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VALVE STROKING TO CONTROL WATERHAMMER

Victor L. Streeter,l M, ASME

The usual approach to waterhammer is the analysis of a given
situation, such as the closure of a valve in a system, or perhaps the
failure of a punp. Friction is usually neglected, or at most lumped
at one or more discreer. points, Either numerical analysis(l) or

(3,4,5)

graphical analysis(l’g) has been used, with some work dealing
with Bessels functions and linearized friction terms, Thisg paper
takes a completely different approach to the problem, considering

the rate of valve motion and the pipe system as a unit, to be designed
for arbitrary maximum pressure without backflow and without separation
of fluid column,

At present valves are not on the market in a form so that
they can be closed easily according to a special prescription,
Development work is required, but would be well worth the effort owing
to economies resulting from pipeline design, or in improving control
system operation.,

Laws, or relationships, are developed for the closing or
opening of valves to control the flow throughout the pipe systemn,
usually with uniform pipe flow during significant phases of valve

operation. TFriction is included, proportional to velocity squared,

or to any selected power. The valve motion may be worked out easily

L professor of Hydraulics, Civil Engineering Dept., The University of
Michigan, ’
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with slide rule or desk calculator, but the analysis of the systems
havé been carried out by high-speed digital computer (IBM T09) to
prove out the effectiveness of the methods,

A simple_first—order-accuracy method of solution of water-
hammer has been ﬁofked out - first, based on the method of Streeter
and Lai(é), and 1is used for most of the computer work in the study,
The problem of closing a valve 1s first considered, with and without
the effects of fluid friction, The next type of solution is the
opening of a valve to control water hammer, and finally the closure
of a valve in a system of twenty sections of pipe of different wall

thicknesses is undertaken, including effects of friction,



WATER HAMMER EQUATIONS

In this section, starting with the equations of motion and
the continuity equation applied to the fluid in a short pipe segment,
the equations for water hammer with nonlinear friction are developed.
From Figure 1, the equation of motion is applied to a fluid element,

yielding

—7AHXdX - TOﬂDdX = gﬁ dX %%
in which y 1is the specific weight of fluid, A the pipe cross section,
H is head, s the wall fluid shear stress, D the diameter of pipe, T
the time, the distance measured downstream, and V the average veloclity.
g 1is the acceleration of gravity and variable subscripts indicate partial
differentiation. ©Since Ty = ofV2/8 with £ the Darcy-Weisback fric-

tion factor, and with p the density, and Hf = fLV2/2gD, with He the

friction head loss in length L, the equation of motion reduces to

i
+
= !ﬁm

1 .
+ = + VV ) = 0

(o)

the term VVX may be shown to be small compared with.VT for pipes, and

is neglected, leaving

jus]
=

\Y%

f v
H 4 —
X L

” |

The continuity equation for the differential length dX is
an expression that the net flow into the regicn per unit time must just

equal the rate of compression of fluid volume plus the rate of expansion

SN
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of volume within the elemental length, It becomes, Figure 1,

- WX = 28 A e 7 DD ey
GUND dT 2t°E 2

in which K 1is the bulk modulus of elasticity of the fluid, E the Young's
modulus for the pipe wall material, and t' is the wall thickness., The
first term on the right is the liquid compression rate and the final

term is the expansion rate of pipe volume, assuming constant length of

pipe segment dX. By making the substitution

VKo

1+ K

Et®
which is the speed of sound through the fluid in the pipe, the continuity

equation reduces to

Vy §§ (VHy + Hp) = O

VIL, is small compared with Iy [in ratio ~. (V/a)], and may be neglected,

yielding

FEquations (1) and (2) are next made dimensionless by the

following substitutions:

t=——, v=i- , h=-— , x-=
2L/a \Y [

in which VO is the steady-state velocity, L the pipe length and H, is
usually the steady state head at the control valve. The friction term

Hf is first expressed in terms of Hfo the steady state friction



]
1]
]

