'larger values of diameter ratio.

-

Figure 2-4 show plots of the ovefall flow coefficient
versus diameter ratio for different valve‘ overlaps. The
plot shows that as the overlap decreases the maximum value
of the flow .coefficient increases and occurs at larger

—

values of orifice to pipe diameter ratio. For the limiting

case when there is no 0verlap,ithe maximum flow coefficient
3 3 - ‘ a .

is 1.19 and occurs at a diametér ratio of 0.82.
t

» .
2.3 Test Results to Verify Valve Analysis

The test arrangement and procedure’ to verify the
valve ‘égalisis are preseq{%d in Appendix B. The
ekperimental results for tne orifice alone are plotted in
Fiéure 2-5 with the cortespdndiﬁg theory derived from

Equation 2.8. The data is also given in Table 2-1. Maximum

B
discrepancy occurs at the 1large diameter ratio d2/d1( of

—

. ) [ N *
#.85. The maximum difference in flow coefficient Cvl is

about 19 bercent. Errors may be attributed to = the

-

measurement procedure since pressure differences at larger

. )
diameter ratios are small.  The overall close agreement

'\/'
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d, Flow Pressure Drop Experi:ne’ntal Theoretical
. P. P. .
NENRLRD ARy (KFa) v1 Cvi
0.60 .0052 10.82 ¢ .516 .531
.0068 18.48 .517
.0087 28.89 .529
Y .0102 42.46 © 511
Q.65 .0051 6.85 .637 .682
.0069 10.54 694 |
.0086 16.98 .682
.0102 24.28 .676
0.70 .0053 3.87. .880 .880
.0066 6.68" .871
’.0085 9.87 .884 A{A
.0099 ¢ 13.33 .886 ,
0.75 .0051 2.09 1.152 1.145
.0068 3.71 1.153
; .0086 5,77 1.170
" .0099 7.91 1.150
0.79 .0051 1.22 —~ 1.508 1.427
©.0069 2.25 ! 1.502
.0087 3.57 1.504
.0098 4.51 1.508
0.85 .0052 4 0-64 2.123 2.027
.0069 0.99 2.265 .
.0086 1.60 - 2.221
.0099 2.18 2.190
TABLE 2-1. Data for Orifice Alone

.
.

of
.

o —p—
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»indica;tes that the loss coefficients associated with the
orifice have been selected correcj\:ly. ‘

Reéults from efperiments and _l‘c‘:alc‘u'lations from
Equation 2,11 for the disc alone, are plc; tted in Figure 2-6.
“The data are also given in Table 2-2. Results are shown "in
terms of d,/d) rather than d3/d1, recalling the governing
overlap Equation 2.12. Since the overlap is constant -there
ié a fixed relation be%ween these ratios. Use of dz/d1

ratio peru;its the direct matching of the appropriate sizes

when the orifice and the disc are used together. Results
@ ’

‘ . . . i
are in good agreement when the diameter ratio is large at’

g.85, corréspondir_ng to a small flow passage. Re‘sul't:s for.

the .two smallest discs are close to each other and may be.

attributed to the large flow passage area that is not
changing appreciably. 'i‘he maximum discrepancy in - flow
coefficient C;2 is less than 20 percent. This may be
attributed to the uncert‘ai'nty in disc logs coefficients and

to the approximation of. the flow passage area.

! 1,
The complete experimental results for the orifice and
1 . -

disc together are given in Table 2-3. For the assembled

restrictions, the data may be presented more clearly by
showing the relation between normalized flow coefficient C;'B
and - the diameter ratio. . 'i‘his is shown in Figure 2-7 for

only one pipe flow at about @.010 m3/s. The largest

discrepancy between experimental and theoretical flow
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, - coefficient is about 8 percent and occurs when tfhe ’diameter :

ratio is 8.79. The maximum value of the flow coefficient is
about _ﬂ.870 ;t“a diameter ratio of', 0.‘;5, close to tﬁa‘t
expe'ci:ed ' from theory. A' very good‘ overall agreement with

- theory can be observed.
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» d2 Floy Pressure Drop{ Experimental Thégiéticaig
¥ 3 AP (kPa) c* c*
dl Q(m*/s) w2 v2'
N Y
] a.60 .0052 0.56 2.270 2.455
' _ .obes 0.84 2.424
) .0087. 1.32 2.474
.0100 1.83 2.415
0.65 .0053 0.68 2.100 2.153
.0069 - 0.85 2. 445
.0086 1.36 2.409
.0099 1.94 f 2.322
o lo.70 .0052 0.69 2.045 1.781
.0070 1.30 2.006
.0085 1.95 1.989
.0098 2.71 1.945
. .
0.75 .0051 1.93 1.199 1.361
.0069 3.48 1.208 ‘
.0085 5.33 1.203" .
.0100 " 7.77 4 1.172
0.79 .0053 4.09 0.856 1.012
' .0068 6.66 0.861
.0086 10.86 0.853
.0100 14.85 -- 0.848
0.85 .0052 11.67 0.497 +0.493
' .0066 18.88 0.496
.0085 32,21 0.489
.0099 43.07 0.493

TABLE 2-2. Data for Disc Alone




d 2 ,Flow | Pressure Drop| Expe iinental Theorstical
T 0(m®/s) AP (kPa)u Cus’ c
0.60 . 0050 '9.44 1532 .519
.0067 17.73 /520
.0086 29.16 /520
.0100 40.20 .§F5k},
0.65 .0052 6.41 Js;ﬁ 650 |
.0068 10.63 681
.0085 16.43 .Las
.0100 23.90 .668
~ \\
0.70 . 0050 3.79 839 |7 .789
, -0068 6.90 ~ .846
.0085 11.05 .835
.0100 15.41 .832 .
T
0.75 .0051 3.60 .878 .876
.0069 6.37 .893 ‘
.0083 9.49 .880: ‘
. .0100 14.19 .867
- .{ (
0.79 .0052 4.92 .766E -.825
. 0067 8.2% .763 -
.0087 13.71 ,768; .
.0098 17.64 .762 ’
0.85 .0052 13.01 .471/ .479
.0066 20.95 .47J
.0086 . 35.68 .470
S .0099 47.55 469
.
TABLE 2-3. Data for Orifice and Disc Together .
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CHAPTER 3
[
APPLICATION OF THE CONCEPT TO RITEPRO VALVES

o -

3.1 Introduction

& ‘T;vo types of wafer swing-disc check valves are
redesigned & improve their pressyre drop characten\istics.
'Ij‘h‘ese \xiarlves are products of Ritepro Inc. (formerly Rite
Manufacturing Ltd.) of Montr€al. The h-qrd seat seal check
va}\;e is for genéral industrial u'se. ; A'L“he soft seat- seal
type is used in fire pro tectio‘n dervice. Requirements for

the latter valve type is a pressure drop less than 28.7 kPa

when the pipe watgr velocity is 4.57 m/s. "I‘be first type of
\;alvg has no upper 1limit on the/pr‘essure drop . but is
r?ini}nizgd for an improvéd loss characteristic. For both
types of valves, d'iamet:et' 8ize range from 5@-mm to 380-mm is

considered.

* ®

r " r *
Procedures o determine soft and hard seal v‘alve
dimensions using analytical equations predicting the

pressure 1loss across the valves are presented. The cpncept

developed from Chapter 2 determines the geometry of orifice !
L] -

.and disc that minimizes the losses. Also, optimizatidn of
,internal valve geometries, of disc pivot lo&ation and digc
. - 7 .

. shape, fur ther reduces the losses. Di,stf/clearances are also
g / .

' considered in the final valve design.

> , ¢ = 36 =

-

A
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Final soft and hard “seal v,aive dimensio'ns are

t(ébulated with corresponding expected flow coefficients and

. Ppressure drop's\. ‘Experiments are verified on 50-mm, B8f-mm

# and 10@~mm va‘ifre’ models. In addition, tes® results on soft
‘sea]: valve proto types from 5¢-mm to 3@0@-mm are presented.

All test ‘results are bexl‘gw tt;e 26.7 kPa pressure loss limit,v

"y

except for thé 58-mm soft‘s‘eal valve. . Also, for further
design considerations, experikment shows that the hard seal
valve pressure l?ss may be reduced beyond those\of .the' soft
seal valvg. |
l
3.2 Valve Sealing Arrangement and Design Objective
, . |
Ritepro 1Inc. manufactures wafer swing=disc check
valves” that consist of two types of valve sealing. First,
the hard seat seal type, is shown in Figure 3-la, with all
impor tant d.imensions indicated. The valve dimensions will
‘be fully b explained appropriately. The sealing arrangen{ent
consists of tl;e metal disc anda the metal seat ring. As
back-pressure is applied to the disc, metal-to-me a\l contact
with the face of the metal seat ring‘\is aqhieved for
sealing. This type of valve is yged in general industrial
. applicgtions. The second type of valve, the so seat seal
, valve, is:shown in Figure 3-1lb. All impoktant valve
dimensions are indicated in the figure. The sealing

arrangement consists of the metal disc and an O-ring wi thin

a.metal groove. As back-pressure is applied to the disc,

CE> 4
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Figure 3-1la. Basic Design‘'of Ritepro Wafer Valve

(hard seat seal type) , .
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(soft seat seal type)
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the O-ring seal is compressed into the groove allowing the

"disc to make metal-to-metal contact which provides

additional sealing. This type of valve is used in fire

prevention systems, -

The designwobjective is to minimize the pressure”drop

across the soft seal valve to a value less than 20. 7 kPa

.when' the pipe wa ter: flow velocity is 4. 57 m/s ‘din Schedule 40

-

pipe. This is§ one of the requirements outlmed by the
U.S. Underwriters' Laborabones {16] for check valves used-
in fire protectjon service. Ritepro desires that their so'ft

seal valve type be approved for fire prevention applications_

in the United States. !

‘ : . ]
The hard seal valve type used in general industrial
applications has no upper 1limit on its pressﬁre drop

requirement. The pressure drop across this type of valve is

s

minimized for the same 20!.7 kPa objective to give the valve
“

an improved loess characteristic as ocompared with its

—_—

Design constraint stipulated by Ritepro is that the
ex-terior length of the valve body remains the same as in the
existing design. Tha't.ié,w referring to Figure 3-1, valve

body leng th T, remains the same. This design constraint

-

provides easy replacement with newly ?femgned valves into

existing plping \Jarrangements already using Ritepro.valves.

/

A
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If the valve .body leng th was increa‘s'e.d, "the. disc wou}d be
allowed to° open further. As described in Section 2.2.4,
this effect would increase the flow p'assage area provided by
the disc é,nd the resul't would be a lower overall pressure
drop for the valve. But, increasingy of  the valve body
leng th defea(ts thg desired comp:act and liqht—weidht,
features. Valve body leng ths are the same for both hard and
soft seal check valves. ‘These dimensions are tabulated in
Table 3-1 and Table 3-2, respectively, for valve _sizes from
50-mm to 30@-mm.

Ano ther constraiﬁt\ stipqlauted by~Ritepro and by the
American Petroleum Institude (API) [17] standards is the
wélll thickneés. of the orifice. Referring to Figure 3-1, the
orificg thickness is represented by dimension w.  This API
thickness. standard provide.s. strength for the valve seat.
For the sof t seal (ralve, orifice thic)sness dimensions for

different valve sizes are provided in Table 3-2. For the
hard seal valve, referring to f‘igure‘3-la‘,'qtifice thickness
Ww 1is considered to be the thickness of the or.ifice plus an
addi tional thickness provided by the seat ring. aTbis
addi tional thickpess is specified by the U.S. Underwriters'
Laboratories [16]‘ ;r;d states that the face of a metal seat
ring must be raised at least 3.2-mm _abov;:‘ adjacent portions

¢ of the valve body. Orifice thickness'dimen.sio‘ns for the
. 5 ’

hard seal velves are given in Table 3-1 for different valve

7
' kY

sizes.

PR S
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The last design constraint is ‘the amount of. disc

material that must overlap around the orifice v;lhen the valve
is closed. This constraint is specified by Ritepro and by
the U.S. Underwriters' L‘aboratories [16] . For the soft
seal valve, refehrringv td Figure .3-lb, ° the amount of di c:

. $
material that must dverlap around the orifice is given by:

d3-d2 = 2(e + § + 3.2) s« (3.1)

- !

where d2 and d3 are respec{:ively the orifice and disc_
w ‘ °
diameters, ¢ is a dimension of the disc seating surface, and.

A

6 1is the B-ring cross section diameter.. All dimensions are

in millimeters. Table 3-2 lists the dimensions for e and 6

for valve sizes from 5¢-mm to 300-mm. For the hard seal ™

- . .
valve, referri.ng to Figure 3~la, the amount of disc material

that must cover the orifice is given by:

v

d3 -4, = 2{(a + 3.2) (3.2)
where o is the width of the seat ring face in'millimeters.
Table 3-1 lists the dimensions for a for the different valve
sizes. These variable dimensions are chosen with
cooperation from Ritepro .

From the sealing arrangement described ‘and from the
definition of wvalve overlap Y described in Se‘ction 2.’2.4,

the valve overlap for the soft and hard seal valve ‘is:

. . . B T T T S A ST TP

s o o A,

P —— Mo oo o med L e s - e P . %
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y is the pipe J"diametex:. Tables 3-1 and 3-2 list

valve | overlaps, resPectively, for the hard a'nd sof t seal
valve |types for the d;iffer:e'nt valve sizes.

The hinge arm thickness and disc face\th\i\’t:l'mess were
. N

ered in the valve design but their dimensions were not

¢

consi
changpd from existing values, From Figure 3-1, it can be
seen | that these dimensions are respectively 2u and o. The
hing arm. thickness i's required fo‘r arm st;rengthl due o
bending at full valve openiny. The disc face thickness is.
(requ'red for disc strength tolprevent the disc from' bending
whe seated. Both these strengths remain the work for’.
Ritepro o evalvate an\d‘ thus their dimensions remain the
f’ Only their influence on ‘t‘he valve pressure drop is

* ™ cogsidered. Dimensions for half the arm thickness u and

digc &ace thickness ¢ are both tabulated in Tables 3-1 and

!
spectively for the hard and goft seal valve types.

Bp th %alve types have the same arm thickness and disc face
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3.3 Piel\inina:y Concepts

’

3.3.1 Disc Full Opening Ang le

The valve disc full opening angle e, is determined °

from thé valve opening geome try represented . in F‘igute 3-2,
The axial wiew, Figure 3-2a, shows the flow passage of the
pipe as acircle with tﬁameter dl and the valve" full opening
within the passage-ma an ellipse wi th major diameter 2a and
minor diameter 2b. The XY coordina te system is shown with
reséect to the\pipe centre. Disc centre rige wi th respect
to the pipe é;ntre is ¢. The full valve opening of the disc
will touch the pipe walls }at two points,. (p;) and (p,) .
g‘igux:e 3-2b illustrates the transverse view of full opening
geome try. ‘9. is the disc arm ‘llength andd is the disc

A
dep tha ! . N

-t
-

. \
The pipe and disc geometry is expressed respectivelly

° -
[

x4 y? = (a,/2)] " . (3.4a)
7 2 | 2 . . , \' e

X,y -c o . _ (3.4b)
a? b? ' ' .

4 .

“with major diameter:

I i T P - - \ - -

»

B
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2a = d . ‘ ' :
. 3 . .

‘minor diame ter: ,» .

£ ‘

2b~.1= d3 * cosi, N ‘\ (3.5b) )
and rises q “ :
r
\ e= 2, ¢« (1 -cosbd -4d - sind, - . i (3.-5C)
¥ . . - \4

Fo“r_jthe 'disc to open fully, the disc will ﬁou_ch~the
p@pé wa;lls at two points, (pl) and (Py) - Mgthemagically,
this means the slopes of the pipe and disc must be equal at
the ©points of in!;er,section. The slopes derived frox;l

Equa tion 3.4 are:

(3.6a)

)~ 3
- \ L)
(ﬁ%) =B x (3.6b)
/disc a: Y-=c .

‘Equating the slopes and solving for the two points of

- intersection gives:

- ] , o
- A __d , )
Y* 17 cosby s:lneF 3.7 ;

. N
. N , . . . . \
. -
. ' - . f R
/ . : . N ¢ A
. . ST
. ' E
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~

Subs ti tuting Equations 3.‘4a,— Q.G, and '3.7\ into the disc
}

Equation 3.4b and solving for the disc 'full openi\ng ang le

N

yields:

a+ i-(di-d;)i‘]

fgs

BF-—: 2 . tan~! [
A

(3.8)

It will be shown later in Section 3.4 that as the disc
opening i,néreases", additional improvements in the pressure

P
drop‘ result,

3.3.2 Modification of Disc El_ov Passage Area

The " flow area described by Equation 2.9 is modified
by aﬁum'ming that the flow area provided by the disc is
related t the projection in.‘dixection of flow by the disc,
disc cone and hinge arm thickness, as shown in Pigure 3-3.
With these‘ .assumpt‘:ions, the flow area A, prov.idj by the

disc.assemttiy with respects to pipe area Aye is:

A4 A3 A
—=1 - K— cosg - r {3.9)
1 1 1 : -0

[

where A3' is” the disc ‘area, and A is the area of the disc

cone and ’hinge arm thickness projected into the, f£low pa th

for disc opening angle 6.
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“.From Figure 3-3, the projected area of the disc cone

and hinge arm thickness is evaluated as: ' N
] : R‘ad . x! ‘ » *
A= 2 --[ y' dx . © (3.18)
’ (o] T '

‘where x' is the limit of integration. The above integrand,

y', is found from Equations 3.4 and 3.5 as:

: . ' ‘ . L , ) k\( . " '
a d.3 ] : '

A e ST

. ' - %, *+ (1 - cose) +d - sins .

where Sll variables and parameters were previously defined.

Integrating Eguation 3.1¢ with the integrand defined gives:

o [ @) ()

X s
&) - o] az‘.--n[iq). S
e [ (B
SRR x-‘(l-CQse). +2+d- x's'i‘nelxm!‘. . o

) r

- X

Limit of integration x' will be further discussed, in

Section 3.4. It will be shown that the pressure drop'

4
improves with a smaller integration limit.

et

ps adrh o e i s~ = Pu— "
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3.3.3 Valve Flow Coefficients

The equatigns required to determine the valve flow
coefficients for bogth soft.and hard seat seal valves are the
- sameh as those developed .from Chapter 2 with some
modifications,_é'rhe normalized flow coefficient associated

with the orifice alone, is:

. 1
b

. , (@y/dy)’ | |
JKLl-O- ([d/d]z--l)2

(2.8)

’

N ]
where K L1 is the entrance contraction loss coefficient of

“"the a;g:ifice, and all other variables have bedn ‘previously

r

defined Entrance loss coefficient KLl for a well rounded
entrance assoclated« wi th the soft seal valve has been fully
described in Sacticn 2. 2 3 with ,.expenment:al verifica tion.
For the hard seal valve, referring to Figure 3- la, the

onfice consists of  a well ‘t\unded entrance followed by a

»

short square edged reduction of orifice diameter provided by
" (4 . 3 ,

othe 8geat ring. Orifice diameter d, is considered to be the

internal cﬁamete: -0of the seat:'r:hi‘nq;“M (The' rounded entrance

"is followed by a 3.2-mm\Qiemeter reduction for removal and

replacement oti__'t:he seat ring.) The entrance loss ' KL].

associated with such shape of orifice is not known. It is

Il

assumed that the pipe diameter dl is followed by a sudden

1

~contrac#ton pfovidéd by the orifice diameter d2‘ The loss

coefficient fo;.' sudden contraction as a function of

e
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dqwns\tream to ups‘tzeam diameter ratio, d,/d, in this éase,
afe known from Reference ([14}]. qiameter ratio dzldkfor the
hard seal valve “sizes rangg from #.75 to #.83, as will be
shown later in Section 3.4.4. Since expc:-rimental

verification was not Ferformed on the hard séal orifice and

the diameter ratio range is small, it is sufficient to take

s

S, Q;y, ,. ’ :
an average entrance loss céefficient KLl for all the valve

sizes. The loss coefficient is associated with the higher

of.' the two appro ate velocities. This conforms with the

analysis ‘presented in Section 2.2.2. Therefore, " the
entrance loss | coefficient asgociated with?xe orifice for

sogt and hard seal valve typesare, respeétively:

Ki1

5
% ' -
\ - P *

. J '
Ky, = 0.15 (3.13)

Al
v ‘ R v .
Equatign 2.11la, and Equation 3.9 written in terms of
. . \ -
the area's respective diameters, represents the normalized

 flow coefficient associated with the disc, is:
' ' <

(2.11a)

= 0.05 v C (2.7a)

o e memet mte e S

.~ e
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where ‘
A d._\? . .
Z=gt=l- (a-é) Yogo - A (3.14)
1 : 1 . nd? :
l - .
\ ) +

where all variables' and parameters have been previously

defined. 'ro.' evaluate the disc flow coefficient for full
disc opening, Equation 3.2 is used.

v
-

By assuming that the flow coefficien‘ts for the

orifice and disc 4are ungffectedehen combined for the

overall normalized flow coefficiéht of the valve, as

3

described in Chapter '2, is:

* . * ¢

C"C2

v S
I .
\rcvl *Cya

> - » - /

LI (2.6)
Cv3 ‘ A

The flow Q through the valve is related to the pressure drop

AP acroes the valve by: '’

,‘Alv‘z/p‘AP

<

i

*
Q=C,y

\

3

where p is the density of wa ter.
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3.4 ‘_ Procedures to Redesign Ritepro Valves ?

