
Table 2—By Arithmetic Integration

L = 6,337 ft. Vo 15,055 ft.
T = 69.5 sec. a = 3,6

Friction head ht — 81 ft.
(.11 t (O >

sec. Ho =
ft. per sec.

(si<7/<3) 1 'C-> Î

Data:

(i)

Interval. Ns

gates begin to move, increases the velocity of discharge 
through the gate opening, and, during the early part of the 
gate movement, tends to diminish the rate at which the flow 
of the water is retarded. This variable rate of retardation, 
during the time the gates are being closed, has an important 
bearing on the resulting rise of pressure, and it is necessary 
to take it into consideration by determining the relation be
tween the velocity of flow and the pressure in the penstock. 
This relation may be expressed by the equation:—

Vo = Bo(Ho)*
where V0 = initial velocity, in feet per second, of the 

water in the penstock before shut down;
Ho = normal net head, in feet; 

and Bo = a number representing the gate opening.
The value of B0 is best determined from 
the known value of Vo and H0, but, in 
fact, Bo is the ratio of the area of the 
penstock multiplied by (2g)'A times the 
coefficient of discharge of the gate open
ing.

At any time during the closing of the gates the relation 
between V, B} and H would be expressed by the general 
formula, V = B(H)Vi. If the gates are closed in the time, 
T, and t is the time from the beginning of the stroke to any 
time before the end of the stroke, the value of Bt (that is, B 
at the end of the time, t) for uniform closing, would be 
(1—t/T)Bo. During the time, t, the pressure in the penstock 
has risen an amount, /it, so that the net head, Ht (that is, H 
at the end of the time, t) would be equal to Ho+ht. There-
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Table 1—By Arithmetic Integration

L = 820 ft. Vo = 11.75 ft. per sec. H„ = 165 ft.Data:
T = 2.1 sec. a = 4,680 ft. per sec. Friction neglected. -

06) (7)(4)(3)ft)

origin or point of relief and back to the gate, are reflected 
and transmitted again oyer the same course, as waves of rare
faction or sub-normal pressure, 
waves, alternately super-normal and sub-normal, travel up 
and down the penstock until damped out by friction. During 
the time taken by the wave to traverse its course from gate 
to origin the pressure at the gate remains at its full value, 
either super-normal or sub-normal, as the case may be.

Briefly stated, then, the premises are: that when water 
flowing in a pipe is suddenly arrested, certain pressure waves, 
the characteristics of which are known, are produced and

In this manner pressure
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69.6e
propagated along the pipe at constant speed and constant 
magnitude, and that the speed and magnitude of these waves 
may
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be calculated for any given conditions. 99.718
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181.8
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Fundamental Equations li
f4It is the writer’s intention to apply herein this theory of 

pressure waves to the phenomena which occur when the gates 
of a turbine at the end of a penstock are gradually closed. 
The damping effect of friction on the pressure waves will be 
neglected during the time of closure. The variable velocity 
of the pressure wave due to the difference in density of the 
water at the top and bottom of the penstock will also be 
neglected. For the sake of simplicity, it will be assumed 
that the gate opening is closed uniformly from full open to 
shut by a governor which moves the gates at uniform velocity 
from the beginning of its stroke to the end, and that the area 
of gate opening is directly proportional to the amount of ga e 
movement. It may be stated here, parenthetically, that the 
resulting formulas may be modified, easily, to suit any method 
of gate closure, whether the speed of closing and the rela
tion of governor moveihent to area of gate opening is uniform 
or variable.

When the gates of a turbine are closed gradually the 
velocity of the water in the penstock is reduced to kero and 
the pressure in the penstock rises. It is frequently assumed 
that the reduction in velocity takes place uniformly, but the 
rise of pressure, which commences immediately after the
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fore, the expression for the value of Vt (that is V at the en-* 

of the time, I) is:
Vt = (l—t/T)B0(Ho+ht) ’’ <4>

Calculation by Arithmetic Integration
Before proceeding with the analytical determination 

lit, it will perhaps make the work clearer to show first, Dy 
a numerical example, how ht may be obtained by the 
and-errdr method of arithmetic integration. Assume 
the gate, instead of being moved in a continuous unifor ^ 
manner, is closed by a series of small instantaneous move
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