2
0 Voo Dividing by Ho

and

H, = hfo H_ and

in which the absolute valve sign is used to maintain the proper sign
on the friction term for flow in either direction. If an exponential

formula for friction loss is used, with n the exponent on the velocity

term,
n-1
H,. =hfo H_ vlv]|
fo o]
After making these substitutions in Egquations (1) and (2)
av .
h_+ hfo Vivi + == v,_ =20
x gHO T
and
av
hy+2=2 v = 0
g, X

The dimensionless ratio aVO/gHO is an important parameter in waterhammer

(frequently called 2p) and is symbolized by B, hence

B
Ly =h + 3 v, + hfo viv] = 0 (3)
and
L,=h +2Bv, =0 (4)

are the reduced forms of the equations of motion and continuity.

These two partial differential equations of the hyperbolic

7
type are transformed by the methods of the theory of characteristics((/



into four ordinary differential equations. Combining the equations

linearly with an unknown multiplier

hx
Ly + My = M3+ h

mlbﬂ

+ (4x v, + vi) + hfo v|v] =0

+)

Values of A are sought that will make this equation a total differ-

ential equation. Since

gﬁ:ht-l-hxg -d—v='v't+VX%
dt dt at dt

the first quantity in parantheses is an exact differential if dx/dt = l/k
and the second quantity in parantheses is exact if dx/dt = I\, Equating

these values of dx/dt

or

L= o+
-2

Hence the following four equations result, applying first A = +l/2,

then A = -1/2,

1dnh + Bdv + hfo V|v] =0
2 dt 2 dt
Along C, (5)
@ = 2
at
_1ldh BV pro VIV] =0
2 dt 2 dt
Along C_ (6)
& - 2



The first equation is valid along the line or "characteristic
line" given by dt = dx/2, and the third equation holds along the line
dt = -dx/2, as shown in Figure 2,

By rewriting the equations as difference equations

1 . ,
Tyt (n, - 1) + % nro vy v, |(t) - t,) = 0 (7)
to-t, - (x -x,) = 0 (8)

P A 2D A

v - vy - = (b - hy) + 2 nfo vy v |(t. - t,) =0 (9)
P B g'p B B'"B''p B

t -t 4= (x =-x_) = 0 (10)
Y B o 'p “B

Now, by taking equal x-increments, with the t-increments half as large,
Figure 3, the solution can be built up from known conditions along a
lide t = constant, together with boundary conditions relating v and h
et =" and x =1, If the pipe is divided into N increments of equal
length, then X - Xy = Xg - X, = 1/N, and tp - tp = ty = tp =ty - t¢ =
l/EN. By selecting a suitably large N, the friction term may be
approximated by allowing Va and Vg in it to be replaced by Ve which is
known when v_ and hp are to be calculated, This leaves only two equa-

b

tions, (7) and (9) to be solved for the two unknowns, as follows:

(hy + hy) + g (vy - vg) (11)

-

By

e Vclvcl (12)

<
I
n
<
s
+
<
[es]
+

These two equations suffice for computation of all interior points when

all values are known on the preceding time = constant line,



() =
>

For computation Equations (11) and (12) are written in sub-
script notation., The pipe is divided into N reaches of equal length,

with velocities and heads to be computed at N + 1 sections, Vo v voo V

1’ N

etc, With v and h known at these sections at time t, at time t + l/QN

1 B .
hpl = ‘2“ (hl-—l + hl+l) + —2— <Vi~l - Vi+l) 1= 1,2; seo N-1 (15)
v . =2 (v + v, o)+ L (h -h. ) - afo 4 v, |
pi o i-1 i+l OB i-1 i+l BN it'i

(1%)