3.4.1 Effects of Disc Pivot Location, Disc Cone Shape

and Hinge Arm Thickness

~
)

The individua’l effects of the orifice and disc on the
valve overall flow. coff1c1ent have been fully degcribed in’
Chapter 2. Ea;h -effect is summarized in Fn:&e 2-3 and
shows that an optimal diameter ratio can be founq . resulting

in the maximum overall flow coefficient and hence minimum
pressure drop fo? the valve. As realized through the
investigation, a higher gove:all flow coeffilcienﬁ can be
achieved by reducing the valve overlap. The effect of valve
overlap on the flpw coefficient is gumgr'ized in Figure 2-4.
Since valve overlaps were chosen in cooperation with
Ritepro,' as described. in Section 3A.2, reduction in overlap

is at its specified limit and pressure drop improvement

along this route is complete. . ' g

[

'For a given valve overlap, the flow coefficient can
be further improved by changing internal valve  dimensions.
Referring . o] Equation 2.1la and 3.14, the disc flow
coefficient is increased as the disc flow passage area rattg
increase. This' is achieved by letting the disc angle e\
open more and by reducing the disc cone and hlnge arm area

A. ~ ) :

e,
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+

The amount of  disc ‘cone .and hinge arm area
interfering in the flow passage, is expressed by
Equaltion 3.12. ®br a‘given valve overlap, this interf;rence

,
area is at a minimum when the integ-raéion li,mit x' is
minimum. The hinge ‘arm thick‘ness is not changed from
existing Ritepro dimensions as discussed in Secti‘on 3.2.
The disc cone shape cah be sg;eét;xliﬁed to the flow aﬁd thus
eliminated from the flow path. With these considerations,

the interfetenlce areh would be reduced £ effects due only

to the hinge arm thickness. Therefore, - the integration

;

’

limit x' becomes half the arm t(:hickness.
s

By referring to Eq'uation 3.8f the disc angle is
permitted to open further by an incx:'ease in disc degth 4 and
Ry shortening - the hirx;é arm leng th Lye ”Charxging these two
dimensions is equivalent to determining the disc pivot
location. From Figure 3-1, the pivot. -‘location is
constrainted by the amount of valve material‘ required +to
hous-e the hing;. pin. | i

N ‘

To illustzate the design of Ritepro valves, the
procedure is /;'pplied to a 190-mm soft geal valve. E"Irom
Table 3-2, the val:r“e over1;p is 1»7.27%. Ti’xe interference
area from the disc cone shape‘ has been eliminated from the
flow - path, giving the integration limit x' as 15.88-mm due
only from the hinge arm thickness 2u. The hinge arm leng th'l

. I.
2 has been reduced to a physjcally feasible dimension of

.
¢ -

~ 3
e e e i——— L
-, f , pe

&
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54.76-mm that still provides sufficient valve material +to
» 2

house the hinge pin.

A plot ‘of normalized overall flow coefficient with
var‘ia'tions in disc depth is illustrated in Figure 3-4. This
plot is for the wvalve  touching tr:e pipe walls. The
appliéable equations are from Sectionr3.3. With reference

‘? the figure, the flow coefficient increases as the disc
z depth increases providing more disc opening.‘ Providing more
disc flow passage‘ is equivalent to increasing the disc flow
coefficient C;2 upwards. T,P*qt is, referr\ing" to Figure 2-3,
the curve represgsenting the disc flow coefficient is shif ted
upwards while the orifice flow co'eflf‘i'cient remains the same.
This resultg in an inc\reased overall valve flow coefficient
and the least pressure drop occurs at larger "diameter
ratios, as shown in Figure 3-4. The limit to which the disc
dep th id increased and still provides sufficient valve
material to house the hinge pin is 19.69-mm. Thus, poéint
(B) is considered the maximum flow coefficient fory ﬁ\e

190-mm soft seal valve with the above design dimensions.

»

¢
. 1f the disc depth i3 held at its maximum and the

hinge arm leng th dimensioniis changed, 'a similar variation
in flow coefficient versus diameter ratio results, as shown
in .Figure 3-4. The remainder of that figure will /e

discussed in the following section.

» r
j e
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. d=19.69mm

r20.8(.)

*

d=17.78mm

0.70 .

Normalized Flow Coefficient, C

?
d=16.51mm
0.60L -
y = 17.27%
d=10.16
0.50}- . . m
(
0.40p ”
5 i 1 L J
0.65 0.70 0.75 0.80
d. /4
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3.4.2 Pipe Bottom Clearance

Refér;ing to *f Figure 3«5, the disc will swing open
freely without hitting the edge of the downstream pipe if

pipe bottom clearance 7 is provided. The disc’ diaféter d,

providing such a pibe boﬁtom clearance will be derived- in N

the follgying.

The following dimensions are from Figure 3-5: '

&
' Lo s Ty = (W +0+4d) o (3.16a)
‘. \\2

! > SN uz' =g+d (3.16b)

g \\

N 13
=3, + (d - 2n)/2 (3.16¢)
’ 3 A 1 ‘ / - /\/
@ . C
\ .

e ) where all dimensions have been previously defined. From

geometry the unknown dimensions kl and k2 are written as:

k u

2 - 2 ' ‘ (3.17)
nl:l + El u3 . i .o ' ] - 4 v
¥
‘ , ]
e . kI =kx? - ul. .
, ) 9 1 4y _ . (3.18)
~ - .
"COmbining Equations 3.17 fnd 3,18 and solving for the
| |
- - o

, é_/“i ’ . , }'
3 ' . |

N

—ten . - ) R
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unknown (positive) dimensions give:

. 2 . 2 j 2 + 2 i N
u uj . u; + uj _— ul + u} (3.19)
ko = 42 - 32 ul - u? 2 \u? - u? -
1 %79 3~ % 37 2 ,
™
"k = (k? - ut)? (3.20)
.2 ( ) 2) ,

To find the disc diameter d3' that provides)\ the clearance n,
Equation 3.8 is rearranged with the required dimensions +to
give:

-

_ 2 _ _- 8, - 214
d3 < [(dl 2n) 404, tan [3] [o+d])*] ~(3.21a)
where the disc is at opening: \\\

. .
8 = sin”' (_Z) : (3.21b)

' Ak

o
) Figure 3-4 shows the effect of pipe bottom clearance

] = 3.2-mm* for theg, 1@0-mm valve as point (B'). The
[

previously found . maximum overall flow coefficient, point
(B), cannot be used since its disc diameter does not provide

the clearance 1n. If point (B") was found to lie

required
to the right of point (B), point (B) would be considered the

best flow coefficient. Since point (B') lies to the left of

is on a

\
boundary{ co stre}nt; Point (B') is considered the max imum
f

point (B), point (B') considered optimal lying

*

- w«ﬁ» o At o ks e B s e, b e < A

o heman e ot
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flow coefficient for the 1@@-mm valve.

3.4.3 Pipe Wall Clearance ~
v v

Ano ther clearance 1imit in.conjunction with the pipe
bo ttom clearance is required for the final check valve
design. This is the pipe wall clearance from the disc. For
a disc h.it:ting the pipe walls at two points (refer to
Section 3.3.1) is both detrimental to the disc’ and to the
proper operation of the check valve. Due to the dypamic
flow forces acting against the valve'disc, the disc swings
open and is suddenly stoppeé when it hits the pipe walls,
The dynamic forces at impact may bend the disc or the disc
may wedge into the pipe walls. The damaging effect of a
bent disc is improper sealing when the disc i_s seated. For
a- disc wedged into the pipe walls, the disc does not close
when it is required to obstruct reverse flow. Thus, the

disc -opening must decrea{se to angle 9 for a required wall

N
L y
clearance A. This is provided by the anti-wedging nut as
shown in Figure 3-1, or by the stopper web as shown in

Figure 2-1, !

» -
The wall clearance allowing the disc to clear the

pipe walls, requires the anti—_wedging nut to limit the

é;

(d+% ((d -2x12-d2»*] ez

-tan™" 1
- BN = 2-.tan [ ~ 2‘A ype-

: {

- . . [, e e o e DU
e e o poraene SO
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whére all variaﬁles were previously defined. Equa tion 3.22
is éhe same as Eguation 3.8 excépt the pipe diameter haé
been reduced by 2XA Wiving a A clearance for the two points
(pl) and (pz) of the disc that would have touched the pipe

-~

walls, as shown in Figure 3.6.

The effect of pipe wall clearance, A = 1.59-mm, is

shown in Figure 3-7 for the 10@-mm valve. The best flow
coefficient, point (B'), found in the previous section  for

the disc hitting ‘the pipe walls, has shifted down to poingt

L4

(B"') affected by the wall clearance. Point kB") can ° now .

be slightly shifted to point (B''') giving the best flow

I I3 * N '
coefficient CV3 for a 100-mm wafer check valve of the soft

seal type with pipe bottom and wall clearances.

- . »

3.4.4 Design Dimensions

Table 3-1 apnd Table 3-2 present deéign dimensions for

the iedesigned hard and soft seal valves, respectively. All

1

soft seal valve sizes and only the 56-mm hard-seal valve are

.rdaesigned according to the presented procedure, as applied:’

to the 100-mm soft seal valve; the remainder of hard.seal
valve sizes are not. Separate sets of valve body, disc, and
hinge arm dimensions for both soft and hard seal valvéé were

considered nj& feasible by both Ritepro and the guthor.'
J .

o par it e 4 e S i
’
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overall normalized flow\cofficient C:3 ma'ximization
'is towards the larger of thestwo types of valve overlap.
The sof t seaél valve overlap is larger. The disc and hinge
arm dimensionsy found from sizes 65-mm to 307—’m for soft
seal valves are also used for the hard seal valves. This‘
results in ‘the same disc opening and the same pipe bottom
and wall clearances for both typgé of valves. Since disc
sizes found f£or the soft seal valve are also used for the
corresponding hard Seal valve sizes, the orifice dian:leter
for the latter ty|pe of valve is simply found from its
rovérlap specification. 'fhe 5¢-mm valve 'required different
design dimenss.ons for both soft and hard seal valves to meet

|

the 20.7 kpa pressure drop requirement.
| RN
)

Analylical overall flow coeffiéien.:: _C:3 and the
related pressure drop AP at a water flow velocity of
4.57 m/s in Schedule 40 pipe are presented in 'l‘abl;A 3-3,
correspohding to the valve design dimensions from Tables 3-1

' s
and 3-2. Values are given'for both disc ffull opening eF and

disc anti-wedging nut opening ¢ All theoretical pressure

1
:'h:ops are below the 2¢.7 kPa limit, except for the 50-mm
soft seal valve at its limiéed openingl. ,

I . . [

. \ .

- Tab%e -3". also lijsts the pressure drop of existing
Ritepro valves at 4.57 Wm/s in " Schedule 40 pipe. These
values are tap}en from OUnderwriters' ;Laborab'ori’es of

Canada [18] listing of Ritepro'valves. The stated pressure

<4

. . . A
' )} ‘ '
. e
B - - o —— ' M -
| JES— e A
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t
drop values apply to soft seal valve sizes from 86-mm to

a

3¢0-mm, and to hard seal valve sizes from 5¢-mm to 30@¢-mm.

It can be seen from Table 3-3 that the new valve design at’

their limited oﬁzning has expected pressure drops well below

existing R{itepro valves.

‘The remainder of Table 3-3, ' the experimental values,
will be discussed in the following sections.

~

3.5  Experimentsl Verification of Valve Design

4
14

3.5.1 gcst ielults ' .

The test arrangement and procedure to verify the
Ritepro valve designs are ptesentgd in . Appendix C.
Experimental values are established only for small valve
sizés of 5¢-mm, 88-mm and 100-mm. This is considered

sufficient since it is more difficult to achieve a _pressure
.

drop below the critical 20.7 kPa at 4.57 m/s for small

valves. In other words, success with small valve sizes

i guarantees success with larger valves.

4
o %

The, test results for the soft seal valves are shown

‘in éigute 3-8, All pressurg' drops %igk 4.57 m/8 are

interpolated from the test points as shown in Figure 3-8,

.except for the 160-mm valve at it§ limited opening whiéh.'is
: * 1

extrapolatéd. These experimentxl values are also tabulated
N4 ' ‘ o ¢ »

. . ..
- : *

-
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" determined as a function of disc angle.

! - 70 -

A2

in Table\3\-3 for comparison with theik: | theoretical-values.

¥
4
K
.~

Experimental pressure drop values for the three soft
seal valve sizes at full opering are in close agree.ment with
their theoretical values./ The maximum difference with
respg{ct to theoretical 'vé}uem is approximately 18 percent,

s

occurring for the 5@-mm valve. The results suggest that the

loss coefficients ,selected 1in Section 3.3.3 for the valve

/

The expé‘ﬂimental préssure drop value for the 50-mm

are correct.

soft seal valve at its limited opening is 22 pmetcent greater . J

than the expected value, while that of the 1l0%-mm valve is

in closer agreement at 8 percent greater than the calculated

value. This discrepancy may be attributed to the choice of

"

entrance contraction loss coefficient for the disc,

Equation 2.16a, wheze\ the coefficient was chosen constant to

be 0.1, Theoretical values would be in better agreement
coe '

with ‘expmerimental values if’/ the loss coefficient was
\ ;

[N : ]

I

e

Test results for Bhe hard seal valves are plo tted i

Figure 3-9. Also shown in the figure are . experimenteli
f ~

results for the 10¢-mm valve in which the original hard Beal \‘

/ v ™

,ﬁﬁ e g
'
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L)
tabula ted in Table 3-3.

)

\
The pressure drop results for the 5¢-mm and 80-mm

valves at their full open position are, respectively,
9 percent and 14 percent less than their expected values.
The pressure drop for the 106-mm valve is 37 percent grea ter
ﬁxan the expec ted value. Results obtained for the soft seal

’
valves at full opening suggest that both loss coeffigients

L 4 .

selected for t:.he" orifice and disc ‘entrance had been chosen
correc tly. ‘Since the 8¢-mm and 190-mm soft  and hard seal
valves have identical Qdisc diametgrs, disérepancy in résults
for hard ,se/a'lhx\:ﬂveri"s’/a:t:i'buted to the choice of entrance
loss for the hard seal orifice with a step. The assumption

that constant entrance loss K = ‘ms, from Section 3.3.3,

L1
does not fully describe the orifice loss. For better

agjreement between experiment and theory, more experiments

are required to determine the effect of the orifice with the

Neer 4

step.

Il

The pressure drop resul ts for the 58-mm and 10¢-mm

-

hard seal valves at their limi ted opening are, respectively,
. N

11 percent and 33 percent greater than their .. expected

‘fval,ues. The £irst reason for the large difference is due to
the choice of orifice entrance loss. The discrepancy ,is

compounded by hot knowing the entrance loss. coefficient for

© the disc as 3 function of disc angle. N
- ,
, 4 . " 4
(l
¥ - '
{
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Except for the 50-mm sof t seal valve at its limited

-

opening, all valves tested are below the 28.7 kPa critical

limit., This was ex'pected from theory and proven' by
experiment. Although the 10¢-mm hard seal valve performance
at its limited opening 1is 33 percent above its expected
value, it can be assumed that all other untested valves with
this similar percentage increase in expected pressure drop,
would also be below the 26.7 kPa limit.

e

To inves tigate further possible pressure: drop

improvements for hard seal valves,
performed on the 1l0¢-mm valve bw replacing the orifice with
a'step by a smooth orifice of the,s§me diameter. That Iis,
with a smooth orifice diameter equivalent to the seat ring

internal diameter. Referring to Figure 3-9, the pressure

« dxops are:

experiments were -

i’ /“
OPENING ORIFICE WITH STEJ SMOOTH ORIFICE
{100-mm valve) AP (kPa) AP (kPa)
SF 15.17 9.93
GN 18.82 13.65

o

It

its .limited opening (13.65 kPa) has a

less

opening (15.17 kPa).

than the valve with a step in the orifice at its full

If the hard

is clearly seen that the valve with a smoo th orifice at

pressure drop even

seal valve would
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incorporate a smooth orifice, the pressure drop would be
greatly improved. Their pressure drop would be ensured to
be much less than that of the sof t seal valve. .

B

3.5.2 Evaluation of Production Prototype

On the basis of the optimal sizing table for soft
seal wvalves, Table 3-2, a whole new iine of Ritepro wafer
check valves was designed. An actual production pro to type
of the 166-mm soft seal valve was built using the production
tooling. The valve picture is shown in Figqure 3-14.
Figure 3-11 shows the experimental pressure drop versus flow
characteristic of the valve. The plot indicates a\‘pressure
loss of 15.44 kPa at 4.57 m/s which is in close agreement
with the value predicted lz(both the analysis (16.34 kPa)
and by the expenn(ent/(n 65 kPa)’“with the preliminary valve

model (see Table 3-3).

For further evaluation, production proto types of the
new line éf Ritepro soft seal valves from éﬂ—m to 306-mm
has been built and then tes ted by the filydraulics Laboratory
at the Natural Research Council of Canada (NRC) [1l9]. These
pressure drop values tested for 4.57 m/s 1n Schedule 48 pipe
are listed in Table 3-3, All valves are built according to

?

dimensions given in Table 3-2,, except for the 5¢-mm soft

seal valve for which the valve body length TA had been
\ o

increased to permit the disc to open further. - . s
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As seen from Table 3-3, all pressure drops are below
the 20.7 kPa limit except for the 5@-mm valve. Al thouwh the
Sb-l@ valve does not m‘eet the pressure drop requirement,
increas&ing of its body leng th has decreased its pressure
loss walue by 1l percent from 26.27 kPa to 23.3@ kPa.- The
pressure drop fpr valve s,izes from 65-mm to iZ‘S-mm are less
than 7 percent as compared to the analy tical values. The
100-mm valve, measured at 16 .00 'kP:a is ¢ percent‘ abovg our
proto type ‘test at 15;.44 kPa and 9 percent below the test rig
value at 17.65 kPa. Both pro botype test results being below
the valve model value may be attributed to the difficulty in
measuring and locking of the hinge arm exactly at its

limited opening for the test.

For the valve sizes from 156-mm to 306-mm, although
all pressure drops are well below the 20,7 kPa limit, their
test - \results are not ingood agreement wi th their expected
values. 'l‘nhe largest -difference is 48 percent greater than
the expected pressure drop value, occurring for the 250-mm
valve.- This discrepancy, as discussed in Section 3.5.1; is)'

attributed to no adequate knowledge of the disc entrance

loss coefficient as a function of disc ‘?r\ngle.

\

1
As a final result of the presented work, the pressure

“

drop for all newly desig‘ne'd valves is &lell. below existing

Ritepro valves 1loss values (appliéable only for sizes 80-mm

to 300-mm).




j " -0776 = }k
- ) ‘
) - .
N H
: |
%
~ '
L]
}
/
i
I
At
:
|
, ' t
|
M |
. +
. N /
| ,
g .
‘ i
i
% ' ‘
] ' EE ) . 0 : .. ’ ‘\& ’ N 3
. . Figure 3-10. Picture. of Optimized 100-mm Soft
K . L]
-~ ' ' ", P
s .o Seal Valve S ! T
N\ . P - - / -t . ’ _'fa.‘ \
\ - ' ] B '
[ ‘ . ‘ .
/ - ‘
" ' ' v [ o L
‘ i Y ! * .
v . ' N N -
. L. ' ' . ot ¥
. . o+ ‘\ N - i o 4




A

Ve

40 b=~
Mark Designates
- AP at 4.57%m/s
Experimental
Data Points
» Q (m¥/s) AP (kPa)
L0171 3.17
.0216 - 5,03
o .0243 6.41
,g .
o .0259 7.38
< . \ .
. 0281 '8.62
.0300 9.79
.0320 11.31
\
.0339 12.62
s .0356 13.93
.0378 | 15.65
.0407 18.13
X ! //
| 1 | I
N .
.01 .04 / .1

Q, m'/s L

3
)
il
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- .t 4.1 Introduction . ) . ¢

A hydro-=pneumatic mechanism acting, as a combination

. (
spring and damper is described. This mechanism when

’ combined with the swing-disc check valve pyovides a control

[ - .