The computation of hpo, Vpos hpN: VN depends upon the boundary conditions,

and are considered next,

Boundary Conditions

At x = 0, Equation (9) applies and yields one equation in the
two unknowns Vpo and. hpo' From the boundary condition ancther relation
is required., Consider, for example, that x = O is the junction of a
reservoir and the pipe, Then hpo is the head due to the reservoir and
provides the needed condition, Perhaps the flow entering is known as

a function of time, Then from continuity v_. can be found to provide

po
the needed condition,
At x = 1, Equation (7) applies, and an extra condition is

needed to solve for the two unknowns, For example if a valve is located

at x = 1 and discharges into the atmosphere, the gate equation is

Q B = C A, J gl
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For steady state conditions
Q = vy = (Cphy), ogi,

in which (CDAG)O is the product of gate opening by discharge coefficient
for the steady state situation. Dividing the first equation by the

second equation

in which 7 1is the dimensionless area of gate opening modified by the
appropriate discharge coefficient., With + known as a function of t,

the second required condition is available,



VAIVE CLOSURE

The problem to be solved is how to close a valve at the
downstream end of a pipe leading from a reservoir in a minimum time
without exceeding a predetermined pressure and without reducing the
pressure below steady state conditions, The hydraulic grade line is
to stay within DEF of Figure 4, Friction is neglected in the first
case and an exact solution to the problem is found, Graphically the
closure is to take place according to Figure 5. The valve 1s to be
closed in such a way that in unit dimensionless time the head h
has increased linearly from 1 to h  and the velocity has reduced
linearly from 1 to 1-(h -1)/B, where h = H o/Ho From the
graphical construction it will be noted that at t = 1 the velocity
is uniform in the pipe, i.e., Al’ By, Cq (subscript 1 refers to time
t = 1) are on the same ordinate of Figure 5. The head also varies
uniformly from h = 1 at the reservoir to h, at the valve, This uniform
velocity is now maintained by reducing the velocity at twice the initial
velocity reduction, or at the rate

dv  _
at B
while the head is maintained at h = hm at the valve, This uniform
deceleration continues until v = (hm-l)/B, then the closure takes

the form permitting the velocity to reduce uniformly to zero at the
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Figure 5, Graphical Solution of Frictionless Valve Closure,
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gate in At = 1, while the head likewise reduces uniformly at the
gate from hm to 1 in the same time, Under these conditions at time

of closing t, the velocity is zero throughout the pipe and the head

is uniformly at h = 1 throughout the pipe, as shown in the graphical

solution,

Il

Since v = 7vh must hold at all times at the gate, T may
be found as a function of t in terms of only two parameters, h,

and B. Equations are now developed for the three phases of the

closure.
For 0<t<1
h,-1
=1-—1t
M B
h=1+ (hm-l)t
and

v _ B = (hy-1)t

Jn BYI+ (h,-1)t oetst (25)

T =

For 1 <t <t, -1, the velocity reduction rate is

dv P

= -2 =

dt B

and the velocity reduces from l-(hm-l)/B €0 (hm-l)B, or by the amount

1l - 2(hm-l)/Bs Hence the time for this intermediate phase is

1 -2(hy-1)/B _ B

—_— -1

dv/dt 2(hy,-1)

and the complete closure time te is 2 plus this value, or

by = 14— (16)
2(hy-1)
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The expression for dv/dt may be integrated for t = 1, v = l-(hmml)/B,

and the head remains constant at hm, Then

;o= B- (hy-1)(et-1) 0<t<t, -1 (17)

N

For t, - 1 <t < t,, the final closing phase

h.-
v = —%—— (to-t)
h = 1+ (hm-l)(tc-t)
and
Oyt »
= ,, (18)
BN1 + (h,-1)(t.-t)
The minimum closing time for these results is t =2, or h =1 + B/2,

m

which is the maximum permitted head.

The proof has been demonstrated by the general graphical
solution as the equations were developed., It may easily be checked
out for any given case numerically or by computer solution, with the
ald of Equations (13) and (14) of the characteristic method, with
hfo = 0, The upstream boundary condition is hp = 1, and from Equaticn
(9).