" for valye cloJing speed and non-slam action. Modelling of
the system dynamics relates the angular position of the

valve disc to an input torque. This torque represents the -/

fluid forces acting aqaiﬁét the disc shaft. Compu ter

-

/. simulation and experimental confirmation of the check valve

Y
'

dyﬂamics has been researched by

.

mechanism

. \ . . ,
\ . Svoboda and Lee [8], Lee [9],%7and Lee, Svoboda and Kwok [14]
« in conjunction with this projeét.w Their werk covering the

: : . . . ) o/
valve mechanism dynamics is summarizegd here for cohefence of
g L}

* ..
the present research. This hydro-pneumatic mechanism
\ . ~

. incorpoxéted with a swing-disc check valve is comphter
q, simulated under transient pipe flow conditions in Cﬁapter 6. -
- i ' .
% 4.2 gjé;o-Pneumatic Valve -Mechanism Analysis
| : I
4.2.1 Valve Descriptian
&

; t
- %

A schematic drawing of the ° hydro-pneumatic

spring-damper check valve is shown:' in Figure 4-1. The

. . 0o
. . N

-

~
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-due to the force difference within actuator (2(. That ys/,

pressure PP acting on piston end ‘area A_ results in greater

\

P
force than 'pressure P acting’ on rod end area AL ¥'The
. .

initial spring force depends on the precharged pressure of
» ’ N “

accumulator (5). ' o . -
[N N

1,\ i ’ . ’ "

Opening torque T, about the pivot pin is due to the

-

flow forces against the valve: éisc {1). As’ the opening™

to rque éxceeds the closinq— torque created by the spring

. D~ force about pivot po{nt (0), the disc angle 6 would, ‘swing

open ‘and the piston would retr'actbby‘ the displacement Yp'
Hence, flow Qp through the, check valve (3) from piston

‘chamber (7) supplies flow Q_ to rod chamber (6). Due.to the

4 *

a . - “
> - difference in actuator chamber voy“xmes, excess flow Qa

! A

charges the accumulator. In this way, the spring force
A . increases further to oppose the " opening torque as the
+accumulator das volume Va compresses,; and pressure Pa

increases. As the valve disc approaches +its fullly opened

position, adjustment of the lower cushion resisfor, R, acts

‘ . X
P . as a damper'to reduce slamming of the disc ainst the
‘ . ‘ ' S
/ downstream pipe walls. : 3 { 1
& . . : 3 -

¥

During valve opening the accumulator increases its

i

o , processes to be conside{ed. The first-case, is when the

< - ' opening. torque is reduced below that of the closing torque.
b ‘ : - £
- . 1

"

O ~ '
spring like force F, that ‘tends to keep the valve closed is’

stored energy. . During valve closing, there are two °
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’
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. However, the w;ntet' flow '*/tends to keep the valve open.
Hénce, the per"zalllng differentlal force acrqss the piston
"will cause the valve disc to cloge. Ins the secopd case,
x.:)everse flow within the%pipe is ‘-ccnmsidetedx %‘1ow forcas
ag‘a_inst the valve disc drive the d;sc b%}close; This forces
the piston mKextend and the diffential force across the
pis.ton w111 resist the disc driving fdrce. 1In bo th ‘cases,
st:ored oil is dpischa;:ged from the accumulator via the
adjustable  needle valve R . Thus, vanable viscous damping
is obtai,hed Eurmg c’l(osure. Also, slamming of the valve
disc "against ,the valve seat during closing can be further
dampened by adjusting the actugpor upper cushion resistor

Ru' . .y . \
~ e o

4.2.2 Vvalve Modelling . T

* . /

- . ’ »

valve mechanism is ‘summa'rized»here; .Full derivation 1eadmg

to these . s}mplified- equatlons are developad in
Reference {91]. "Figure'%-l describes  the operations o the
hydro-pneuma tic spring-dampe;: valve components. Figure 4‘-2
gshows the actual valve afrang-ement. A simplified ) k;‘nematic

diagram- of /the actuator piston travel. is shown in
LY

Figure 4-3. Referring to these figures, the valve dynamics:

can be described by the following equations: N

l

b )

The mathematics representing the hydro—pneumatic'

| -




e

. - . .
’ . o o~ 13 LY N
. ™~ R A . »
z . o/ ) )
) > - 82 = )
, .8 - .
A} ‘ ] Y . o
= i} * { L4
\ ’ ' . ‘
* A "
* ./~ Wafer Shaft Accumulator ",
. . P -
' * - .' ) ‘-
- Connecting
Linkage
9 - L - ) - < a
- - <
!
. 3 -
] 0
A .
k4 -
- ;
- i . .
o l 1
. | | -
o L] .
- - 2,
] 3
./ ,
+ ‘ &
I \ .
| : ) ; i vQ .
. ' L \Check-ueedle 7 .
- *Valve . . . . Valve, . '
Actuator , .
!
‘ 1
- L]
] - - .
‘ )
’
K
Figure 4-2, Hydro~-Pneumatic Spring~Damper Valve .
' Actual Arrangement [9] e
: - ,

)




v

L]
» ' ),
N .
b
. e ’\
Figure 4-3.
¢
i g M R braa o :

[ |

. ’ :
. \ \
. Kinematics of Hyéraulic_Sprinq-Damper Type
Valve [9] ’ \ S

\

¥




. . . .
0 N " o 2 - 84 - R B
-

.= Cylinder hydraulic forcei , :

- . v .

\ Fa.' 1.:13".A

b

| p = PrAr
/. L
Cylinder .hydraulic torgque:.
« B B " ‘ \

' N -v
Tep 7 Py OK - sinay
..' .~ . L .~ \

where OR is the torque lever. S i
. ‘ . Co y

[

Torque angle: | 9

" Lot I —_— .
o Y2.+ OA? - DOBZ.
'dt = cos”! B ‘

2 +Y <« OA
P

o

\_ '
B ,
Q . l

o

Y. ‘where OB is the reference pivot dis tance.

P . : )

* Actuator displacement:

Y, = [OR* + OB* - 2-0K-08-cos (v,

‘ »
-~ = " Il \
L

where Ya is a kinematic amgle.

N *

Actua #‘r.,velgci ty:
- - A , -

Y .= OA + 0B < ‘ein (y, + 8)  w/¥
- P N a

. . v L}
o e e , \
A !
'
. [
AR -
.
A
. \
P O .
" A »
e, — -l - —-—t .- v

v
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Val.v‘o a'rg ular velocity:

t .
N . = i— ’ ) i . '
. ’2\\; Im 6[- (TCY - TQ) dat Fow, (‘4_:5)

N .
where is the valve mechanism inertia.

F
Valve ang le: ) ‘
N : A \
- t
3 - . : X :
. 6 = [ wat+ ey P Omin €0 S Spay (4.7
. ; | o
, ° where 9 . -and 6 is the disc angle at the fully closed
... . min max ~ .. ' )
~. and fully opeﬁed.yalva position, respectively.
hl - - k
) - * Accumulator flow rate: '
2 f &
- ‘ ' Qa = Qp - Qr ' ’ N . (‘08)
s . Cylipder” £low rate:
v . ' ) \ i
. Qe ¥ ° A, (4.9)"
/o
- \ - . "
’ -
- e A . : (4.19) ~
B - e
Accum:\xlabot,gas volume: - '
. t - .
S v ! (4 '11)
Lo Va ™ f Qu dt + Vo o , - .
o "0 i
N j ,
T~ v
\ ' - . . - y ' - ‘ Sm e e wmp— Ak
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1

I'd
s L] - \ '
= 86‘ = a \ A "‘/ »
Accumulator isothermal pressyre: N
. P L At ‘ ’
p =20 20 _ . (4.12)
- P ’
a v, atm . '

where Pa*° and Vao is the accumulator precharged pressure and

volume, x:_espectively,_and Patm is the atmospheric pressure. .

% -
Cylinder pressures: . . ) o

-

‘Pr-Pa . - . ‘ (4.u)

v - * o \

L4

= - . 2 .. . . ] -
PP Pr Rr Q J if (Yp> 0) and (Yp<Yuc) (4.14a)

s

\

P, * B = RfR)QE ; if o}p: 0 and (r,>Y, ) (4. 14b)

-
4

(4.1%)

; - ' 2 [ 1 .'
Pp P. +R Qph ;7 1if (Yp< 0) and (Yp>Y2c)

’

[ = - 2 M 1 : ‘ | ’
PP Pr + (lenc) Qp 3 if (yp<;0) anrd (Yp>Y2c) (4.144)

3

where ‘!uc; and Y, is the actuator upper and lower cushion .

limi ts, respectively.
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The system parameters for a 200¢-mm valve are:

"

' .' !
. w3 - C’
A, = 2.374x10 n’ A, = 3.161x107'm?
R = 4% 102 8= { R, = 1i3x1p!? ¥S
- -m?2 - '
Im. = ,101 kg m* ‘ Ya 0.588 rad
¢ ’ L '
2 = =
‘min 0.0 rad .. 8 nax 1,047 rad
0A = 101.6 mm . OB = 198.4 mm
R = 26x10'* N=8 R, = 21x10'2X¥s
u mB ; Ra mﬂ
Yoo = 209.6mm L ‘ Y, = 6.1 mm
= -6 3 o _
Vao = 492 x10 m : Pao = 1.034 MPa, abs
6 = 1.047 rad w = 0,0 rad/sec

. | .
. ' ’

-

. \
4.3 Experimental Verificatipn of  Valve Model

~

)
4.3.1 Test Arrangement
The pu‘rgipse of the test stand shown in the picture of
' . A
Figure 4-4 is *to subject the valve mechanism to specified
disc shaft torque inputs. The test .results thus evaluate
the analytical valve mechanism model. The test arrdigement

shown schematic#jly in Figure 4-5, consists =~ of an

. \

. ’ A
B ’ / \

4

*
K3
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e,lectro-hydraulic- linear input actﬁ”ator equiped with a
closed-loop force contro\l. The linear ﬁtuabot force is
. then convertéd into valve. ‘disc shaft torque input by a
r’ack-and-pihion mect}!anism., The disc positién is monitored
by a potenr:ioinetgr ‘mounted on the disc shaft. Additional
équipment'/;?a signal generator for torque ,input, and a
two-channel X-Y recorder for measurving the input -torque and
disc position output. A differentiation circuit serves for

calculating the disc velocity signal. The test stand was

4designed for an 200-mm valve size.

4.3.2 Simulation vs. Experimental Results

y

.0

Figure 4-6 compares an example of the model simulated

-

to that of the experimental valve response. The valve is a

26¢-mm hydro-pneumatic spring-damper type. The valve model

was simhlated using MIMIC, a digital computer simulation

J s

iAf?ﬁ“ﬁ’a\ge. The input was a square wave with an amplitude of °

113 N-m, a period of 10 seconds, and a 58% duty cycle. The
élot indicates good correlation betv;reen the simulation and
experimental results. The major deviations are: .
L
- Slower ‘r;sponse of the ‘experimental hardware,
which is due to the fact that the inertia and ‘the
/ friction of additional mechanical parts of the

A

test rig are not implemented in the 'simulation
Y |

model. ' ‘ ' (\

L
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Experimental velocity readings are ostillatory due

1

s - WM .

d
!
i
1

i

2
. @

~.

z

to small oscillations in the displacement signal.
* . - The ‘displacement oscillations resul ted ‘f;:om" ;-
stiction in the mechanical co:ﬁpont'er;ts. These -
~ ‘ ) oscillations aré within the bandwidth of the .

‘ ,, . .
differentiator and hence a;e:‘ accen tuated. . »
A - oy ' © '

o

Since tshe\resul ts provide good\ correlation, it is ‘concluded

»

. - . . » . . ‘. . .
:  that the . equatidns desé¢ribing . the hydro-pneumat/mc ‘
L ~ 4 !
. sp&ing -damper valve are adequate. \ . :
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4 CHAPTER 5

& .
CHECK VALVE FLOW CHARACTERISTICS

5.1 Introduction ) ‘

< : . (ﬁ\-.\ i
In steady-flow conditions, the pressure drop across
the check valve ‘and" thé° fluid forces actirx}‘“aga'ir;st'the
valve disc, are related: to the fluid flow through ‘the“ valve.

This /ié true for all combinations of valve flow rates and

[
a LS

disc openings. In unsteady-flow conditions, the valve flow;
fltuid‘ forces, upstream .and downs‘tréam'ﬁ)ressure adjacent to
the val:lé',.as well as the disc position, are asSumed to be
‘ related to their equivalent steady-state conditions at each
instant of . time- [13][20]. These unique steady-state

[ «

condi tions are the flow characteristics of the valve.

In this chapter, the check 'z‘alve flow characteristics
.are described by 'afnoq:malized flow coefficient and by a
normal drag coefficient. The flow coefficient Qescribes'the
“ pressure drop a'c;oss the valve. The drag coefficient
desc/r/ibes the fluid flc;w forces acting in the direction
normal to the disc. ‘Bo th coefficients are exper}mentalfy

determined f[for forward and reverse steady pipe flows and at

various angular positions of the disc. These coefficients
R .

together with . their describing equations, apply to any size
(xL@r swing-disc check valve.

. = 93 -
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5.2 Theoretical’«_Valve_‘}orqu'e and Pressure Drop
: : \@é, v ‘ ’
5.2.1 Disc Shaft Torque .
. \s . . .
Figure 5-1-shbws the ' impor tant - péra‘meters for ,the

L]

uns teady~flow condition through a check valve.- Due to the

fluid forces actlng against the/valve dlsc, a torque To is

created whxch acts oh %dlsc shaft forcnxg th(disc to

v

swing with angular velocity . The relative uniform fluid
* |

velocity VR —with respect to the angular velocity of t?xe di'sc

‘for forward and reverse fl(ow, respectively, are given by:

o ~ LA
VR = .V2* - giA( ‘., u.) hd COSG - . . ' (5.1)
AY
. = w® _r0e . . & : o $2)’
/{ . vR‘ vy SLA w cosb ’ (5.2)

where § 1is the hinge arm length and 9 is the gii'sc opening .
A : ' .

ra'ng_le.
For forwa;:d flow the fluid vel;)city is fgive_n by:
vl = Q/A, . . (5.3)
where Qv is the flow through the valve i‘andvA2 is the orifice
, area. , ‘ L
_For reverse filow the fluid velocity is given by:

- N . . . .
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Figure 5-1. Unsteady-Flow Through a Check Valve
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. _ .
\ ' - 9%, - (
* - Co : ' ‘
n viEe/A } . (5.4)
- / ’

< . - O
- where ”Al is the pipe area.
The flow force is acting normal to .the disc centre and is

t e -

expressed in term‘s}gf,the normal drag coefficient CND as:

: | : , ¢
wo " B3 VR © |V S (5.9

where Ay is the disc ‘area and is the density of water.

‘ Hence,/ from Equation 5.5, the fluid torque acting on. the

didt Shaft,. fo-;f any size'of wafer swing-disc c\h‘eck valve is

’gi.ven by: | . )

‘ . . | \
7

T, = Fo %y o (5.6)
-

e

[ |3
: .

A

\a

For complete description of the "fluid torque acting

* o+

on the valve disc, the normal drag coefficient must be

+

determined as~ a function of disc‘ angle ‘and pipe - flow
Reynolds number. This coefficient ifs’ evaluated under
teady;-flow conditi'ons. Since the fluid/ torque on the disc
is Lrelated' to  the differential pressuyre across the vdlve,
- the def}hi‘tion ;f a normal drag; coefficient conveniently‘

avoids determining the pressure distribution around the disc

and the location of the preséure centre. .

\v



.of disc opening and valve sizep and for both forward and

5.2.2 Valve Pressure Drop

AY

&
define the pressure drop across/the valve for any position

‘ . .
reverse flow conditions. With reference to Figure 5-1, the

flow rate Q, through the ' check valve is rélated to the

pressure drop AP across the valve by: )

*
v v3

The' overall.fldc\coefficient for the valve is given by:

1N

L,k .k
e s W' | (2.6)
v3 IVE* 2 +C* 2 - " \
' vl v2 .

L]

where the flow coefficient of the orifice alone i’s:/

C =
VAN -
¥Ry, + (14,812 - 1)?

1

2 ‘ .
* ‘dzzdl) (2.8)-

and the flow coefficient of the disc alone is:

»

) \)’\

3

-

L)

* ) -
G2 = - S e
. V KL3 ﬁ; (z - 1) - ) . v

" where \ . o d N ‘ )

Concepts developed from Ch‘a/’bt‘ers 2 and 3 are used ¢to,

Qy = Cyp = Ay *ETHEE o - (5.7)

z T (2.11a)




- ;__‘-m\)

‘ ~y
- gﬂ -
v d 2 ' ‘ a
Z2 =1 - (39-) cosf - A ‘ (3.14)
. 1 rd? ot
ey ;
The symbols in the above equations are defined in the
ﬁ > .
Nomenclature. -, - . /

The. entrance loss KLi for the orifice and K for the

. L3 ™
disc must be determined for the forward and reverse flow

conditions. Also, the entrance loss for the disc musﬁ be

\' deéermined as a function of.disc opening and pipe flow

« Reynolds number. Thesex coefficients are evaluated under

steady-flow cqn(itions.

S.é: Experimental Valve Flow Characteristics

v
\

A

5.3, Coefficient Representation of Valve Characteristics . .
. : !

bl - » /
\\The test set-up and procedure to determine the’

preséur% drop across the Q;lve and.ﬁhe flow * forées against
the valwe disc are presented in Appendix D. By applyiﬁg
Equations 5,1, 5.3, 5.5 and 5;6 to.the"forward flow force
measuremen's, the.dFag coefficient CND notmal to the disc is
evaluated and presented in Figure.s—z; Similarly, applying
éhe equation mentioned in Sectlon 5.2,2 to the forward flow
pressure drop\measu:ements result in determlning of “ the
normalized flAw coefficient C v3 as presented in Fxgure 5-3.

Both coefficients are shown versus Reynolds  number

* ’

13

A

L
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' @- 101 -
calculated with respect to the pipe fluid flow velocity and

for various disc angle positions.

With reference to Figures 5-2 and 5-3, the solid)
lines show average values f_or the data points where th&
coefficient changes neg}ig ibly with the Reynolds ] number.
Data points atvylower Reynolds numbeé deviate from the
avera.ge coefficients and may be caused by a cpangé in the
characteristics of the wake behind the disc. This effe'ct is
not studied and the average coefficients are assumed at
these regio‘ns. This assumption 1is justified by the fact
that a check valve opens'éapidly and oﬁly stays in the low
flow region for a 'short period of time. At low Reynbild's
number the experimgntal data deviate from t‘r_xe pressure drop .
and force calculations using the average éoefficients. The

maximum deviation .ds 20 percent with respect to the pressure

drop and force meas;%menats.

Figure 5-2 shows the drag coeffjcient plots. With
reference to. the figure, the drag cpefficient is seen o

increase as the valve opening decreases. This behavoir

. . A
indicates an increase in flow-force against the disc with a
L]

decrease in_ valve opening. Figure 5-3 show plots of the
. ~ }l .

valve flow coefficient. Since the flow force against the

disc is related to the pressure drop across the valvg, the

plots in the figure show a decrease in flow coefficient wi th

smaller valve openings., Smaller valve‘'coefficients indicate




. 7
el
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an increase in valve ﬁressure “drop.

Substituting the experim;ntal ff:rce data for reverse
flowl 'in Equation 5.2 and Equations 5.4 to 5.6 give the drag
coefficient CND as shown in Figure S5-4. “Similarly, the
valve flow coefficient C:3 shown in Figure 5-5\ is calculated
with the experimental pfessure drop data substituted in the
equations described in Section 5.2.2. Bo‘th thf drag and the
flow g;)effic%ent figures are shown vg:sus) pipe flow Reynolds

number for various disc angles. The solid lines passing

through the data points is the average coefficient.

N

)Refezriﬁg to Figure 5-4, data points abgve 40 degrees

at low Re§nolds number deviate from the average drag

coefficients, This effect of the deviation is not reflected

-

in the corresponding flow coefficients shown in Figure 5-5,

and may be due to the fact that the orifice downstream from .

the disc affects the wake behind the disc. At low Reynolds

L g
number the experimental force measurements deviate from the

,?e(s“ calculated using the a‘)erage drag coefficients.
- .

ese deviations are less than 20 percent.

'The’plots ™ both figures show that f:)r: disc amngles
between 15 degrees and 25 degrees, both the drag coefficient
and -the flow coefficient do not changesmuch with disc angle.
_This is mainly due to ‘the small éhange in the projected area

of the disc within this disc opening ram,/;e. However, for

DR

L)




Figure 5-4.
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disc openings below 15 degrees the magnitude of tha flow

coefflcient again decreases indicat1ng an 1ncrease in valve

pressure. drop. Slmilarly, for ang 1és below 15 degrees the

. S
magni tude of the drag coefficient again 1ncreases indicating

-

an increase in flow force$ against the disc.
\ "0

. 5.3.2 Prepal?ation of the Coefficient Values for Use in the

Dynamic S;inula tion
\ ' .
+ A a ~

A w The experimental forward flow’coefficient C\:l for a

~

well rounded orifice -was found to be 1.061¢. Experimental
results show that this coefficiént changes negligiibly wi thin

the range of Reynplds number tested, from 1\37xlﬂ . to

4.87le5. Subst1tut1ng Cvl in Equatmnz 8 gives the

‘entrance loss to the orifice as:

K, = 0.078 - ‘ | (5.8)

The valve overall flow coefficient C‘:3 for forward

flow conditions is replotted in 'E‘igure 5-6 as/g function of °

L

. \ N
\\_V disc angle 6. . By utilizing the coefficients €C_, and e '
. ~T vl V3
. .
the flow coefficient C v 2 contributed -by the disc is
calculated from Equation 2.6 and is plot;gd in Figure 5-6.
~ E‘or angles less+than 44 degrees, calculations indicate thatt

the orifice contribute% less than 10 percent to the total

valve pressure loss, and that. the valve pressure drop may /be ’

assumed to be primarily due to tI:e'disc.

-

b,
p
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Y

The “entrance loss coefficient KLB for: the disc is '5
calcuiated by substituting C‘:z in Equation 2.1I1a> and 3._\14'.
The reciprocal of KL3 is plotted in Figure 5-6 ver%s the
disc angle? The discrete data are rendered continuous by
employing the natural cubic spline ﬁethod of interpollatio;mp
as shown in Appendix [H]. The co:xtir‘xbuous ‘representation of |

KL3 is suitable for computer simulatipn, and will be appliea

in Chapter 4.

Referring to Figure 5-6, for ax'J:gles above 35 degrees L
- -
the inverse of the entrance loss coefficient increases in a

quadratic fashion as the disc angle increases. This

~

indicates the entrance loss coeffi}cient KL3 decregses as the
- . \? ~

disc opens more ang disturbs the flow less. For angles less

)

< .
than 35 degrees, l/K)':‘3 no longer varies in a quadratic

fashion. This deviation from the gquadratic variation is l

\ .
attributed to the changes in disc shape disturbing the flow

path. The reciprocal of the entrance loss, as. the disc

angle decreases from 35 degrees until th'e‘valve is «

completely closed, increases to a local maxima and then

<

decreases to zero at valve closure. When the valve is

cloazed,\/l,/li(["3 = ¢.0 indicates an infinite value for the.'

L3 'since the flow through  the valve is

[
y +

completely blocked. ) , ’ !

Figure 5-6 shoys a plot of the reciprocal of the xrag

coefficient CND‘ This coefficient has been determined from
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Section 5.3.1. With. reference to thé™ figure, 1/Cyp
decreases monotonically with the decrease in disc opening.
This indicates the flow. forces agalnst the discs increase$ as

the disc closes. When the valve is completely ciosed, the

force on the disc is dependent on the static press-ures'

*
aﬁoss the disc. The flow coefficient CVz contributed by
the disc varies with disc opening in a similar fashion as
compared to the drag coefficient l/ét:ID" As the disc angle

: ' *
decreases, the flow coefficient Cv2 decreases ihdicating an

increase in pressure drop across the disc, This similarity

in variation between the disc flow coefficient and the disc
drag coefficient results from the fact that the pressure

drop across the disc is related to the force on the disc.
* .

: . *
For reverse flow, the orifice flow coefficient C,q is
found experimentally. to be 8.593. Substituting this v-a1ﬂ€
[ .
in Equation 2.8 gives an orifice entrance loss of:

\

- _ (5.9
\Kpp = 0.63 ’ c

‘v 2
Figure-5-7 shows a plot of the valve overall , flow

K i
. coefficient Cv3 found from Section 5.3.1, and the flow

.
coeffdcient Cy2 contributed-by the disc, for reverse flow
condi tions. The coefficients are shown for various
2. . . * .
positions of disc angles tested. Cv2 is calculated‘ from

- ¢ . '
experimental pressure drop measurements simi Par to the
?

. procedure applied t the forward flow coefficients

previously deséribed:“ Pressure loss calculations using the

-

L]
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orifice flow coefficient and the disc flow coefficient
indicate that for disc openings below 30 deq;:ees, the valve
pressure drop is primarily due to the disc since/ﬁ the loss
contributed by the orifice is less than 18 percent.
[ . 5 ¥
Following a similar -procedure as applied to the

forward flow data, the entrance loss coefficient K to the

o

L3
disc is calculated and rendered continuous by the natural

cubic spline method of interpolation. The reciprocal of K,
is shown plotted in Figure 5-7. For disc openings greater

thap 50 degfees, I/KL3 increasés in a quadratic fashion with

" the increase in disc amgle. For' openings, less than

50 degrees, the reciprocal of the loss coefficient

fluctuates and deviates hfrom the quadratic variation with

the increase in disc angle. 'I‘kus change from the quadratic

"variation with disc angle, as pxeviously reasoned for the

‘forward flow disc entrance 1loss, 1is attributed to the

changing 'disc\projected shape disturbing the flow path.

7

On Figure 5-7 is also plottéd the reciprocal of the -

drag coefficient CND found /?rom the previous section. The:
- ' 4 ‘ ’
continuous representation of this coefficient is made by the

natural cubic spline method of interpolation. As no ticed in

the forward flow description of the drag coefficient l/CND‘

and . the ¥low coefficient C V2. contnbuted by the disc, these™
two goe£f1c1ents for reverse flow also vary in a similar

fashion with the increase in disc opening.

‘ ¢ . i
3
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« , CHAPTER ' 6

P
UNSTEADY PIPE FLOW AND CHECK VALVE RESPONSE

_J A
6.1 Introduction P
, .
, As' mentioned earlier, tke main function of the check
'valve 1is- to provide an infinite resi\kt;gnce to reverse flow.
in addition <o the primary function, performance

requirements for the check valve are ,rapid\'x:esponse and
7 ‘

non-slam action. Slow valve response can be dugto friction

" inherent in the valve moving parts, inertia of the moving .

par ts, fluid dampiné, 4s well as damping provided to control

‘the speed of .valve- closure. Thé adverse effect of 'a slow
valve closure is the result qf reverse flow, Reversey flow
results in flow forces?® which cause the undamped valve to
~close rapid'ly. The sudden stoppage of this reversé flow
co,nvergts all the kinetic‘ energy into large waterhammer

. pressures. Valve closure‘ before reverse flow develops,

. reduces wa terhammer Phenomena. When a non-slamming
mechan%lgmv is employ'ed in the final stage of‘ the wvalve
closurg),,'“ . the reverse flow decelerites'gradually thus

.+ reducing wa terhammer effects. For each particular valve aﬁd

N pipe 'system 'arra,ngement, a compromise is requi‘r,ed be tween
the maximum amount of reverse flow and the disc impact force

v

upon closure produci;xg- the slam effect.
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published by Hong and Svoboda [21].
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In this chapter‘{, a piping system contain‘i'nq\ the
hydro-pheumatic sprin[g-datpper check valve, described in
Chapter 4', is an\alysed. A dynamic simulation of the check

valve -an&; ﬁiping system is carried out on a digital

computer. The response of the check valve due to the

. o

spring -damper mechani.sm,;y}‘ and its effects on waterhammer

r

transients ax;e evéluated._

ihe pipeline fluid transients ar¢ (ééproximated -by
modelling the pipe system'using the lumped-parameter method.
The pipe length is divided into Se(ctions where the fluid-
inertia, fluid capacitance and pipe el;sticity, alnd shear
stress between the fluid and pipe walls are. lumped, The

check valve with the moving disc is considered as a lumped

variable resistance component.’

~ \

The preliminary studies of this chapter" has been,

Vo ' 'Q

6.2 Luﬁped-Patgmeter Modellingy of Transient Pipe Pllo!&,_,;,' .

6.7.1 ?lqid Circuit Modelling and System Equations

o

-

The pipe system is modelléed by the, method St
lumped-parame ters [22].' To illustrate this me thed, éonsider

the piping arrangement shown in/E‘igure 6-la. The system

e
consists of a constant head reservoir and a variable flow

[
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control valve placed at extreme ends of a straight pipe. 1In

the lumped-parameter method, the pipe is divided into

n-sections ,of equal lengths, where the fluid inertia and

pipe friction ate 1lumped. At the ends of each section

corresponding nodal points /repr'esent the pressure head at

these locations. Thus, for n-sections result in n+l nodes

'whsre the fluid capacitance and pipe elasticity are lumped. |

§

The circuit representing the pipeline system is shawn

in Figure 6-1b. Between each consecutive node a 1um;§d

‘resistance R and fluid inertance T\represent, respectively,
the friction‘ losses. and the fluid' inertia ‘ in the
correspohding sections. At each” i.nterior' node a
capacitance C connects the node to ground. C Yepresents the
sum‘ of half. the capacitance of adjasent lumps. At extreme
ends of ;the pipe are'inser téd capacitance val%e c/2. The
cons tant head reservoir is represented by a constant
potential source Hp. Consequently, the-capacitance inser ted

at node number 1 is irrelevent and ignored. At the o ther

extreme pipe end the flow control valve is represented by a

- lumped variable resistance Rv‘

With reference to Figure 6~1b, the coupled non-linear
differential equations relating the pressure head H at each
interior node to the flow rate Q through each section, are

given by:

-
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. dHi , (6 .1)

: = .].‘- - . { = ' '
—d-i.— ¢ (Qi"l Qi) i 1= 2,3,...n

in\.l . 2 ; : (6'2)'
-EE- = 'f (Hi ".Hi_*_l.“ R'Qi) H i=1,2,...,n -

‘ At both ends of thefipipe, one of ‘the two va}:iables, Hor Q,

must be known. A

" given by: i
) \
‘V v

H) ="Hp | . (6.3)
and at the valve connection, the boundéry condi is given
by: >

v& X ! [
W = HBperf Ry (6.4)
dH ” ~
ntl _ 2 _ - (6.5)

6.2.2 Evaluation of ﬂ:\elLumped Parame ters

the resevoir, the boundary condition is
\\ . . N

L W

o

‘Considering a 'single pipe section as 'shown'/ in

Figure 6-2, the force balance on the fiuid of length L/n

" within tlh‘pipe of diameter d; is given by:

/.
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where A, is the pipe area, p is the fluid density, and T, is

the shear stress between the fluid and pipe walls. - The
¥
first two terms on the left hand side of Equation 6.6

represent the force due to the pressure difference across
the fluid section. The t:hirﬂ'ter’m represents the resistance
force due to pipe friction. The term on the Yight hand of

. - . .

the eqﬁation is the fluid inertia force. \
. ’ :

0 \

Forx tﬂrbulent(f,low”tbe shear stress expressed in

terms of the Darcy-Weisbach friction factor £ is given

by [13]:
. = o - ' © (6.7
[o] 8A2
l 2

. >

é . .
This friction. loss term for steady-flow c?lculations will
be considered. valid,- alsd, for transient flow calcula-
‘tions [23].
Since P=pgH, where g is the acceleration due to
| gravity, and substituting Equation 6.7 in‘.Equation 6.6 and
|

rearranging, gives: |
' l

\
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- - o2 = 7 9Q N (6.8)
Hl H2 RQ I at - - .
where the pipe friction and fluid inertia, for a single pipe
o . : t
section, are giw‘b respectively by:
Rki L (6.9)
Egdl Al n
< . b
I = —L - ‘ (6,10)
-~ g Al n ' ’
X -
The capacitance of the pipe sections is der;veé from "
' o - a8,
the fluid continyity equation. Referring to Figure 6-2, the
fluid mass - m within}ihe control volume vV is: o T

J
o«

m = pVv (6.11).

/s

Differentiating{tl'x\i,g. equation with‘i:espect to time gives:
‘ . ..

av dp /

ém _ 6.12)
E-PxtVa ‘

0 o4 ~ .

.

The term on the left hand ‘side répresgrits the change - in

£1uid mass within the control volume. : The first term on the

v
-

t

)
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" flujd flow in and out of the control volume, the nét change
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, v . \ Q N
right hand side represents the elast1city of |the pipe

material, and the second term represents the compr‘gssibxlrlty

of the/ contained fluid. Dividing both sides of

Equation 6.12 by ‘the fluid density p, and considering the

N

in flow within the"pipe section is given by:

dp , T (6.13)

A
“

<3

The elasticity of the pipe may be relevant along 1ts
sectioned length L/n and along its dxametef d 1f the
pipe, for example, is onlx flexible along its diameter, the

change in pipe area,Al‘ with pxée pressure P is [(23]:

£l

-~ . .

1 . dp | (6.14).

red
i

where e is the pipe wall thickness and E is the Young's

S
modulus of elasticity of the pipe material.

]
¢

. * . hd

.Since volume V = LAI/n and since the sectioged leng th
L/n is constant, the change in pipe volume containing the
fluid c.iue to the change in pipe area caused by elastici ty

is:
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. . : (6.15)
av _ 1. Cs
dt n dt.

?

The defini.ti'on‘of. the bulk modulus of elasticity
for a fluid is given by:

Since P = pgH , and substituting Ecicﬁa't;ions' 6.14 to 6.16 in

Equation 6.13 and rearranging, gives:

m=csE o , : (6.17)

'\{vher\eﬁ the capacitance C of the pipe section is given by:

c = oY ' » (6.19)

.

and S, is the pressure wave propagation speed for the fluigd,

- which is given by: - ‘ :
»
- A )
¢ =  |—BlO. (6.19).
o Bdi -
1 .+ ek N N §
4' “
Y » . '

e

ek



“in whichlg:.he speed of wave propagation is only dependent on

"\ lumps. ' Equa
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. T % “
Equation 6.19 indicates that the speed of pressﬁte wave
propagation is dependent on both the fluid ’prop’erty and pipe -
material proper ty. This in tﬁ\rn affects’ the fluid’
capacitance given by Equation 6.18. In the subject of
waterhammer given in the Bibliograhy, different allowances,

such as pipe axial and transverse stress strain relations,

K ¢ .
for the pipe flexibilty are considered. For all cases, pipe
N .

» 1

e’lastic‘ity affects the wavespeea. For a rigid pipe, Young's .
modulus of elasticity E is considered 'infin'ite, and_

Equation 6.19 r‘edﬁces_' to its simplest form given by:
. . :

\ = —B¢ ' x é. zg *
c, «‘/ 5 - ( )

1

the fluid property. ~_

As mztioned earlier, nodal capacitance values are
equal to the Zum‘ of half the capacitance values of adjacent

ions 6.18. to 6.28, however, shows that the

kY

'Q‘wavespeed, and hence the capacitance of adjacent pipe

[ - .
/glection are of different magnitudes due to the change in

./ fluid density along the pipeline. The magnitude of the

i

-

| equal. o

i .
/ ~~density change, however, is negligibl/y/smal)l [26], and the

wavespdkd and\capacitances of all tﬁéqections are assumed

g
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6.2.3 . Step Response of Pipeline Model -

I

p
As the number of sections representim. the“‘ﬂuid

éystem is increased, the behavior of the model approaches

that of the actual system. The increase in the number of

sec tions would result in better approximation of the
" propagation wavespeed and the model would respond to a wider
frequency range of inpui:. The soluticl)n 0f the model, in
this case, wduld require a larger number ,(of coupled
equatiéns to describe the system. Consequently:“ a smaller
integration s tep siie is required. E‘urt:hermore,
conventional methods of integration would be inadequate
since the system Secomes very stiff. Although the actual
system is of infinite order, the lumped-parameter method
must describe the system with a finite number of %ections.
This means the solution by the method of lumped-parameters,
only approximates the true solution. ’

To illustrate the solution by the method of lumped-
parameters, the piping sys\tﬂem oﬁ; Figure 6-1 is simulated on
a digital computer. ' The pipe° leng th, pipe diameter, and
friction factor of the piping system are, respectively,
L = 600'm, dl = 202.7 mm and f = 8.02. The pressure wave

propagation speed S, is taken to be“ 1206 m/s, and the pipe

is _assumed to be rigid. "The resevoir head HR is icitiaIIY.

set at 150 m of water. The reservoir head is then suddenly

\]
raised t 30@ m of water at 1 second. Throughout the

[




- 123 -

waterhammer wave - propagation and pressure surges at the

valve end.

{

-
R A
The pressure surges at the valve end are shown in
Figure 6-3. Three plots are shown in the figure. These are
for the lumped-parameter method wusing 5 and 10 pipe
i .
sections, and for . cdmparison, using the method of
characteristics [23] with 1@ sections. A four th-order
Runge-Kutta intégration method is used to solve the coupled

differential equations for the lumped-parameter method.

simulation the valve is kep€ closed in order. to observe the

The plot depictedfby the method of characteristics

show that  the pressure disturbance initiated at thé<

reservoir end is not felt at the valve until @.5 seconds

later. This time period corresponds to the value of L/co;

The decaying head oscillation, due to piﬁggfriction, as the

pressure wate travels back and forth along the pipe lend th

- has a period of 2 seconds, ¢corresponding to the value of

~

.4L/c°. The peaks of the head oscillation are approximately

flat. ' .

Y The plots obtﬁgned using the lumped-parametgr method
' “

with 5 and 19 gsections, show that the head at the valve

begins to rise appreciably after 6.3 and 0,4 second

respectively, after the reservoir head disturbance. The

$

period of pressure wave oscillation is approximately 4L/co.

-

-
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seconds,‘ for both cases, The ﬂplots élso show some ' '
oscillations superimposed on the peaks. These oscillations
tend é) increase when the numbér of sections representing
the pipeline is increaSed. /
- ( |
The figure shows that the three plots are decaying i
with time. .This is due to the energy loss caused by the ?
pipe friction. Fur thermore, the response of the
lumped-parame ter moael ‘is expected to approach that of the
characteristic method as the number of sections representing.
the pipe 1is increased. This conclusion demonstrates the
advantage of the characteristic method in dealing with
wa terhammer transients in simple pipeline systems. However,
when the cl}eck valve dynamic transients need to be
considered, _ the characteri;tic method tends to be more
difficult to impttment. e

, Y , " . ]
6.3 Check Valve and Pipeline Transient Response

$.3.1 System Description

In order to observe the dynamic behavior of a check
valve when the flow in the pipe is unsteady, the check valve !
is’ placed in a piping system as shown in Figure 6-4a. Bo th
pipes adjacent to the valve are 60¢ m long with an insidfe
diameter of 202.7 mm and a friction factor of ’0.02‘. The

pressure wave propagation speed is 120@¢ m/s. The check

’~
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. valve is 208-mm in size, and is equiped with ., the

hydro-pneumatic spring and damper mechanism described in

‘Chapter 4. :z"or this particular valve, the orifice diameter,

disc diameter, hinge arm length, hinge arm thickness, and
. ~ .

disc pivot are, respeéti’v,ely:

7

Q.
[ ]

165.1 mm -

Q.
L]

3 181.0 mm

o
]

114.3 mm

44.5 mm

L
=
L]

d=18.7 mm
'rhese‘design dimensions are described in Chapter 3.

The simulation of the pipeline and check valve system

makes use of the studies presented from Chapters 4 and 5,
and from ‘the preceeding part of Chapter 6. The "information’
flow between - the v.ax:iables studied are presented in the
block diagram of Figure 6-5. 'With reference to the figure,
the hydro-pneumatic spring-damper check valve described in
N .

Chf-:pter 4 is mathematically modelled. Dynamics of the valve

requires an input torgue To and the resulting output is the

' valve disc opening angle 6 and disc angular velocity - w.—

Then, from the disc angle information, the check valve flow
*

coefficient Cy3 and the drag coefficient Cxp representing

the valve characteristics are calculated from Chapter 5.

Knowfmg the valve pressure drop AP and the flow coefficient,

Rw—
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the flow Q, through the valve 1is calculated. The flow
torque 'I‘o created at the disc arm 1is then calcdlated by
knowit;g the wvalve flow and drag coefficient, and the first
information loop in the block diagram is closed. Finally,

th® valve flow provides the boundary condition neccessary

for the lumped-parameter me thod of Chapter 6 to determine -

the tranéient pressure head AH (ox AP) acros; the valve.
Thus, the solution of valve pressure edr‘op AP provides
information for the valve characteristics and the second
.’loop in the information flow is closec?. The required
software to simulate the system shown in Figure 6-4a as
described by the block diagram of Figure 6—'5 is listed in
Appendix [H]. _ |

The equivalent circuit reptesgntixg the system to be
simulated is shown in Figure 6-4b. The fluid head at the
'reservoirl' and atl the' tank is Hp and HT, respectively. The
" system is modelled using 1 sections for each of the pipe
lengths. The check-.valve is represented by a varAiable

resistance R, . The two capacitances directly adjacent +to

the valve do not include the compressibility of the fluid -

t

contained within the valve. . This is because™ the assump-+
tion Stated in Section 5.1 implieg that the fluid inertance

and compressibility effects are neglected at the valve.

The speed of valve closure depends on the accumulator
1 +
precharged pressure and on the amount of damping provided by

»

ks i
. r \) R -
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the viscous resisﬁor. These two components'* are shown . in
Figure 4-~-1. The acéumulabor is precharged 'ét 1.934 MPa
accorling to the valve manufacturer's recommendations ‘1247,
When the valve disc is fully ’;pened at 6d degrees,—the
accumulator pressure reaches 1.235 MPa. From Chapter 5, the
valve flow characteristics are determined ffor. this disc
opening. Also, from Chapter 5, the pressure drop lacj:ro‘ss the
valve and the flow force against the disc may be detevrmined
for any flow rate through the valve. Thus, using the forc’e
balance equa?:‘ion on the valve disc, the stéaéy pipg flow
required to keep the valve opened, is calculated ¢to be
@.153 m3/s, and. the difference in reserwoir to t§nk head
requined to sustain this flow is 157 m of water. In the
simulation, this -difference 1is set at 15¢ m of water
yielding a steady-flow of 0.160 m3/s. Thus, if the flow
raté drops by 4.4 percent, the disc will.start to close as
early as possible to px:evem{ reverse flow f;om dev'éloping.