1 .
Vpo =Vt g (1 - hy)

At the valve, hp in Equation (7) is replaced by VPE/TQ and the equation

solved for Y with hfo = 0,
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_ B2/ b bho1y
o= T g B )'l_J (19)
2
.
- p
hp = (20)

For v = 0, Equation (7) yields vy = 0, by = hy_y + Bvy_j. The computer
solution for a frictionless case is given in Figure 6, The nature of

the closure is shown in Figure 7 in the plot of T vs t.

Valve Closure with Friction

When pipe friction is taken into account, the solution is not
exact as in the previous case, but the heads and velocities may be main-
tained within one per cent of the desired values, Figure 8 shows the
situation with EF the steady state hydraulic grade line, and ED the
maximum pressure line, The flow is to come to rest with hydraulic
grade line EG.

Basically, the same solution is used as in the frictionless

case, except for a friction correction:

g = . [hm-l-hfo(l - vA)] 0<t <1
dt (21)
te - 1<t <t
and
& - _ 2 [h -l-nfo(l - v2)] (22)
at m

1<t tc -1
The head variation at the valve is somewhat more complicated than

before,
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Figure 7. Typicel Valve Closing Relation B = 30, h = 4,

hfo

t

= 0.k,

Figure 8,

Valve Closure Notation for Case When
Friction is taken into Account,
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h=1+ (hm-l)t 0<t<1 (23)
h=nh 1<t<t, -1 (2k)
h =1+ hfo - (1 + hfo - ho)(t,~t)

1ol <t <t (25)

The friction term hfo in the velocity expressions is modified by (1 - v2)
and spproximate expressions are used for v in these terms, For convenience,

let

h-1 _ hy-1-hfo

5§ = —— 58
B B

For 0<t<1
v.—=1l - st

as in the frictionless case, and

1-v2 =2 st - s2t2

With this velue of 1 - v° substituted into Equation (21) it may be

integrated for the initial conditions t = 0, v = 1, to yield
N [h _-1-hfo(l t/3)s t] (26
voo= -3 h,-1-hfo(l - s J

Then, using Equation (23)

v _ B -t [h-1-hfo s t(l-s t/3)]

Jn BVL + (n,-1)t

T =

0<t<1 (27)
At t =1 71 has the value

.. B-hy+1 t~hfo s(1-s/3) -

1 BV h,




The final phase t, - 1 <t < t, 1s next taken up as some of the
results are useful for the second phase friction correction, The

velocity is approximated by
v = ss(t,-t) teml <t <ty

This value inserted into the right hand side of Equation (21) and

integrated for v = 0, t = tc, yields
ss° D
Bv = (h -1-hfo)(t -t) + — hfo (t _-t) (28)
m c 3 c

By using this value of v with Equation (25) for head

(hy-1-hfo)(te-t) + ss°hfo (tc-t)5/5

T =

BV1 + hfo - (l+hfo-h )(t,-t)

t, - 1<t <t (29)

For 1<t<t, -1 fort =1, from Equation (26)

- h,-1-hfo (1-s/3)s

= t =1
V5 5
and from Equation (28)
2o
v, = hm-l~hf;(l-ss /3) t=t, -

From Equation (22) it is observed that v reduces almost linearly
from vo to V30 This phase is broken into three equal velocity incre-

ments

Vo =V
Av = 23
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and the average velocity for each of these time periods 1s used in

the friction correction

Vi] = Vo - Av/2

V22 Vil_ Av

- Av

<
|

33 = Vo2

Then, from Equation (22)

&l = _2[n -1-hfo(1-v112)]/B
dt "

1
d
E% ] = -2 [hm—l-hfo(l-v222>]/B
av _ 2
P 2 [hy-1-hfo(1-v,=)]/B

The time for each of these subphases is

. B
Atl—iw

dt[l

Av
At =
2 dv

dt |,

v
5 &

at 3

and the closing time is

t, = 2+ Aty + Aty + Aty (30)