Fur thermore, to obtain quick valve closure, the viscous

resistor i set to a low damping value of
3 1

1

1.284x1813 N-s/m® (9]. . , - -

.

6.3.2 Results of the Check Valve and Pipeline Simulation

-
1

At the beginning of the simulation the fluid heads at
the .reservoir and ‘at the tank are 150 m of water, and the
check valve is fully clased. Transient pipe flow is

initiated by & ramp head rise at the reservoir. The

o mawan=




- pressure waves.
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resul ting' fluid flow X\uses the /check valve to open. When

the valve is completely opRened, |the flow is allowed to

3

settle before the fluid head\at the reservoir is droped by a

ramp decrease. The resulting uid deceleration causes the

valve to clgse. During both e check valve opening and

closing sequence, the transient fﬁow om the reservoir and

i
from the tank, as well as the traxllsient flow and pressure at

| h

the valve are observed. Also, the dynamic beh\av\io\r of the -

check valve and its effects on t-.he\ wa terhammer pressurés are

-observed,

a. Opening Sequence .

Due to the ramp head rise of: 156 m of wa’ter at the
reservoir, as showh in Figure 6-6 beginning at 1.9 second
untii 1.5 second, the immediate lump of fluid in the first

pipe is compressed and accelerated. A compression pressure

wave starts, toward the valve, causing successive lumps of'

fluid . along the pipe-to flow with coﬁ:resporﬂ'ing head rises.
R .
Because the input head at the reservoir is a ramp function,

the propagation wave is a succession of superimposed smaller

-

|
|

For the purpose of simplicity, assume for the moment

-/the'. valve 1is already opened to some] angle. Thus, when the

compression wave reaches the tank, the head adjacent to the

o ' ,
tank causes an unbalance and tank flow starts. The time for

———
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the wave from the reservoir to reach the tank is (L+L)/c°
seconds. From the simulation result this wave time is
increased slightly since the valve requires a minimum

cracking pressure to open. Also, because the method of

~z .

lumped-parameters is an approximation, this wave time is, in

turn decreased slightly. Referring to Figute 6-6, (L'+[1)/é?

équals to 1.8 second, which co‘rresponds to the time from t!;e

initial reservoir flow at 1.0 second to the beginning of the
§ h .

tank flow at 2.6 second. B

Once the compression wave reaches the tank, it is

/

fully reflected as an expansion waves This expansion wave

travels back upstream élong the pipe, tending to decrease
. ‘ ! , .

the head and increase the fldw along its path.” -From the
moment of reflection this ‘expansion wave reaches the

reservoir in ano ther (L+L)/co Secondé, And upon reaching

the reservoir the expansion wave is fully reflected as a -

compression wave and a new cycle begins. . For a system with
two reservoirs, its flow cycle time is x2(l:.+L)/co seconds.

This is approximately the flow cycle time of 2 second for

/7

L]

the reservoir and tank as shown in Figure 6-6. v

Directly upstream from the check valve ‘the head and

flow, shown -in Figure 6-7, begins to riae L/co seconds after

the .initial reservoir unbalance. This time corresponds o

&

8.5 second as shown in the figure. The incoming compression

wave is fully reflected at the closed valve. This reflected

L
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S

»
Q

wave remain as a compression wave travelling .back upstream
towards the £eservoir, and is .superimposed on the original

incoming wave as an  additional head rige. If the valve

remains closed for all time, the pipeline response wduld be

similar to the response of Section 6.2.3.

-

Increasing fluid compression causes the vilve head to

ise further 'until the valve cracks open. When the valve
<y

‘opens the head is slightly relieved as fluid floWs through.‘

This causes a small expansion wave to be reflected in the

- upstream direction. Since the check valve opened 1qu’ickly, !

thé maximum head at the valve.is approximately equal to the

reservoir head. The check valvé does) not cause ahy

significant waterhammer pressures.

Flow into the second pipe compresses the immediate

lum;; of ‘fluid and causes the head t rise. The head and

° .
flow  directly 'upstream and downs'tream from the valve
oscillate synchronously. This is because for a given flow
rate the valve pressure drop 1is uniquely defined by its

valve chéractefis‘ticsb This synchronous oscillation is seen

in the comparison between Figures 6-7 and 6-8. The w'm-zm{

- b

oscillations’ are at a period of 2(1:.4-L)/c0 seconds. Since
the valve is located between the two pipes of equal \length
and . \diamet;er,' “the valve flow cyclf time is half the

frequency of the reservoirs. This frequency is (L+L)/co

v

e : . f
;
¥

>
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” b
.

The cracking pressure/head acrc;ss the valve is 33.1 m
of water for an accumulator precharded pressure at
1.2351 MP%; Figure 6-9% shows the pressure head across the
valve and the flow through the valve. a’!‘l’}e cracking pressure
is ‘not‘ indicated on the graph because thé dig i’ﬁ::-:l cutput at
this time was an intexpediate print-out. Once the valve:
cracks o‘pen, the pressure head drops-and flow is related 'b.y
the steady-flow coefficient C:

7 \

The disc position and velocity response are shown in

3 .

Figur& 6-14. The initial opening velocity is not shown in

‘the figure because the digital output at the time was an

intermediate pfint-out. The first negative disc veloéity

indicates the pressure relief upstream from the valve when

-~ Pl
.

the disc first cracked open.

" With increasing fluid flow the disc opens further and
oscillates in response ‘t:g the valve flow. These
ogscillations are clearly seen in the disc velocity response.
A negative diSC\ velocity indicates the “™hydro-pneumatic

r

: \
spring is driving the disc, while“\a\ positive Velocity

indicates the fluid flow is tha driving faqrce.
-
o

A8 the disc position approaches A{degrees (at
)

approximately 4.8 sdcond), the lower cushion significantly”

reduces the disc velocity. Thus, the hydro-pneumatic spring

and lower .cushion acts as damper and limits the final disc

o



~zera. The valve closure time in E‘ig\.;re 6-18 corresponds to
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. |
impact force and avoids damage to the opening check valve.

b. Closing Sequence
. \ )
By reducing the reservoir head by 260 .m Q}gwa ter, as

shown in Figure 6-6 from 15 to 15‘.5 seconds, the disc starts

1
- to close when the valve flow decreases just under normal ,

steady~-flow. The pnegative velocity response in Figure 6-10

indi‘ca'-tes that the hydro-pneumatic spring forces the disc to

L

close. -
N
N In the simulation result the ,16w viscous resistance
provides quitk disc response +to the slowly décelerating s
valve flow. A comparison between the valve flow given in

\

Figure 6-9 and the disc velocity from Figure 6-10 indica tes )
that thé dis:c velocity oscill;tes in phase (approximately

1 cps) with the .flow. In other words, the disc is seen to.

be floating with the flow. At small disc openings, below

7 degees (above ) 28.5 second),‘ the ‘hykdro-pneumatic spring

force is small. The increasing disc velocity starts to
decrease'before the flow increases. This is because the a3

- - S . ~
forward flow forces are sufficient to balance the small =

spring force. Since the disc is moving with the fiow, the

disc closes .at the 1instant the valve flow decelerates to

when the valve flow reaches 2zero, as shown in Figure 6-9.

'

. am s o w3
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I'When the disc reaches 12 degrges, the upper cushion

) s . .
acting as an additional damper for the final stage of disc
closure, 1is provided to slow the speed of valve closure to

reduce the disc impact force on its seat. Figure 6-10

" indicates a change in the disc velocity at approximately

290 seconds (at 12 degreés) fiue to the cu;mn resistance.
The figure does ngtAindicate any significant disc velocity
lag with respect to the valve flow given in Fiqure 6-:9.
When there is .no réverse flow through the valve, as in this
case study,, 'dafnping provided by the upper cushion is not
required. l
¥ | BTN

‘Reopening of the. ,.valve-after closure occurs if the
head 'ac'toss the disc oscillate with an ' ampli tude excee'd'irg
the hcracking pressure. This bouncing effect of the disc is
seen only onc;e as indicated in the diJ:Jvnelqcity and valve
flow response shown in Figures 6-9 and 6-10, respectively.
The time corresponding to the disc bounce occurs at
22.5 seconds. Disc bouncing does not occur again since the

head across the disc never exceeds the cracking pressure.
During valve closure the head directly upstream and

1 “.0‘)
downstream from the valve oscillate synchronously at a

pericd of 2(L+r_'.‘)/c° seconds. This is shown in the

comparfson between Figures 6-7 and 6-8. After valve

closure, each pipg ups tream and downstream from the wvalve

become( separate systems. The heads adjacent to the valve
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oscillate at 4[./co seconds. From the figures, this cycle
time corresponds to 2 seconds. The magni tude of these head
oscillations are not severe since the valve closed at the
instant the yalvé flow decelerated to zero. Also, reverse
flow into the reser‘voir and tank, shown in' Figure 6-6, are
not severe due to the quick valve closure. With ti}ne, the
pipey friction will eventuallyl dampen all fluct\u‘ationsA and
(

" the piping system will come to rest.

“

6.4 Gheck Valve Effect on Waterhammer Pressures

® . - "

For the particular case study described in the -

4
prév’ious section, the viscous restrictor was set to a 1low

damping value which provided , quick valve Tesponse to the
- m

decelerating flow. The simulation results showed that the
system flow decreased slowly. This allows the disc to
respond quickly and tPove with the flow. The disc readjustes
its position to the new flow and causes minor thrﬁttling of
the valve élow. This response is desirable since the disc

reached i'ts seat at the instant the flow decelerated to

zero, which resulted in minimum wa terhammer pressures.

For the same piping system described in ,Section 6.3,

- .
consider as an illustrative example, that reverse flow has
developed through the valwve. For this situation, the

reverse flow forces will urqe(‘ the disc to close rapidly

. ) J L
because of the low vigcous resistance. Since the disc is

[
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mov ing wi th the flow, the check valve causes minor

throttling of the flow. When the closing disc reaches the

stage where the upper cushion comes into effect, the disc
veloci ty is suddenly réduced. This causes the reverse flow

to experience, as in the case of a'partial instantaneous

2y

valve closure, a sudden chanmge in valve resistance. This

sudden change in v_alve resistance requires the flow to
readjust to the new resistance, and hence the flow is
throttled. This resul ts in compression waterhammer
pressures dqwnstream from the valve and expansion
waterhammer pressures ups tream from the valve. Because the
upper cushion is in effect, the check valve moves slowly in

response . to, the flow and gradually throttles the flow to

]

- zero to reduce the waterhammer pressures upon closure. For

Py

this case, water column separation may develop upstream from

‘the valve. This discussion concurs with Krane and Cho [5].

- 3
Consider again the same piping system of Section 6.3,
but with the viscous restrictor having® a high damping‘value.
A large viscous resistance céuses the disc to close slowly
permitting rev’erse flow to occpr: ‘For this case, the disc
lags and moveg‘kslowly wi th :the reverse flow and gradually
throttles e Flow. When the ;.xpper cushion comes into

effect, additional damping is provided. The flow is

. thrattled more slowly as compared to the previous case with

a result in less waterhammer pressures but allowing more

reverse flow to pass through the valve.

y
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For the two cases considered, with reverse flow
established, a compromise is r‘ééhired betweén the . maximum
amount of permissible\ \rever;_e flow and the maximum disc
-impact force (vélociﬁty), fipon closure. The mos£ desired
performance from the check valve is valve closure at the

I ¢

instant the flow decelerates to zero.
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CHAPTER 7

CONCLUS ION . !
7.1 Summary ‘ ' ) ,
/

124

, |
The objective of this thesis is to opti,mizé the '
design of v;afer swing-disc check valveé. timal valve }
design considers two major aspects of the valve ‘e;formance.
The first performance criterion is minimum pressure loss
when the valve 1is fully opened.  The second § valve
performance criterion wrequires minimum waterhammer pressure
and non-slam se‘ating action resulting from the wvalve
closure. Also, the optimized valve design desires the
wafer-type advantages of simplicity, compac tness and~

light-weight features to be retained.
N .

In Chapter 2, wafer swing-disc check valve pressure
los(s minimization is investigated by considering the valve
orifice and fully odJpened disc to be two restrictions in
series. Initial consi@e;:ation of the orifice and disc
.
restrictions indicated that the valve pressure loss may be
reduced by providing smooth entrance and exit regions for
each restriction. This task was not performed since
al::ération of the valve gxterior dimension would be required {
which would result in a lost of the desirable compact and |

light-weight features. Results from this initial study

luded that a well rounded orifice entrance helps reduce

conc
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J

~s’minor portion of the valve pressure loss.
N
The valve pressure loss is minimized by considering
various combinations of orifii’cpe\‘ restrictions and fully
opened disc restrictions. Ac?lttain amount of disc area
overlapping the orifice area\relates ‘the two corresponding
diame ters for a given valve siig. Each restriction, when
considered separately, decreases j pressure drop as _the
flow passage area ratio' with respect to the pipe increases.
Corresponding to the pressure .drop across eac‘h restriction
is characéeri'zed by respective flow coefficients. The
overall flow <coefficient characterizing the pressure d\rop
across both restrictions in series assumes that '\the
individual restrictions are independent of each other and
are unaffected when combined. A large flow coefficient Uis

equivalent to a small pressure drop across the restriction.

For the wafer-type swing-disc check valve, the pressure drop

depends on the ratio of orifice diameter to pipe diameter-

and on the amount of disc to orifice overlap. For each
particular overlap there is an optimum diameter ratio that

4
produces the lehst pressure drop across: the valve.

2

Experiments performed on a 5¢-mm valve size confirmed
the wvalve analysis and the least pressure drop occurred at

the expected diameter ratio. Thus, the valve analysis

provides the valve manufacturers with a method to predict

and to minimize the energy losses across wafer-type

.
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¢
‘swing-disc check valves. -

® L . !
In Chapter 3, wafer swing-disc check valves
manufactured by Ritepro Inc. in Montreal are studied to
reduce th -pressure drop _across these valves. Ri tepro
manufactu@s two types of wafer check valves, ' The

difference be tween the valve seating arrangement

. \distingu‘ishes the two valve types.

’

‘The soft seal valve type consists of the metal disc

©

seating on an O-ring seal. This valve type js used in fire

prevention sysg:ems and requires a pressure drop not

,Nexceeding 20.77(?3 when the water flow vel‘(z\city is 4.57 m/s

A

" in Schedule ‘dﬂapipe_. The hard seal valve type consist® of

the' metal disc seatingy on a metal seat ring. This type of

’

valve is used in cjenpral industrial applications and there
is no pressure drop linmit requirement. The hafd seal valve

pressure drop is reduced to give the valve an improved

¢
»

performance .characteristic. - '

a
-

~ The pressure drop minimi"zatio'n concept developed in
Chapter 2 is applieg\(bo reduce the pressure loss across
Ri tepro valves. For a given valve (overlap, furthe‘r pressure
103.9. ‘reduction is achieved by changing . the looc;t‘ion of the
disc_ pivot. It is concluded from the an‘alysis‘that shor ter

hiﬁe arm leng th and further the pivot locatioh away' ‘from

the 6rifice; yields larger disc opening angles. The larger

] ce
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disc opening results in an increased disc
AN

area ratio. Elimination of the

passage

considering the effects of the hinge arm

includéd in increasing the disc flow

Providing the valve with more flow area

around

to pip
& sc
thickness,
passage

the

¥

flow

cone and

are
area.

disc

valve overall flow goefﬂficient and the least

increases the
R N §.

pressure drop occurs at larger orifice to pipe diameter

Final ;\Elve design considers clearances

ratios,

s

to prevent

-

-
the disc \from wedging into the pipe walls when fully opened.

Free disc swing clearance from the downstream connecting

pipe is also considered. For both valve types, the pressure

drop is reduced for valve sizes from 58-mm to 36@-mm.

oy ] .
I/t was noted that as the valve size increases the

required overlap“ decreases. As realized through the

overall
f

achieved by reducing the overlap. But, as the valve size

investigation, a higher flaw coefficient can be

increases, the angl\e of disc f}inal opening also ‘decreases
since the valve body length does not grow proportionally
‘with the valve size. . Smaller disc opgpings increases the
pressure -drop. h !

4

Evaluation of production proto types, soft seal valve

sizes from 65-mm to 300-mm, tested by -the Hydraulics

bor_aho“ry at NRC, are well below él)l 28.7 kPa}. pressure drop
! ! 1 '

2N
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limit., Although ,the~50—mm valve body leng th 'was extented to
_permit more disc opening, this valve size still. does not
meet the pressure drop'lit.nit. Large discrepancies between
test valﬁes 'and expectéd values occur for the last' three
bigger valve s\izes. The discrepanc‘ies are attributed to the
lack of knowledge of the entrz-;nce loss to the disc
restriction as a function of disc argle.
v

The overall research effort for the soft seal valve
was a success in helping reduce the pressure drop across the
valve, except for the 5@-mm valve which is above the

-

pressure drop requirement. A comparison between newly
e . . .
designed valves and existing Ritepro ' valves .indicate a

significant pressure drop imgrovement./\

" ‘The new hard seal valve design is 'an offshoot from
the soft seal valve design. aThis is because the latter
vaive's disc-arm assel‘ubly-' and hinge location are’' the same as
used for the hard sedl valves. The orifice diameter for the
hard seal valves is determined from the oyerlap

v
the 5¢0-mm valve which is

specification. The exception
designed in the same way as éhe sof 1 valve type. This
deviation from the design procedure ults from the fact
that two set$ of disc assembly and hinge locatioh for two
identical sizes of valves, being only different ir{lvalve
overlap, is neither producti‘on efficient nor stock

management‘ efficient. It should be remembered that no
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‘pressure drop limit is required from the l?ard seal valve

type and pressure drop minimization is recommended only to

provide the valve with a better performance characteristic.

Experiments were pﬁ;lormed only on small valve model

gsizes of S5@-mm, 8¢-mm and 10¢-mm. This is considered

sufficient since it is more difficult achieve a low

-,

pressure drop for small valve sizes du to the large

overlap.

—

a
Test results are especially poor for the 180-mm valve

as compared with calculations. Discrepancies are attributed

to lack of knowledge of the entrance losses to the oOrifice.’

The errors are compounded by not knowing the disc entrance
losses as a functjon of disc angle. The orifice entrance is
not smooth as coméared to thg soft seal valve t&pe. Due to
the seat ring, the orifice consists of‘ é smoo th entrance
followed by an abrupt square edged reduction in diameter.
The entrance loss associated with such an orifice is not
knc;wn. A constant coefficient was assumed similar to the
loss coefficient for a sudden contraction althouwgh the 1loss
is a function of contraction diameter ratio. Tﬁis
assumption did not prove to be entirely correct. For better

agreement "'between test results and theory, more experiments

" are.tequirea to determine the effect of the orifice with the

¢

step.

.,

o
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The 1068-mm valve had a large difference in pressure

drop as compared with calculations. However, if all other,

- .
untested valves would have an increase in'pressure drop by

this same percentage, their losses would still be below ,he
20.7 kPa limit. A comparison between the tested and
expected loss values with thosé measured |£or exlsting
Ritepro valves show a significant pressufe drop improvement.
Fur ther tests, by providing the 10¢-mm-hard seal valve with

a well rounded* smooth orifice, indicate that the pressure

drop may be reduced well beyond that of the soft seal valve

type.

In Chapter 4, a hydro-pneuﬁatic mechanism acting as a
combination spring and damper for the wafer swing-disc check

valve is reviewed from the work of Reference [8]([9](18].

~The mechanism provides valve closing speed and non-slamming

control. Correlation be tween experimental and -model

simulation results concluded that the model equations

i

- descrdibing the valve mechanism are adequa te. A more

critical summarf by the authors 1is provided in the
reference. The hydro-pneumatic valve mechanism is ;imulate§
with~un§éeady pipe flow in Chapter §, and will be further
summarized lat%f in this section.

In Chapter 5, tHe pressure drop across the wafer
swing—disc check valve and the fluid forces acting against

the valve disc are presgnted. Test results of these two

L ]
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J

variables are measured for forward and reverse s teady-flow
»

condi tions at various positions of disc amgles. In

steady-flow conditions, these two flow forces are related to

the flow through the valve. For any combination of valve

s
flow rate and disSc opening, these flow force relations are

unique and no other steady-flow condition is possible. 1In
unsteady-flow conditions, the valve flow, the valve pressure
drop, the fluid forces against the disc, as well as the disc
position, are . assumed related to ‘their equivalent
s teady-flow ‘conditions at each instant of time. These
unique steady-flow condiltions are r{e flow characterismt’g)cs
of the valve,

}

The % equations describing the flow through the valve

to the pres\EuIe drop across the valve are developed in

Chapters 2 and 3. Applying these eguations to the pressure

dro)p test measurements, the entrance contraction loss
coefficient to the disc restriction is determined as a

function of disc angle. The disc loss coefficientt Bgether

with its describing equations characterizes the flow and

pressure drop‘relation for the wafer swing-disc check valve

- ~

of any size.

—
A
\

An expression relating the force (or torque) created

. by the moving fluid against the valve disc is formulated.

(This equation applies to both a stationary and to a moving

disc within the flow’ stream. The equation.is characterized
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by a normal drag coefficient evaluated f£from the fofce

measurements. A comparison of the drag coefficient varies
s’ '

with disc ropening in a similar manner as the disc flow

coefficient. This indicates tpat a relation exists between

{

the disc pressure drop and the fluid floQ forcgf acting

~

against the disc. Thds, the definition of a normal drag
coefficient does not require ’determining the pressure
distribution around the- disc and the loqation of the
pressure centre. Theahormal drag coefficient together with
the governing equation fully chatacterizes the torque and
flow relation -for the wafer swing-disc check valve of any
size.

— !

Chapter 6 Qresents the computer simulatidén study of
the hydro—pneugétic spring-damper check valve dynamics when
the fluid flow through the valve is unsteady. The valve is
placed between two pipes‘of equal 1engtq with a reservoir
head source at one pipe end and a constant head tank at . the
other pipe 3nd. Uns teady pipe flow is established by
changing the reservoir head. The valve characteristics
relate the pipeline flow to the valve pressure drop 3pé to

the flow forces against the valve disc. The pipe flow

reaglts from the waterhammer modelling.of the pipeline.

The pipeline modelling consists. of sedtioning the
pipe into finite equal leng ths wheres. the flui iner tja,

capaci tance and pipe resistance are lumped. A vaibe'i the
‘

P S IR ¥ O T o s w4 e
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piping system is simply considered as a lumped resistance.
This model enables the representation af the piping system
by a circuit diégram from which the head and flow equations
corresponding to each pipe section are directly written
grom. The system equations and sys tem luhped\xeptesentation
by a circuit has a one to one correspondance and the

signifjcance of the physical system is clear. and concise.

Before analyzing the check valve dynamics, simulation
of a simple pipeline compares the transient response between
the lumped-parameter method ¢t the method of charac-
teristics. The results yield a qualitative adequacy of the
lumped-parame ter model.gsing the lattér established method

as a standard.

The period of waterhammer oscillation and pressure
wave propagation speed for the lumped parameter method does
not deviate greatly from the method of characteristics aqéi
is ?onsidered an adequate approximation. THe major
"deviation occurs at oscillation peaks. As the number of
pipe sections decreaseg, the model behaves ?S a low-pass
filter. ‘Wi th increasing number of lsections, higher
frequencies are sﬁperimposed on the tops of the oscillatfng
heads and decays quickly. 1t is expected that with more
number of sections the lumped;parametér resul ts will

approach the response given by the characteristics method.

The waterhammer solutiéﬁ by the lumped-parameter method with

~__
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a finite number of pipe sections only approximates the true
solution.

{

Simulation study of the hydro-pneumatic spring-damper

.check valve indicates that the speed of valve closure

depends on the accumulator precharged pressure and on the
setting of the viscous restrictor. Underx normal
steady~flow, the flow forces against the fully opened disc
should Jjust balance the accumulator closing force. This
allows the accumulator to force "the disc’to close as soon as
the pipe flow drops below normal operating flow. Also, the
viscous restrictor should provide low damping for quick
valve closure. For minimum waterhammer pressures the check
2

valve is required to close at the instant when the pipe flow

decelerates to zero before reverse flow develops.

The non-slamming effect provided by the lower cushion
significantly reduces the disc opening velocity. Thus, the
hydro-pneumatic spring  and lower cushion limits the disc
impéct force and avoids damagé to the opeﬁing check valve.
The upper cushion is provided .to §low down the valve closing

spee% in order to reduce the disc impact force upon closure.

The upper cushion is not neccessary if the valve closes at

the instant when the valve forward flow decelerates to zero.

Some coﬁ'clusions derived from the stuiiY@f the check

valve effects on waterhammer pressures are as follows:

- -
.

e E
.
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Tensions provided for spring forces should just balance the
normal forward steady flow forces. This allows th‘e sprimg
to force the disc to close as soon as the forward flow slows
down. When the forward flow in the pipe decelerates slowly,
all dampers provided to control the speed of valve closure
should have low damping values. This allows the disc to
respond quickly and move with the flow\; The disc readjustes
its position to the flow and causes minor throttling of the
valve flow. In this way, the disc will seat at about the
same time as the flow decelerates to zero. Fo“: minimum
wa terhammer pressures to occur at valve clbsure, the disc is
required to seat at the instant the flow decelerates to

zZero.

When reverse flow has been develqped before the valve did
close, a damper provided for \the final stages of valve
closure he1p§ reduce waterhammer effects. The developed
reverse flow will .urge the disc to close rapidly. Because
the disc is mov\ing in fast response :vith the flow, the check
valve causes minor throttling of the flow. When the closing
disc velocity is suddenly reduced by the damper, the reverse
flow experiences a situation similar to t‘lhat of a partial
instantaneous valve closure. The sudden change in valve
resistance requires the flow to readjust to the new
resistance. Hence, the flow 1is suddenly throttled and

wa terhammer pregsures result. For the final angles of valve
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clogsure, since the damber is in effect, the check valve
moves slowl’ty in response to the reverse flow and gradually
throttles the flow to zero to reduce the waterhammer
pressures upon valve closure.

If the check valve is provided with a damper control from
its fully opened to its fully closed position, a high
damping value may be counterproductive. A high damping
value allows the forward flow to decelerate and reversé
before the valve could close. Al thouwgh the damper will
throttle the flow to zero and waterhammer pressures will be
reduced upon valve ciosuxe, excessive reverse flow may have
been permitted to occur.

»

For all cases where reverse flow has been established, é

compromise is required between the maximum amount of

permissible reverse flow and the maximum disc impact force
(o:‘ wa terhammer pressure) upon valve closure. This
compromise is decided upon by the adjustment of the valve
dampers proyided to control the speed of valve closure. The

most desired performani:e from the check valve is valve

closure at the instant the forward flow dedelerates to zero.
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7.2 Suggestions for Future Work

The pressure loss across the 58-mm soft seal valve is
above the 2Gi7 kE"a pressure drop regquirement. Possibilities
to further teduce.l. the pressire drop include reducing the
hinge arm thickness and offsgetting the orifice above the
pipe axis to shorten the hinge arm leng th. - These
considerations provide more disc opening and hence the disc
flow passage area is increased. As a consequence to more

disc opening the valve length is required to be increased.

Suggestions for this work require more experiments and

modifications of the existing theory. Also, the suggestion

increases the complexity and weight of the valvel design.
N~
In predicting the pressure drop across the soft seal
valves, the discrepancy between expected'and test results
were attributed to the lack of knowledge of the ‘disc

entrance loss as a function of disc opening angle. The

I'd

discrepancy was larger for bigger valve sizes. Also, as

noted through the investigation, the valve body leng th does
not grow proportionally with increasing valve size and this
results d.'in smaller final disc openinés. Estimation of the
disc entrance loss is requifed o pred‘icot the pressure drop
across the remainder of valve sizes f.rom 350-mm to 185@-mm
and to provide an improved loss prediction for the iaigger
valve sizes tested. This requirement is provided by the

entrance loss versus disc openiny test results given in

{
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Figure 5-6.
)

» ‘ .

The pr‘éss‘ure drop prediction across hard seal valves
‘were inaccurate due to the entrance loss assumed for the
orifice. To improve tt;e loss prediction, it is suggested
that more experiments are necessary to determine the effect
of the step re$duction in orifice diameter providea by the
‘selat ring. Experiments similar to that performed on the
soft sgeal orifice as described in Chapter 2 would be
neccessary. Experuimental results indicate that the pressure
loss' is inMproved beyond those of the soft seal valve type by
providing the hard seal valve with a completely smooth
otifice. ' A method allowing the removal of the seat ring
wi;:hout the step reduction in orifice diameter should be

investig ated.

S;‘imulation of the hydro-pneumatic check valve showed
that the disc closed at the instant when the' valve flow\}
decelerated to zero. With this speed ohf valve closure
nminimum waterhammer pressures resul ted. The check valve was
placed between two pipes of equal 1lengths and pressure
fluctuations_originated from the reservoir upstreamifrom the
valve. This is not the worst possible location for a valve
since it takes time for flow reversal starting at the
reservoir to travel t the valve. If the pipe completely

breaks directly upstream adjacent to the check valve, the

most sSevere sSituation occurs, since reverse flow would

L T
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&riginate at the ¥alve. Also, water column separation must
be considéréd downstream from the valve. - If the valve does
not close begore reverse flow“deVelops, severe waterhammer
pressures may/ gesult. In this situation, if the valve
cl&ses quick enough before éeverse flow occurs, then the
valve @losure speed 1is safe for all cases for. this
particular piping arrangement. This is an impor tant

situation to be considered for future investigation.

i

v

In the situation just described, if reverse flow does
e
develop before valve closure, the situation including the

effect produced by the viscous resistor and by th® wupper

cushion is an important case to study. The purpose of ‘the

restrictor and cushion is to act as a damper to protect the

valve from excessive shocks upon <closure by reducing the-

. disc closing velocity. The slow valve cloSure thryttles the

reverse flow to reduce waterhammer pressures ,upon closure.
These effects may be counterproductive since slow valve

closure permits more reverse flow to occur. The compromise

-between the damping velocities and the maximum amount of

permissible reverse flow should be studied. It must be
remembered that this compromise is dependent on . ‘the

particular piping system under study.

1

Using the lumped-paraﬁeter method to estimate
0 .

gipeliﬁe waterhammer transients was considered sufficient.

Aithough the model representation conveys a clear and
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coricise undérstan\dfng to the physicai problem,’ the me thod
requires excessive compu ter time. To comple te the
si‘mﬁlation studied in Chapter 6 r~equired/ a ;omputing time of
186:]1 real time. /One of ‘*the advantages by the
characteristic method is the small comp\:tgr time required

for soluéion. For example, the characteristic method 1is a

finite difference scheme that.evaluates the next time step

‘solution based on the immediate past solution. The

lumped-parame ter ‘me thod describes the’ system pressut%es and
*flows by' cougléa.non-linear differential equations using a
fourt.h-o:'d'er Runge~Kutta integraltion solution'method. This
integration method, requires two intermediate solution

app:oxim'a-tions between time steps. This shows that the

" characteristic solution method is faster than the

integration method (assuming that both me thods have the same
number of pipe sections and time steps).. ‘The ¢isadvantage
of the characteristic method is that it does not convey a

i
‘clear and simplp reprasentation of the piping system as

~given by the lumped-parameter .method. -

'rhe hydro-bneum&ie——-valve mechanism was modelled by

ordinary diffe:ential equations v using a - fourth-order

Runge-Kutta integ:ation %nlution method. As mentioned

previously, the fourth-o:der integration method ‘reqﬁm .

intermediate leution-approximations .between time steps.
The characterislf:ic method only requires a knowledge of its

immediate past solution. If these two methods are combined,

N "
. ‘

¥ ! N
4 )
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investigation.
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. athe characteristic method requires an interpolation scheme

since the four thyorder intagratioo "method needs. two
intomediate solution approximations. An interpolation
schm /—;xld‘ increase the complexity and solution time for:
the ch ac‘:eriatic method. But, the characteristic method
is an est;ablished ‘pProcedure t:g calcujate p;peline transients
a‘nd is an accurate 'tebfesentation of the dist.ributed—
parameter nature oOf the fluid‘pipeline. A mazz‘iagu.between
the pipeline characteristic method and the v'alve mechanism

lumped~-parame ter moéhod is an intoresti\ng avenue for future

!

~ ) ' - ’ .

The lumped-parameter method, as applied t» fluid

/

transient calculations, needs still be x:eli@tt:hedn in many

, areas. Some of the-iniportant ques tions concerned arae:

1] #
|

1. the minimum number of’ seci:iorf‘fss toquired to

>

accurately "repfesent the wave propadativon

spéed and waterhammer pressures
- . 2. methods to minimize the &xcessive f‘:omouting
N ; . i ‘& & - {/ , -

time . .

HEN

o<l

b

!g_._' —
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APPIIDI;\ A

FLOW PASSAGE AREA RATIO PROVIDED BY WIDE OPEMED DISC

The flow passage area provided by the wide opened
disc within the pipe is not known with certainty. As a
first approximation to derive the disc flow passage area,
the opening of the disc is signplified as shown in
Figure A-1. The transverse view, Figure A-lb, ’sho?s the
dis:: of diameter d3 partially opened at angle 8 within pipe
diame ter dl. It is assgmed that the disc is thin with
negligiblé\thiqkness. Also, the transverse thickness of the
hinge arm is_ neglect.:ed. lThiiresuIts in the hinge arm a:iji
disc ‘assembly to form a straight line -pivoting about point
(0). The axial Yiew of the disc partial opening is shown in
Figure A-la. The disc is seen as an ellipse witt;izn the pipe
shown as a circle.' The XY coordinate s;(stem is with

respects to the disc centre. With reference t the figure,

the disc has a major diameter:

A oo
) y !

20a = d3 N - (A.l)
. 'y L

¢ et

and the pipe centre below the X-axis is expressed as:

d; ‘
c = = (1 - cosf) ; .

. b . ‘ 4
The equation for the pipe‘,circl\e is: /
' v

. P
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x* + (y+e)t = (d,/2) 7 AL

PR

When the disc is fully”o\pened, it is assumed that the

di;c is tilted open until its diametet d3 becomes a chord of

the.pipe circle dl' J"%xerefore, at x = a = d3/2 gives y = .

Substituting this condition in Equation A.3 and solving for

the disc full opening angle results in:

)2 (A.4)

s
I

The flow area A, provided by the wide opened disc,

neglecting the area created by the hinge arm interferring

" the €low path, is:

A4' = Al - A3 cosd

where ﬁl is the pipe area and A3' is the disc area.

~second term on the right hand side of Equation A% is the

projection of the disc atea normal to the flow.
Substi\tuting Equation A.4 in Equation A.5 aﬁnd dividing bo th
sides of the equation by the pipe area, results in the flow
pPassage area ratio prov\iéed lby the wide opened disc as:

e
!

2 yer § . | .
Ay 1__(da) . [1 V- (53) ] (a;6)
A d q o
s , : «

e T TV
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APPENDIX B

TEST Ah'ausmsu;r AND PROCEDURE TO VERIFY VALVE ANALYSIS
B.1l Test Azzau;enené

A schematic drawing of the experimental set-up to
verify the valve analysis of Chapter 2 is shown in
Figure B~-l1. A centrifugal pump supplies water to Fhe test
and ‘bypass line. The pump is capable of producing a maximum
head of 39 m of wat;er' and a maximum flow rate of
9.1133 m3/s. Flow through the 58-mm Schedule 40 steel test
line 1is metered by a gl\obe valvegand measured by a

calibrated 80-mm wventuri meter using a U-tube manome ter.

More than 10 pipe diameters preceed the venturi meter to

ensure a fully developed flow. Appendix E shows the ven turi

meter calibration curve.

'

The test valve igs mounted gt:een flanges downstream
from the on-off gate valve that supplies flow to the test
line. The flarmges are counterbored to the outside dJdiame ter
of the test valve to ensure pipe and valve longitudinalLaxis’
alignment. The test valve allows for testing 'the rifice
alone, disc alone, and the orifi;:e and disc together.

Figure B-2 shows the construction of the test valve.

Static pressure taps‘ are located upstream and

t

downstream from the valve. Tap locations are indicated in

P R N R T S S hadend
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Figure B-l, and are based on flow entrance 'deveiopment and
éxiﬁ redevelopment to\ and from - the teét valve. At; each
pressure measuring cross section two 1.6 mm pressure taps on’
opposite ends of, a dia ete\r are connec ted 'togethq\r. The
di'ffe:enti“al pressure etwéen the measuring stations is
obtained with a U-tu manomet‘ex. Be.tween the pressure
measuring stations and manometer are variable restrictions
and volume wells to eliminate manome ter fluctuations. A b
similar narIangement is provided for the /ventuzi me ter
manome ter.

' . :
All manometer spans are 2.54 m, and xﬁanometer fluids
uéed are specific gravity 1.75, 2.95 and mercury 13.58. 'I“he
water temperature is approximately 20 °C. Figure B-;’. shows

&
the pictorial view of  the' test set-up.

&

Table B-1 gives the dimensions of the six orifice and

o
disc sizes tested. An overlap Y = 10.6% is chosen to ma tch
the overlap used in the valve analysis. Orifice to pipe

diameter ratios, d,/d,, are selected above and below the dne

at which minimum pressure drop is expected. '

'

{

B.2  Test Procedure

4

N . : /
Before experimental verification . of the valve
analysis- is performed, tests  are performed on the S@-mm

valve to ensure full disc opening. A clear plexiglass tube
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No orifice . . Disec ~ Rptio
* Diameter d2 {mm) Diameter d3 {mm) dz/dl
1. . 31.5 ., 37.1 0.60
. ) { e
"2 34.1 o 39.7 .65
37 ~ 35.8 “ 42.3 70
, 5 )
4 ] 39.4 44.9 .75 &
5 - 31,5 47.1 .79
6 44,6 50.2 .85
. Valuev size: - 50 mm
1] . I
PifNe diameter &,: ,52.5 mm
Overlap vy: 10.6%"
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)
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of the same pipe diamjtez/ placed directly downstream from
" the valve is installed inn the test position. The test ‘;éﬁlve
included its tension spring. By} intropuc‘ing-flow throwgh'
the test line .the disc ié visually seen fully opened
\"‘muching the plexiglass pipe walls at a Reyno/lds number of

5.608x10* (9.0023 h>/s). . since experiments, on the valve

0
ddes “not include the tension spring and the interested flow

\ . ‘
range is beyond the above mentiongd value, full disceopening.

) ~. 5 4 ¢
1s ensured. <
\ N

The pressure differen;:e along the‘ test 'line for
various typical flqws are first measured with no restriction‘.
in the test positio;l. 'l;he test valve is ?epiaced by a short: ‘
test ring of the same pipé diameter.n This prov{dés the pipe
friction 1loss to be interpolated and subtracted from the
measurement with test restriction§ present. 'T,es't line
pressure loss are always performed on 'each test da’f since
the steel pipe tended to .rust. Alse, the test line is
cleared by water flow for a half to one hour before tests
*are éerformed. '

J .
Various pipe flows with and without test restrictions

2
. . : V4
a(,e adjusted by the metering valve. With increasing pipe
n ~ )

» ¢ i
flow the pump head is readjusted between 25¢ kPa and 3040. kPa
' by .the bypass line. By loading thd™—pump head and 'by'

adjusting the variable resistors reduces -manometer
L
4

fluctuations to 3 mm per le;;.

gz,
' e
. »
- . . °
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"4.57 n/s (2.440x18

T P e | ) ‘ . -
T . -, - 177 9 .. . .
S AL . ’
G - Wh,er;‘ the desi.re‘d steady . flow is obtained the f,lo{v'

-rate is measured by the venturi fne ter and %—tube manome ter.

)

Manometer fluid of specific 'grglsvity‘. ];.75 is used. This
' fluid gives a wide manometer span coiresponding to ‘the flow
‘range of Pnterest. For each restriction under test the-flow

velocity is'adjusted betv‘leén‘, 2.29 m/s "(1.22Gx195"Re) and

> Re). . .

L4
4

”

\ 4 « N
Tes ts are performed .on eighteen di*{e%nt
‘ b . N i
restrictions for . the valve as follows: .

T

{

a. six tests with ’orifice‘ restriction alone L

[}

¢ ' ! [4
5 »

b. six tests with disc restriction alone ,

«\ “ .0 -, / . . .
- : -

c.o Sixctests with corré&onding otifice and disc

tog ether

\ -t

S

. N , 'Y X ’\
. EAch test measures the pressure drop acrosgs the restriction

; ’
" with a U-tube manometer for descrete flows )in' the desired

flow range. Manometer fluids used are speclific gravi;:y 2.95
[ .

"

for lower pressure differences and mercury 13.5? for higher
- PR "

differences.
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»

TEST ARRANGEMENT AND PROCEDURE TO VERIPY-

¢ v

, - RITEPRO VALVE DESIGNS
y o (1" ' ° ’\'
’ ) . ) ot p

v L}

This appendix describes the test. arrang‘ement and

procédu e to ve“l:ify the Ri tepro &lve designs of Chapter 3.