—Da

To obtain T for the intermediate phase

dv t-1
T = 4+ — = 1<t<t
E e N <ty (51)
1
A 0 t=1+At =t
T, = T . — =1+ =
5 1
1 at |y Nlhm 1
S 4 o .
Tos oyt o ) = L <t<t, (32)
m
A £ =t + Ate =t
T, = T — p— = =
dt o ./hm
t-t
T av TT=§ to<t<t, -1 (33)
at -
3 by

The values of T in terms of t are now completely specified
for the time range 0 <t < t,. To check the validity of the friction
corrections, several cases have been run on the computer. One case is
shown in Figure 9, Since the example of Figure 9 is in dimensionless

form, it may apply to any size pipe line carrying turbulent flow, Two

cases are discussed; Vg = 8 ft/sec, H, = 35 ft, D = 48 in,, L = 3128 ft,
f = 0,018, and a = 4225 ft/sec, These values yield B = 30, h =4, and
hfo = 0,4 The time of closure is t,2L/a = 6,50 x 2 x 3128/k225 = 9,62
sec, The maximum head is 140 ft, which occurs at the gate, For closure
in less than 2L/a = 1,48 sec, the maximum head is 1049 ft, followed by
vapor pressure and column separation cn return of the negative wave, The
second case is V = 30 ft/sec, H = 124,2 ft, D = 0,5 in., L = 6,17 ft

f = 0,024 and a = 4000 ft/sec, The same values of B, h, and hfo result.

Closing time is 0,02 sec,, and 2L/a = 0,003 sec, The maximum head by
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controlled closing is 496,8 ft, If an undamped solonoid valve were
used that closed in less than 0,003 sec, maximum head would be 124.2 +
4000 x 30/32,2 = 3854 ft, and vaporization would occur with column
separation.

It is interesting to compare the two cases with uniform

closures in the same time, 6.5 x 2L/a, as the controlled closures,
From Allievi charts(8), neglecting friction, the maximum head is 245 ft
in the first case and is 869 ft in the second case, or 75% greater than
for controlled closure.

It should be emphasized that a high-speed digital computer
is not needed to determine the closure as a function of time. The three
parameters hm’ hfo, and B are determined from the specific problem, then
7 as a function of time is found from the formulas., The computer was
used to demonstrate the accuracy of the friction corrections, Friction
corrections could be handled in many ways, to even greater accuracy if
desired, Since friction coefficients are usually not known within
+5%, the corrections used here should be adequate.

The shortest time of controlled closure for no head reduction
below Hy is AL/a sec, with hm =1+ B/Ec In the cases given this yields
h_= 16, For any closure in less than 2L/a sec hy = B, or 30 for the

m

cases cited,



ESTABLISHMENT OF FLOW

By opening a valve at the downstream end of a pipe leading
from a reservoir in a controlled manner, the flow may be established
smoothly without undesirable pressure fluctuations, The procedure is
similar to the case of controlled valve closing, and is discussed here
with friction effects included,

The principle of opening is best illustrated from the graphical
solution, as shown in Figure 10, hm is the minimum head in this example,
The valve is to open so that v and h follow the path Aj Ay Ato—l Atoo
When Ai,_y is below the parabola v =1, or v =~fﬁ, as shown, the gate
must open to a value greater than v = 1, its final steady state position
for velocity VO through the pipe with head HO across the valve,

The friction correction is similar to that for valve closure,
B %% =1+hfo(l -v)-h,  0<t<l, tg-1<t<ty (34)

to is the time to establish flow, For the intermediate phase

B - 201+ nfo (1 - v2) - hl l<t<t -1 (35)

dt

v is approximated for the friction correction term. Let

1 + hfo - hy _o1l-hy
ss = 5 s = —j—

Then, for the first phase v ss t, and

2
SS 2
[1 + hfo (1 - 3 t°) - hm]

<
1l
W+

=
]

1+ hfo - (1L + hfo - hy) t

27-
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and
2
1 + hfo(l - t
ST gt R WEILE: L e
h B\/—l+hfo-(l+hfo-hm)t - -
Hence
1+ hfo(l - 8s9/3) - n
" + hfo - ss /3) m £ o1
B,
2
1 hf - -
L + hfo(l - ss/3) - h £ =1
1 B

For the third, or final, phase v=z1 + s(t - tg)
2. . _
1-vo - s (t to)l2 + s(t - t,)]
and from Equation (34), for v = 1 when t = ty
B(v-1) = (t-ty) {1-h -nfo s(t-t )[1+s(t-t,)/31}
Since

ho= 1+ (1-hy)(t-t) t,-1<t<t,

T =

BV + (1-n)(t - t.)

The velocity at t = to -1 is

v, = 1 . Li-hy+ hfo s(1 - s/3)
2 B

which is used for the intermediate opening phase, ILet

Av = Vo = vy
= av

B+ (t-to) {1-m-hfo s(t-t,) [1 + s(t-t5)/51} tel<t <t
o] - 0

(37)
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Vip = V1 + Av

V15 = v12 + AV

Then, from Equation (35)

Ll = 201+ nfo(1 - v, ) -
at |, B 1
2
T = 21+ nfo(l - vy ) -
dt|, B
L= 21+ nfo(l - vys) -
dt B
5
Now, let
Av AV
A'tl = E ) A'tg = 'a-; P)
il ),
and

The complete time of opening is

to = 2+ Aty + Aty + At5

m
h |
hm]
AV
A¢5 = EE
dt 3

tB = t2 + At5

The intermediate opening relationships are then

av t-1
o= Tt —| = 1<t<t
1 [ - "1
at 1 hy
dv t-1]
T = T. + = t, <t <t
1 - 2
2 dt 5 ,hm
t-t
T=T5+%\é —= tp <t <ty
3 Nhy
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in which
T = T -+ — -t:-t
2 1 T‘ 1
dt 1 Vhy
At

2 at| ‘/—hm 2

In this case the initial hydraulic grade line is EG (Figure 8) and is
designed to stay within GEF. Figure 11 is the computer solution of an
example of valve opening.,
When B> 1 +~fﬂ; , the valve opens to
B-1+ hm
B h,

at point At -1 of Figure 10, which yields a T greater than 1. The
o}

’T’ =

valve then closes to the valve 7 = 1 during the final opening phase,
hm should be less than 1 and must be greater than O, When B< 1 +\lhm

the maximum valve opening is 1 =1l at t =t

Controlled Closure for Variable Thickness Pipe

This example of controlled closure is applied to a penstock
of variable wall thickness, depending upon the head imposed by water
hammer, The thickness of pipe wall is first selected for each of
twenty sections of the same length on the basis of maximum stress of
10,000 psi, subject only to a minimum wall thickness of 1 in, Figure
12 shows a profile of the penstock, along with the maximum desired

hydraulic grade line,



-31-

1+ hy,

Pm

Figure 10, Graphical Representation of Path of v and h
at the Gate for Controlled Opening with Friction,
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The speed of sound wave in each section was computed by

L. Jx/o

i - _
Et.

1

in which t& is the thickness of the i-th section, Then for N sections,

the mean wave speed is

_ N

9 = ——

i=N
Z
i=1

mli—'

i

The constant B 1is taken as L B;/N, With these values of a and B
to replace the variable values, the valve closure is handled as if it
were a constant thickness pipe.