A}

Tests ake performed for valve sizes of , 50-mm, 8@<mm  and

. 10¢-mm. The "experimental set-up for the 56-mm valve test is

+ N
- exactly the same as that described id Appehdix B. For the

} ~
10 -m'nByalve Bize, the test arrangement is similar to the

_Sg-mm test set-up, and is shown in Figure B-1. Only
differences in experh{ental gset-up are described in ‘the
. _ . . A

P

following. P

[ ’

A
~ ’ ' {

Flow through the 1@8@-mm Schedule 48 s‘teél test ;{né

L3

is m‘easur’ed"by a 150-mm venturi meter. A description of the

o, . . ' ", ) .
venturi meter with its calibration curve As. given in

A'épendix F. The test valve is‘ n‘toun.ted betwae‘ counterbored
flanges betweefx the 'test .lir?e.' St'aticé pressure, taps on the
test' link are located upstream and downstream f om the. test
valve. Referring to Figure B-l, t'ap. lc;cation dimensions

are: \ ‘ ‘ N
| (

. . .
. . N
) .. .
. B
N ,
,

.o e e

<

ek




. ) . N r AN .
* These dimensions are Wased on flow development and exit
&£ ' : e - ~ R
- ' .
‘redevelopment to and from the test valve.

.

\

The testoarrangement for the 8@¢-mm'valve is the same
as that used for the 100-mm valve. Referring to Figure B-l,

R on the test line- flange- upsfream from the tdst pgr't is added

a 100-to-80 mm reducer section follow'ed by L.22 m of 80-mm
Schedule 48 PVC . bipe. Following the Wé pipe is a

counterbored flange to ensuffe valve axis alignment. A
. T
N , similar 1.22 m PVC pipe, arrangement is. connected to the
\ 1 ‘

c
the '80-mm valve to be tested.
1 -

! | ‘

~ \ o » R ' !
j:) i The thrs’e sizes of valve tested, both hard and soft

" oA

seal valve -“type, are according to valve dimgnsions’ given
from Tables 3-1 and 3-2, respectively. Tpe‘SG-Em and 86-mm
. ‘ valves éesteQ‘are modified existing Ritepro valves according
to the design dimehsibns. For the 100-mm test a -specially

’ built test. valve capable of ,orificé and disc dimension

» changes is tested. This specially built valve is similar to -

A
the 50-mm valve shown in Figure B-2.

)

For both 5@-mm and 86-mm valve test, venturi

H

‘manometer fluid used is specific gravity 1.75. ‘'Manometer

downstream flange. This arrangement provides mounting of
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% fluid of specific gravity 2.95 is used for .the 1@@-mm: test. ¢

-~

’ ' . These fluids give a wide manometer span correéponding to the.

¢ flow range . of ‘interedit. Manometer fluids used to measure

a~

the pipe friction élobg ‘the test line vand Pressure drop .
. ' - 2 -

t * .
. across the valve are specific gravity 2.95 far . lower

*

differences and mercury 13.58 for higher differences. .'.,,All
} \

i

. manome ter spans are 2.54 m.
\ ’ " ’ . " . -~

- )
. s

"The experimental procedure for all valves tes ted are
\ .

e;:acutly the same as that  described -n eA;ppendix B. /Only

»

. ' differences in test g[rocedure; ‘are described in the.
h ] ‘ . »

fallowing. First, all valves are tested at their full open‘ .
f ’ ‘" position. ‘Al'so, for .the 10@-mm hard seal valve 4 smooth °

orifice is replaced for the orifice with a step and tes ted.

*‘*‘1”‘ . 7 "Then, ‘f{)r “'only the 50-mm ,vaive, a -'spec1-ally built -
. anti-wedging nut provi;iing the li‘mited opening is tested.
, . .

For “ the * 10@-mm valve .the hinge arm is locked by set-screws
at the limit_ed anti-wedging opening and then tested. also,
for the lﬂﬂ-mm_h;rql seal yvalve a smooth orifice is replaced.
for the orifice with ‘a. s‘te and tested. Th.e 8d-mm valve ° is
not tes‘ted( at is’ limited opeqinq. All valves are te:s,ted

i;wig:e for repe:atability.. ' o ' S

-~

L

3.353 m . ' ot

rd
3
"

4.877 m ' .

a
]

\ ' . ' 2 =13
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pictorial view of the valve is shown in Figure D-2, The

' test valve parts has dimensions equivalent to a 160-mm soft,

N APPE{IX I

-  fTest Valve and Test Arrangement

Flow force .measu'rements are performed on Bari aluminum-
’ . &

A .y
\plexiglgss test valve shown schematically in F;ghre D-1. A

¢~

\

-7

seal ;laIVe,. as gix}en in Table 3-2. \The | plexigl'ass valve | /.

bo'd§' design provides a cavxty chamber to house a load cell’

so as to shield )it from the ' flow stream. Loagd cellx.'

célibrapi’on for tension and compressiaon are.ptozided in

Appendix G h ‘ ,
The flow force F is measuredaby -a 3-ba;: linkage w'here P

the load cell is incorporated in variab\lne li_nk-Ef:. The load A

is meagured directly on a ' voltmeter across the,

output

terminals of " the cell. stc openmg angle 0 is determined

by ad]usmng the length of 1ink BC.

“«

:\l

Witr: reference to Figure D-1, the fTLT'Id\gprque. T

1 {
acting on the disc shaft is given by:

oy ) TO=F'K_5-(sin¢°

\
. " . 4 -
where angle ¢ is-a function of link length BC and

n“ » 1 .
‘- 181 -

(D.1)

is given'




(D.2)

6 = cos™! [ﬁ'auxez-ﬁz] J
— 2+AC-BC |
.e \

constant and their

“

o _ ‘Dimensions AB and AC are values are

indicated in Figure D-l.'

s
%

. The test arrangement for, the aluminum-plexiglass

valve is the same as that described in
{ ]

19G~-mm valve size experiments.

re R .
‘ *D.2 ‘Test Procedure . :

© -

. To ensure constant load-cell enviroment for different

flow condi tions, the cell housing 'is bled constantly so as

to  fully submerge the load cell in water . Also, the-

pressure within the cell housing is kept at a éonstant value

in the range between 20 kPa 4and 110 kPa. This pressure is

fn:st measured with no flowby closing the metering valve.
A The 'load due to this pressure ac\:s as a constant bias and is

. sub tracted from the flow1ng force measurements.. Load ~ cell

; readings are recorded ,in millivolts _when the vol tmeter

v

' fluctuations are within 5 mV. Simultaneous readings of the

pressure drop, " the flow rate, and the load on the disc are
b recorded. T}ie procedure to requlate and heasure the . pipe
, flow and to measure the valve pressure drop is similar to

Appendix C ‘for the

’
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‘that described in Appendix C.

v

' The flow force F and .the valve pze‘ssure drop, K AP for ”
various posi tions of disc angle 8 w~versus forward flow rates

are measured. Similérly, by turning the valve around,. the

ey

force Snd, rt‘;hel pressure drop for reverse 'fiow are measured. .

: oﬁly a few test runs were repeated to. ensure repeatability

» L4

for both flow condi tions.
. . \\ - . -~

A

The pressure drop due to the orifice alone is also

4+ -+
KT

)

tested for both forward and reverse flow. This provides the

-

.orifice pressure loss to". be 'subtgacted fz%m the overall

-
valve pressure loss in order to determine the loss
contri)butéd by the disc alone. \

R "' L]
+ - - ‘
< 5 : . |

E * \

“ \ ) T
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ABPENDJE E
8¢-mm VENTURI METER CABIBRATION
. " . -
The 8@-mm venturi meter was obtained from the Civil

Engineering Depa,rtment at Concordia Umversxty. The venturi

metex\,[aasa throat dlameter of 59.7 mm and an upstream

diameter of 72.4 'mm. The venturi meter 1is calibrated

against a 98° V-notch weir, designed by the Civil

Engmeermg Depar'anent accordmg to ASME {26] spec1f1ca-

tions. E‘or fur ther compar:.son, the weir flow rate is

'cgmpared to the flow rate measuredﬂ by a 58-mm type S

lg8-series Trident flow meter manufactured by the Nept\zne
Measurement Company. The flow range for the Trident meter

is from G'.GBGlm:‘/s to 0.6101m3/s, while the flow range - for

‘

_thé weir is from G.GGl3m3/s' to 0.G¢9§m3/s. ‘ The venturi

" meter flow rate is measured in terms of its pressure drop by

a b-tube manometer in millimétersoof specific gravity 1:75
maanometer flgid. The data for the irentu_ri meter calibrated
against the flow measured bf the weir and by the Trident
flow meter is givgn in Table E-1. The -difference in flow
rate measurements between the Trident meter with respéct t:o~
the erir is small. Also given in the table ;}s the flow rate
calibraticn equation for the venturi me ter in terms of

manome ter fluid height. Figure E-1 shows the venturi meter

callbratlon curve in height of manometer fluid w1tb respects

/ to the weir flow measurements.



’ v
Pl
' f - 188 - !
kY -
\ ¥
- " - - 2 a
~ Venturi 90° V-Notch Trident | % Difference ‘
No. h-mm of Wesir3 Flow3 Meter ‘'with respect|"
Sp.Gr. 1.75 | Qx10°m"/s) Px10°(m°/s) to Weir h
- = 3 “( f B
1 33 2,554 2.61 2.4 -
Kk 65 3.84° 3.57. 0.8 ,
1 3 130 5.07 4.98 1.7 |
' 4| 175 “5.52 : 5.89 6.7
5 /214 6237 6.40 - » 0.4
) |6 263 7.14 7.08 /-0.8 .
o 7 288 7.39 N 739 0
g 329 7.96 7. . -0.7 &
9’ 339 8.38 8.24 -1.7 -
R T I 388’ . 8.61 8.55 -0.7 )
; - 4
T1 ) 425 . 8.89 8.92" 0.3
A ) i ,q’q . *
12 458 9.37 9.29 #0:9
. 13 487. - . 9.51 9.54 0.3°
aedih 1 S
) 14 512 9,85 . 0 9.77 " ~-0.8 .
\ ' ! . o \;
; ™ ‘ ' :
: ) Weir: log Q ='0.4956 log h - 3.3473 .
' \ - . < ! ]
. . ( .
Trident: - log Q =v0.4842 log p - 3.3217 .
) ~ ‘ 3
) ) pv 4 i : " )
. . .‘ o - a
TABLE E-1. BQ-mm Venturi Meter Calibration Data “ .
o . Y ( o 1\ !
B ' > - i ' .
®, P
/
) ’
\y . : °‘ . < i K
1 T l
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APPENDIX i? '
¢ 156-mm VENTURI METER éar.mua'rmn
AN »

The 150-mm venturi meter hds a t'hroat diame ter o'f'

89.1-mm ahd an #pqtream diameter of 146.1-mm.. The venturi

meter is designed according to ASME [26] specifications. _A

_detail drawing of ths venturi meter is shown ih Figure F-l.

The venturi meter is calibrated against a " 68° V-notch weir

according ASME [26] spe’ciffcations by the Civil

‘Engineering Department at Concordia University. The flow,

range for the weir is rom )}WﬂBmB/s to 0.0425m°s.

Table F 1 gives the calxbratmn data for  the ventun meter.

’ »

The venturi meter - pressure drop corresponding to the pipe
flow tatewméasured by the weir is in millimeters of
manométer fluid. Manometer ﬁ:luid}f specific grav_ity 1.75
is used for low ,flcw. rates; while the. fluid' oi specific
gravity 2.95 is used for higher'flow rates. The venturi
me ter flow cal}bration eqtjation expressed in h':ight of
manometer fluid spgcific gravity.2.95 is given in the table.
Thé calibration curve for th; venturi meter is shown in
Figure F-2 plotted against manometer fluid of specific

gravity}.QS. . ‘ .

- 198 -
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Venturi 60° V-Notch ®  Venturi 60° V-Notch
N h-mm of Weir H-mm of Weir
~ | No.| Sp.Gr. 2.95 No. | 'Sp.Gr. 2.95| - :
(Sp.Gr. 1.75){Qx10°% (m?/s) (Sp.Gr. 1.75)|Q x 10° (m?/s)
£ : A
. )

1~ (24) /  3.88 ° 16 (657) 20.39

2 b (38) 4.98 17 | B (708) 21.18

3 (50) * 5.64 18 ° (757) 22.00

4 (69) '6.68 19 307 22.63

5 (102) 8.13°  fl20 | . 370 . 24.83

6 (151) 9.88 .|l 21 414 26.25

7 (203) 11.50 {22 | .., 466 . 27.89

8 (255) 12.88 23 518 29.39

9 (30%) 14.02 24 569 30.75

10 (354) 15.18 25 612 31.97

©n (404) 16.17 26 _ 663, 33.39

12 |. (457) 17.10 27 715 34.57

13 (505) 17.98 28 817 3684

14 (556) 18.86 _ 29 975 40.13

15 (606) ,19)y4& | 30 " 1082 . 47.16

— :
log Q = 0.4990 1log h - 2.8864
' Q(m3/s) h(mm of:Sp.Gr. 2.95)

.

~

TABLE'F-1. 150-mm Venturi.Meter Calibration Data .
A%

e oty
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. . APPENDIX G »
\\ - ' LOAD- CELL CALIBRATION
The force transducer used to meagﬁre the flow forces
‘acting on 'the valve .disg is a type. TC-2000-100 -
bi-directional load cell manufactured by Ku¥ite
Semiconductor Inq: The 1load cell is cofiprised of a
“
Wheatstone semiconduc¢ctor bridge, compensated for thermal
. ‘ : ) ‘
changes. Force measurements are read' directly from a ,
’ milli-voltmeter connected across the output terminals. The
load cell specifications are: ) 5/
‘ ) ]
NS . ° .
’ " Rated load : 444.8 N (10@ 1lbg) &
. Diapharm thickness ¢ @.74 mm (@.629 in) . {
Nominal deflection : _ 0.818 mm (0.60@¢7 in)
Natural frequency : 5.4 kHz
Overload : 150% .
. - ) . 7 . -
Operation mode : tension and/compre551on ]
. . |
Rated electrical excitation : 1@ VDC/AC (RMS) R

Maximun eléctrical excitation : 15 VDC/AC (RMS)
Input impedence : 2047 ohms N

Output impedence : 788 ohms

. ) -t
o Full scale.,output : 155 mV FSO (nominal)
’ R . \\ AN . ' A
Residual qutput : +2% .

. Non-ligearity : @.5% FSO
Hysteresis : @.1% FSO

Repeatability a-.0.1%
5 @

- 194 -
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Resolution

infinite

\ 2

, Y
Opérating temperature range -40 °Cc o +120 °c.

-
-~ . 4 1

. L3
H 14

- The’ calibration data for the lq;d cell, for tension

and for compression, is given in Table G-1. Both modes of

~

operation pas the .same<slope. The tension data are ploﬁtéd
in Fﬁgure G-1. Also plotted on tﬁe same figure is‘ the
compgession data. Thué, given ﬁny '?nitiali static load ot
read?ng from the voltmeter, the force difference - from ‘the

initial load ié calculated by knowing the - transducer

] ; by
calibration slope. .’ . : , . o
'-/ -
)

b W\ - -

‘ Al

w - - '

. /‘ 4

-

T
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-~ .
ARSI
; No. » TENSION .. COMPRESSION o
CS P SR S ) my (+)
(o] ! ‘
) P! 5.8 16.8 | 19.1 °  -1l.0
PR 2 28.0 26.9 , 36.9 - 3.1
3 50,3 37.8 54.7 4.8
4 72.5 4.4 72.5 12.3
- 5  “| 117.0 67.7> 90.3 20.6
6 161.5 88.1 , 108.1 28.3
‘ 7 237.1 _ 121.8 125.9 37.3
J g' 259.3 131.9 143.7 44.5
‘ 9 281.6 142.0 161.5 52.9
10 326.0 161.6 | 179.3 61.0
11 397.2 193.3 | 197.0 68.9
: 12 \ 214.8 77.2
- r sy
3 SLOPE )
-2.20 ~2.20
* (N/mV) . .
. TABLE G-1. Force Transducer Calibrdtion Data
) \ vt A
s @ ° ) "' .
. . .
. ) *

cm—-a
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Figure G-1. Force Transducer Calibration-Curve
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LA ’ ' APPENDIX H

FORTRAN PROGRAM LISTING OF VﬂLgE—PIPELINE SIMULATION

PROGRAM MAIN (INPUT,OUTPUT,TAPELl)

~

***********;*************i*****k*********************f****
) . L]
C THIS PROGRAM SIMULATES THE TRANSIENT FLOW AND
- C CHECK VALVE .RESPONSE FOR THE P;PING SYSTEM
C DESCRIBED IN CHAPTER 6. .

RhkhkhhkhhkhkhhhkhkhkxhkhkhhhRhhhhhhkhhkhhkhhkhkhkhhkhkhhhhhhhkhhkhrhhdhnrd

' i

DIMENS ION ¥ (44) ,F (44) « /

C N = NUMBER ;OF DIFFERENTIAL EQUATIONS ,
N=44 . g . k
M=0 A s . o
ICOUNT=0@ ; : '
DUMMY=0. 0. '

CALL SPLINE(DUMMY)

X=25.0 .. ‘
H=.00005 '

STEP=H, . \ o
H3=H/100g. , - ' )
DT=.1 . ' ‘

DTOUT=X+DT
TMAX=36, © , , g

* INITIAL CONDITIONS FOR PIPES :
HR=150. : T~
QV=0.0
DO 5 1I=1,10
Y (11)=158.

Y (11+20)=158.
Y(II+10)=0.0

5 Y(II+31)=0.0 | ‘
Y (31)=150. .

* INITIAL CONDITIONS FOR THE SWING-DISC CHECK VALVE
YU(N-2)=8.0 ‘

‘Y (N-1)=1.0472
Y (N)=4.9161E-04

1¢ FORMAT(1H1,3X,*TIME*,6X,*CVN*,6X, *ANGLE*, 19X,

+*PIPE 1 / - PIPE 2%,62X, *DTETA*)
15 FORMAT(IHG 2(2X,F7. 4) SX F8.4,3X,*H=*,6 (2X,F7. 3) 2X,

- 198 - : o

. . .
‘ - 1
. . ‘ . . .
. : ° o / ' -
. -
. ‘ LW , e . . S

~ B & e T R - e -t
[t s . SN SRR . L5 53 138 ks C




‘h; - 199 -

. +*TCY=*,E13.6,/,35K, *Q=*,6 (2X,E7.4), 3K, *PA=*, E13. 6,
. +8X/E13.6)
-20 FOR MAT(35X,*H-*f6(2X,F7.3),2X,*CND=*,E13.6,/,35X,
$#Q=* 6 (2X,F7.4),2X, *TO=*,E13.6)
b N
CALL PIPE(N,HR,QV,Y,F) N F
CALL VALVE(N,Y,F,PA,CVN,ANGLE,DTETA,QV,CND,TO,TCY) /

‘PRINT 10 N
PRINT 15,X,CVN,ANGLE*57.29578,HR, (Y(J) J=2\,10 ),
+TCY, (¥ (J),J=11,19,2) ,Qv,PA,DTETA
PRINT 208,(Y (J), J=21 31 2), CND (Y(J) ,Jd=32,40,2)
+ Y(4l) TO

. c INTEGRATION. s e s 00

30 CONTINUE

CALL RUNGE (N,Y,F,X,STEP, cOUN?)

IF (ICOUNT.EQ.8) GO TO 40 ] ‘29-
35 CONTINUE

.,

+ # * RESERVOIR HEAD VARIATIONS * * * *
./ .
IF (X.LE.1.9) “HR=1540.
) g((x.GT-I-G) oANDv(X-LE.l.S)) HR=®'G.*X-1590
F

((X.GT.1.5).AND. (X,LE.15.)) HR=304,
((X.GT.15.).AND. (X,LE.15.5)) HR=-400.*X+6300.
IF (X.GT.15.5) HL=100.