To determine how good this valve closure is, a computer program
was written using the proper value of a and B for each of the twenty
sections, As the speed of wave varies from one section to another, the
time increment At must be small enough to give a convergent solution for

the maximum wave speed, It is

At = ——
2Napyp o
Since this time is not appropriate for the other sections, i.e., the
characteristic line does not pass through, say p and A of Figure 2, an
interpolation process is used. The computer solution, Figure 13,
demonstrates that the valve closure is quite adequate to bring the
flow to rest at time of closure,

Tt is believed the examples cited show the general method of

application of the principles of valve stroking to control water hammer,

The method may be applied to other situations than the ones discussed.
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Effect of Errors in Valve Stroking

Analytical equations have been worked out for valve stroking
to control the resulting water hammer, The question arises as to the
effect of errors in following the analytical relations., To check on
this, one valve closure case Was deliberately thrown in error by

changing every T by the factor

Lyt
1+ 0,05 sin (_E—)
c

which causes a variable error up to + 5% in the valve area, For the
case of closure: B = 30, hfo = 0,4, hm = L, , the maximum head at the
valve became 4,42 in place of the design value of 4,0, At the pipe
midpoint the maximum head was 2,95 in place of 2,70, The velocity
remained remarkably uniform in the pipe (within 1%). During the final
stages of closing the velocity took on the value v = - ,0l in the
upstream half of the pipe, but went to zero (within 1%) at time of
closing, This demonstrates that it is unnecessary to achieve great
accuracy in the closing to obtain highly beneficial results in

reducing water hammer fluctuations,



SUMMARY AND CONCLUSIONS

A first order computer method for constant thickness pipe
has been derived in this paper, Methods have been developed for
closing valves and for opening valves so that the resulting water
hemmer is predetermined, To demonstrate the effectiveness of the
valve motion relations several problems have been programmed using
the first order method with includes the effects of friction,

The design of a pipe line of variable thickness was under-
taken by using averaged values of wave speed and the parameter
aVO/gHO, After determining the relations for closing a valve to
control water hammer in this situation, its accuracy was checked
out by computer.,

Finally, a check was made on the effect of inaccurably
closing a valve by deliberately changing the curve by a variable
amount up to + 5%, This increased the head of the valve sbout 10%,
but no appreciable backflow or reflections occured,

In conclusion, new opening and closing relationships have
been developed that reduce stresses in pipes, and take out vibration
and reversal of flow due to water hammer, The next step is the
development of actual valves that permit these improvements to be

realized,

“bo-
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ABSTRACT

A method for calculating water hammer based on the theory
of characteristics has been developed for first order accuracy, using
a high-speed digital computer, The operation of valves in such a
manner that the resulting water hammer is controlled has been studied
in the remainder of the paper. Two cases of valve closing have been
examined: one for a single pipe and the other for a pipe with thickness
changing from section to section, Valve opening has also been studied.
The controlled flows have certain phases of acceleration or deceleration
in which the flow is uniform and the hydraulic grade line steady.
Friction has been taken into account in the valve stroking, and checked

out by the computer method,

“ho.
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NOTATION

a Speed of sound wave in pipe

A . Pipe cross sectional area

AG Area of valve opening

B Dimensionless parameter aVO/gHO

Cd Discharge coefficient

D Diameter of pipe

E Young's modulus of elasticity

f Darcy-Weisbach friction factor

g Acceleration of gravity

h Dimensionless head H/H

h Dimensionless maximum (or minimum) head, HmaX/HO or H , /H,
hfo Dimensionless steady state friction, Hfo/Ho
H Head in pipe

Hf Head loss due to friction in length L
K | Bulk modulus of elasticity of liquid
L Length of pipe

Ll Label for equation of motion

Lo Label for continuity equation

n Exponent on velocity term

N Number of equal pipe reaches

Q Discharge through valve

S Dimensionless parameter

Ss Dimensionless parameter

e



=45 -

Dimensionless time T/(2L/a)
Time of closure, dimensionless
Time of opening, dimensionless
Pipe wall thickness
Dimensionless velocity V/V
Velocity in pipe

Dimensionless pipe distance X/L
Distance along pipe

Specific weight of liquid
Unknown multiplier

Masgs density of liquid
Dimensionless gate opening, CDAG/(CDAG)‘

Fluid shear stress at pipe wall