. CALL VALVE(N Y,F,PA,CVN, ANGLE DTETA,QV,CND, TO,TCY)
CALL PIPE(N,HR,QV,Y,F)
GO TO 340 v

C PRINTING CONTROL ’ \
40 CONTINUE
IF ( (X .LT.DBOUT+H3) .AND. (x GT.DTOUT-H3)) GO TO 50
' GO TO 35 i . , \ ¢
5¢ CONTINUE
DTOUT=DTEUT+DT
PRINT 15,X,CVN,ANGLE*/57.29578,HR, (Y (J),J=2,10,2),
+1CY, (Y(J) J=11 19,2) ,QV,Pa, DTETA '
PRINT 24,(Y (J), J=21 31 2), cnn tY(J),J=32,4e,2),
+Y(41) ,TO
 IF (X.GE.TMAX) STOP
GO TO @5 - -

AR

END
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., SUBROUTINE RUNGE (N,Y,F,X,H,M) o

P
o222 AR R SRR a2 Xt R X2 R 22 X2 AZCEREZS R

1) FOURTH-ORDER RUNGE-KUTTA INTEGRATION METHOD
2) KUTTA'S COEFFICIENTS A=1/6 B=1/3 C=1/3 D=1/6
3) INTEGRATE SYSTEM OF N SIMULTANEOUS FIRST ORDER

° DIFFERENTIAL EQUATIONS F (J)=DY (J)/DT ‘
WHERE J=1,2,.....,N

4) SUBJECT TO INITAIAL CONDITIONS Y (J) . v
. WHERE J=1,2,.....,N '

5) INTEGRATION ACROSS ONE STEP OF LENGTH H IN

- INDEPENDENT VARIABLE X . :

6) METHOD REQUIRES 4 CALLS, PASSLl)........PASS(4)
7).  N-NUMBER OF DIFFERENTIAL EQUATIONS
Y~SOLUTION VECTOR
F-DERIVATIVE VECTOR

KOOOOOOOOOODOOO

M-DUMMY VARIABLE TO TELL CALLING PROGRAM IF

M.EQ.@ H STEP COMPLETED _

M.NE.@ H STEP NOT COMPLETED - <::f
SAVEY-USED TO SAVE INITIAL VALUES OF Y(J)' ‘
SAVEF -WEIGHTED AVERAGES OF DERIVATIVES

8) VARIABLES WITH DIMENSIONS MUST BE STATED IN
MAIN PROGRAM'S DIMENSION STATEMENT

Q. a0

SOURCE: REFERENCE [27] PP.361-380 - g

************************t******;ﬁ******************t*******

’

DIMENSION Y (N),F (N),SAVEY (44),SAVEF (A}
(S

M=M+1 °
GO TO (1,2,3,4),M

\ Cloio\o- PASS l s 000

L DO 16 J=1,N, 5 .
SAVEY (J) =¥ (1) \
SAVEF (J) =F (J) : ™

16 ¥ (J) =SAVEY (J) +8.5*H*F (J) - L,
=«+e 5*H .
RETURN

Cueeeos PASS 2 L0inees § . . .
2 DO 20 J=1,N . ' o .

SAVEF (J) =SAVEF (J) +2.8*F (J) T ’

N +20@ Y (J)=SAVEY (J)+@.5*H*F (J) s BN
~+ RETURN . \

Ceveve. PASS 3 ...... , ,
3 DO 30 J=1,N - | : ?
SAVEF (J) =SAVEF (J) +2.0*F (J) L
36 ¥{J)=SAVEY (J)+H*F (J) ‘ ) '

\

" ]

H-STEP SIZE ’ ' \




X=X+@.5*H
RETURN

. * Y f . .
C..--.. Phs LI S N . M
4 DO 0§J'1 ' |
40 Y(?)'SAVEY(J)*(SAVEF(J)+F(J))*H/67.ﬂ
M=0 ,
RETURN - -

END
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. SUBROUTINE PIPE(N,HR,QV,Y,F)

A )

-**************************t***********t********************

}BTS SUBROUTINE CALCULATES PIPE HEAD AND FLOW

c
C DERIVATIVES REQUIRED FOR THE\RUNGE-KUTTA INTEGRATION
C ROUTINE. y :
. A
C WITH REFERENCE TO, FIGURE 6-4, FOR I=1 TO 18 B
, . _
C F(I)=DH(I)/DT : Y(I)=H(I)
C F(I+18)=DQ(I)/DT . Y(I+10)=Q(I)
- 7
C F(I+20)=DH(I+10)/DT Y (I+20)=H(I+24) .
C F(1+30)=DQ(I49) /0T Y(I+30)2Q(1+10)
c ‘¥441)=DH(TANK)/DT Y(41)=H(TANK) -

1 , -
RARKRERRRRR KKK AR AR AR R R AR A AR R AR AR Tk Rk kR kR kA hkd ok

s

¢

DIMENS ION Y(N) F (N)
DATA XRE,XCA,XIN,XCAH/289. 75%2,1. 3187E égs, 189 576,
" 4+6.5937E- ﬂﬁ/ | R

" . 4 2

DO 18 I=1,9 ’ , ' -

I11=1+10 s. e - - K&:

112=F11+1
YI12=Y (112)- ) -
F(I)=(Y(I1l)-YIl2)/XCA

19 F(IlZ)—(Y(I)-Y(I+l)-XRE*Y112*ABS(YIlZ))/XIN
Y1l=Y(11)
F(11)=(HR-Y(1)- XRE*YIl*ABS(Yll))/XIN
F(1@)=(Y (20)-QV) /XCAH

. DO 20 J=22,3@ \ ' 14/

332=3+418
333=332+1 - o ‘
YJ33=Y (J33) .
F(J)=(Y (J32)-YJ33)/XCA \

20 F(J33)= (Y (J)-Y(I+1)- xRE*YJ33*ABS(YJ33))}&1N )

© ¥32aY(32)

L& F(32)=(Y(2]})-¥(22) XRE*Y32*ABS(Y32))/XIN
~ F (21) = (QV-Y32) /XCAH . ,

F(31)=0.0 -

- . RETURN ) -

13

END ' o | L,

™S
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. - SUBROUTIyE VALVE(NN,Y,F,PA,CVN ,ANGLE, DTETA QV CND,
+T0,TC¥) s

A

*********‘*******ﬁ*****t**********i**ii*************ti*****

-

C DYNAMIC SIMULATION OF THE HYDRAULIC SPRING-DAMPER ) ,
C SWING—DISC‘CHECK VALVE. - &

C REFER 70 CHAPTER 4 POR DETAILS. ' '

¢ _ ***************i*t*****************************************

“ A4
-

DIMENSION Y(NN) ,F (NN)
LOGICAL SET1,SET2,SET3,PDY,UPCU4LOCU

LOGICAL\PTDF,NTDF,OPHD,CLHD :
i"‘J
‘ DATA Al,A2,XJ/2.3742E-03,3. 1613E-63,1.0122E- gLt
’ DATA RV,RC,RUC,RLC/5. 1348E+13 3. 8511E+12 2. 5674E+13
. +,2. 0539E+l3/ .

' ‘DATA VAO,PAO/4 ,9161E-04,1034214.8/ -

COMMENT ** 'DTETA','TETAl', 'AND 'VA' INITIAL CONDITIONS

c MUST BE PASSED FROM MAIN PROGRAM )
N=NN-3

DTETA=Y (N+1)
«T TAl=Y (N+2)
VA=Y (N+3)

) . C** THE| ACCEPTABLE ANGULAR DISPLACEMENT VALUE 1S FR0§ @. TO

R 0472 RRAD N

SEY1=TETA1.LE.G.0 c . '

SET2=TETAl.GE.1.0472 ' ) L
SET3=SET1.0R.SET2 .
TETA=TETAl
IF (SET1) TETA=8.8 . ‘ ‘ .
IF (SET2) TETA=1.0472 : o

C** HYDRAULIC ACTUATORFDISPLACEMENT .
YY=SQRT (4.9677E-02-4.0311E-B2* (COS (8.5877+TETA)))
C** TO FIND ANGLE ALFA , )
| FN= (YY*YY-3.9032E-02)7 (6.20324¢Y)
. ALFA=ACOS (FN) .
C** HYDRAULIC ACTUATOR VELOCITY - ,
C' WITH PHYSICAL LIMITATIONS IN CONSIDERATION
IF (SET3) GO T 70 :
. DY=4.8311E- HZ*S;N(0.5877+TETA)*DTETA/(Z.*YY) '
- GO TO 8¢ ,
76 DY=0.0
.88 CONTINUE

' /
C** ROD END FLUID FLOW RATE

e
. L e e s et o v e o oa g —t s Atnentatsy o T
] N ,
¢ .
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Ql=A1*DY -~

C** DPISTON END FLUID FLOW RATE

C R2=A2*DY -

C**° ACCUMULATOR FLUID FLOW RATE )
QA=Q2-Q1 . -~

C** INSTANTANEOUS ACCUMULATOR PRESSURE ~
PA=PAO*VAO/VA

Pl=PA - ‘ T

. N *

C** POSITIVE ACTUATOR VELOCITY A

PDY=DY GT.0.0 ’
C** UPPER CUSHION REGION IS 1. QGSGE—GZ M FROM THE END OF
STROKE J

' UPCU=YY. GT ¢.2096

C** ﬁOWER CUSHION REGION IS 1.905¢0E-@2 M FROM THE END OF
STROKE ° .

LOCU=YY.LT. 0 1461 )

/ \ -

C** THE P2 VALUE DEPENDS ON THE FLUID RESTRICTION
IF (PDY) GO TO 108
IF (DY.EQ.8.08) GO TO 126
" IF (LOCU) GO TO 94

P2=P1+RC*Q2*Q2 4 .
GO TO 138 , %« .

9¢g P2=P1+RLC*QZ*Q2 tagl
GO TO 130

198 IF (UPCU) GO TO 118
P2=P1-RV*Q2*Q2

" GO TO 1390

11¢ P2=P1-RUC*Q2*Q2 .
GQ TO 130 © A}

120 p2=P1 .

1390 CONTINUE

ANGLE=1.0472-TETA" ' e
: HEADL=Y (16). ' ' o

HEADR=Y (21) . B ‘ ) '

ANVEL=DTETA e ‘

IF (SET3) ANVEL=20.d

CALL CVNCND (ANGLE,ANVEL,HEADL, HEADR CVN,CND,QV, TO)

C** HYDRAULIC CYLINDER TORQUE AT ANGLE ALFA . .
° TCY= (P2*A2-P1*A1) *SIN(ALFA) *0,1016 :
C** DISK ANGULAR ACCELERATION IS OBTAINED FROM DIVIDING

c TORQUE DIFFERENCE BY INERTIA )
TDIFF-(TQ}-TO)/XJ : ,“x

)
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‘

C** WHEN LIMIT CONDITION IS SATISEIED THE ACCELERATION IS

SET T0 ZERO .
PTDF =TDIFF .GE.0.6 )
NTDF =TDIFF .LT.0.0 ’ .

‘ - OPHD=SET1.AND .NTDF
: CLHD=SET2.AND.PTDF | ‘ . ’

TDIFF1=TDIFF ’ : '
IF (OPHD.OR.CLHD) ‘GO TO 20

- . GO. TO 30

28 TDIFF1=0.0 o ' -
' DTETA=6.0
Y(N+1)=DTETA : . : :
Y(N+2)=TETA S
- 30 CONTINUE ', ! : -

C*#* T0 FIND, ANGULAR VELOCITY BY IfNTEGRATING ACCELERATION
. F(N+l)-TDIE‘F1 ; ’

.‘. | ‘:, 4, | ,(‘\

C** TO FIND ANGULAR DISPLACEMENT BY INTEGRATING ANGULAR .
VELOCITY ‘ S
F (N+2) =DTETA . .
. ’ e , |
C** THE COMPRESSED GAS VOLUME.IS OBTAINED BY INTEGRATING
C  THE ACCUMULATOR FLUID. FLOW RATE 1
F(N+3)=QA : :
RETURN
END

. . '
. . .
\ ¢ - j
) . R ) A
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SUBROUTINE CVNCND (ANGLE,DTETA ,HEADL ,HEADR,CVN,CND

+,QV,TO)

. . ’
***t***********************************i******************

9] aO0On0n0N

**************t***************;*****}**************f*******

THIS SUBROUTINE CALCULATES THE FLOW COEFF ICIENTS
TO DETERMINE THE SWING~-DISC VALVE PRESSﬁRE DROP AND
THE NORMAL' DRAG COEFFICIENT TO DETERMINE THE FORCE

PCTING AGAINST THE VALVE DISC.

REFER TO CHAPTER 5 FOR DETAILS. ¥~

COMMON /BLK1/P (4, 14) Q(4,l4) R (4, 14) S({,l4)
COMMON /BLK2/XX (4, 15) YY(4 15)

COTMENT:/THIS'SUBRdUTINE IS IN BRITISH UNITS,
©C .

1-FEET = 0.3048-M
REAL KL3,KL3I

DATA Al, AZ A3,AL/3.4741E-01,2, 3644E Gl 2.7688E-01

{+,0.375/-
DATA AlINCH/50.0278/

DATA D3D1S,RO2CON,HLRAC/0.797,14. 5311 1.3627E-01/

DATA CVIF CVlR/l 5163 @.7746/

IF (ANGLE.GT.8.)d) GO TO 18

CVN=@ .0 .

CND=@ .0 , ‘ I
~TOs(HEADL*Az-HEADR*Aa)*104 ry

QV=0.08 _ . N

RETURN

10 DEG=ANGLE*57.,29578

‘COST=COS(ANGLE) o v

SINT=SIN (ANGLE)
ARAT= (-0.948+1.7039*COST+1.2696*SINT) /ALINCH"
Z=1.6~D3D1S*COST-ARAT
25=(2-1.0)**2
IF(HEADL.LT.HE?ﬁR)‘GO TO 100

-

*AKRRHRRAR*X F OR WA RD . F L QW *rSasxshsnn

K=0
DO 20 J=1,14 '
K=K+1

20 IF ((DEG.GE.XX(1,J)). ANDz(DEG LE.XX(1,J+1))) GO TO 3¢
\, 30 DIFF=DEG-XX(1l,K)
KL31=P (1,K)+DIFF*(Q(1,K)+DIFF*(R(1,K)+5(1, K)*DIFF))

& CNDI=P (2,K)+DIFF*(Q(2, K)+DIFF*(R(2 K)+S(2,K) *DIFF))

KL3=1.0/KL3I
CND=1 .0 /CNDI

Yy

e




I e R

2 100

120
130

/i

CV2=2/SQRT (KL3+2S) . s
cvu:cvm*cvz/soa'r(cvm*cvmwvz*cvz) ' 4
QE=CVN*A1*SQRT (HEADL-HEADR) *RO2CON
QV=QE*2,8317E-02 ,
VP LOW=QE /A2 .
VARM=AL*DTETA*COST ,
EL=VF LOW+VARM - :
VEL=VREL*ABS (VREL)
TO=HLRAC*VEL*CND
(-VARM. LE.VFLOW) RETURN
= (HEADL*A2- HEADR*AB)*164 g

\

, -/,

KkkRAXKXARXEXY R E VER S E FLOTW **atnsssans

CONTINUE > !
K=0

DO 120 J=1,14 ‘ :
K=K+l ' :
IF ((DEG.GE.XX(3,J)) .AND. (DEG.LE.XX(3,J+1))) GO TO 130
DIFF=DEG-XX(3,K) °
KL3I=P(3,K)+DIFF*(Q(3,K)+DIFF* (R (3,K)+S (3,K) *DIFF))
CNDI=P(4,K)4DIFF*(Q(4, K)+DIE‘E‘*(R(4 K)+5 (4,K) *DIFF))

' KL3=1.0/KL3I .

CND=1.0/CNDI.

CV2=7/S5QRT (KL3+2S)

CVN=CVIR*CV2/SQRT (CVIR*CV1R+CV2*CV2) ,

QE=CVN*A1*SQRT (HEADR- HEADL)*RO2CON ‘ , o
QV=-QE*2,8317E-0@2 . '
VF LOW=-QE /Al , .
VARM#AL*DTETA*COST

VREL=VF LOW+VARM
VEL=VREL*ABS (VREL)
TO=HLRAC*V:EL*CND

IF (VARM.LE.-VFLOW) RETURN

. TO= (HEADR*A3-HEADL*2)*1¢4.0 ' : _
CND=@.0 ‘ : C : . A

RETURN ;

END
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SUBROUTINE SPLINE (f)UMMY)
«
LA R Ly Y R R I

THIS SUBROUTINE CALCULATES THE NATURAL CUBIC SPLINE
INTERPOLATION CURVES GIVEN IN FIGURES 5-6 AND 5- =Ts.
RESPECTIVELY FOR FORWARD AND REVERSE FLOW. DATA
CORRESPONDING TO FIGURES 5-2 AND 5-3 FOR FORWARD FLOW
AND FIGURES 5-4 AND 5-5 FOR -REVERSE FLOW ARE READ
AND STORED AS FOLLOWS: . .

XX (L,N)
YY(L,N)

By

¥

DISC OPENING ANGLRS
DISC ENTRANCE LOSS COEFFICIENT (1/KL3)
OR THE NORMAL DRA\E\COEFE‘ICIENT (1/CND)

1/KL3 FORWARD FLOW
1/CND FORWARD FLOW )
1/KL3 REVERSE FLOW \
1/CND REVERSE FLOW
) Q

CCoe -

Won oUW

OB WN
13

5 EACH FIGURE FROM FIGURES 5-~2 TO 5-5 HAS
14 EXPERIMENTAL AVERAGE POINTS PLUS 1
ADDITIONAL DATA FOR THE CLOSED DISC

=
1]

THE NATURAL CUBIC SPLINE COEFFICIENTS ARE €CALCULATED
AND STORED IN ARRAYS P, Q, R AND S WITH INDICES (L,K).
INDEX L IS DESCRIBED ABO\ZED. INDEX K IS 14 SINCE
THERE ARE 15 DATA POINTS.

~
C THE NATURAL CUBIC SPLINE ALGORITHM WAS, OBTAINED
C FROM REFERENCE [28}, PP.1l16-121.

*************************_********************i*******t*****

COMMON /BLK1/P (4,14),Q (4,14) ,R(4,14),5(4,14)

' COMMON /BLK2/XX (4,15) ,YY(4,15)

DIMENSION X(15), Y(15) (AL(14) ,U(15),V(15) ,W(15)
DIMENSION B(14),C(14),D(14)

L=0 ,
A 5 LaL+l ‘ NI
READ (1, %) N : -
DO 6 M=1,N’ :
6 READ(1,*) X(M),¥(M)

Nl’N:—l l . ' [
N2=N-2 T ‘ |
DO 18 I=]1,6N2

10 AL(I+1)=3. G*(Y(I+2)*(X(I+l)-X(I)) Y(I+l)*
+(X(I+2) -X(I)),
++Y(I)*(X(I+2)-X(I+l)))/(X(I+2)-X(I+l))/(X(I-I-l)-X(I))

U(l)=1.9@ ’ '




v o

e e e S b

V(l)=0.0 |

 W(l)=0.9 | g

\

DO 20 I=1
U(I+l)=2. &*(X(I+2)-X(I))—(X(I+l)-X(I))*V(I)

- V(I+1l)= (X (I+2)=X(I+1)) /U (1+1)

. 20

W(I+£)=(ALPI+1)-W(I)*(X(I+l)jx(I)))/U(I+1)
L U(N)=0.0

C(N)=8.8 \
. JaN-1 S

A

C (I =W (J)~V(J)*C(J+1Y)
B(I)=(Y(J+1)-Y(J))/(X(IJ+1)-X(J)) .
+=(X(J+1) =X(J))* (C{IJ+1)+2.0*C(J))/3.0
D(J)=(C(J+l)-C(J))/3 0/(X(J+l)—X(J))
J=J-1 &
IE(J.GE.1) GO TO 3¢ /

DO 48 K=1,N1

P (LK) =Y (K) (4

76

8¢

Y
/ 100
119

v o g £ i

Q (L,K) =B (K) 3
R (L,K) =C (K) \

§ (L,K) =D (K)

XX (L,K) =X (K)

YY(L,K) =Y (K) - , ~
YY (L,N) =Y (N) '
XX (L,N)=X(N)

KPRNT=0
IF (KPRNT.NE.1) GO T0 110 . .
DO 80 K=1,Nl

PRINT 70,L,K,P(L,K),Q(L,K),R(L,K),S{E, &)
FORMAT (2X, 215, 3X, 4(E13. 6) ,/)

CONTINUE

DO 166 K=1,N Y
PRINTs 98 , XX (L,K) , YY (L, K)

FORMAT (2X, *DEG=* ,F9.6, 18X, *COEFF=* ,E13. 6 /)
CONTINUE

CONTINUE

IF (L.EQ.4) RETURN
"GO TO 5

END

b s 4 e o Bk ey & = e PR
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PROGRAM DATA

15

5.25
10. 24
14.99
20.16

S24.71
29.73

34.54
39.98
44.87
49.71
5463
60 . 28
64 .97

69.97

15
e. -
5.25
19.24
14.99
20.16
24.71

29.73

34.54
39.98
44.87
49.71
54.63

69.28
64.97

69.97

¢.3889
1.2253
2.3305
2.3213
1.7819
1.5785
1.4806
1.5564
1.6567
1.8083
2.1164
2.8514
3.7397
5.9137

@

'9.92953

@.085959
9.08621

‘0.1018

8.1879
@.1305
6.1628
@.2254
@.3110
8.4151
g.5851
@ .8865
1,2806

21935
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B |
g. g.
4.70 g.6501
9.60 3.560
14.99 5.8480
26.27 2.9061
24,74 1.6955
29.70 1.7224
34.35 2.0161
40-.00 1.7618
44.89 1:5848"
49.92 X 1.5387
55.22 1.5853
69.34 1.8215
65.00 2.3283
69.97 3.2552
\
15 C
g. . -
- 4.70 8.91124
9.60 9.92983
14.99 8.83808
. 20.27 . 0.@3932
24,74 @.d3771
29.70 §.34853
~ : 34.35 —  0.06459
| 40.08 _ 0.88294
‘ " 44.89 .0.1008 .
- 49,92 ° d.1277
55.22 g.¥27
60.34 ¢.1903
" 65.00 g.2379.
69.97 6.3667 .

‘o ! .
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