October 9, 1919

“The condition of the water column is now what it was
Jjust before the gate was closed, except that its velocity, z,
has now the opposite direction—i.e., toward the origin.

“(3) The kinetic energy of the water column, moving
toward the origin or away from the gate, is now reconverted
into potential energy, which manifests itself in an extension
of volume of the water to a subnormal pressure beginning
with section 1, and concluding only when the entire water
column has been reduced to the subnormal pressure.

“During process (3) water continues flowing from the
pipe into the reservoir.

“(4) When the subnormal pressure has been established
throughout the length of the pipe, and all the water has come
to rest, the water from the reservoir will again direct itself
into the pipe, restoring the normal pressure, first in section
1, next to the reservoir, and then, in rapid succession, in the
other sections (n—1),....4, 3, ete., until, when the normal
pressure reaches the gate, we have once more the conditions
which existed just before the gate was closed—viz., the nor-
mal pressure is restored and the water is moving toward the
gate with the original velocity, ». ?

“We have now followed these pulsations of pressure
(with the accompanying transformations of energy and flow
of water into and back from the pipe) through a complete
cycle of four movements, each extending through the length
of the pipe. For convenience, we may consider two succes-
sive movements of this kind as a ‘round trip’ through the
pipe.

“The gate remaining closed, the whole process is now
repeated in a second cycle, which, in turn, is followed by a
third, and so on, the amplitude of the pressure vibrations
gradually diminishing (because of friction) until the pipe and
the water come to a state of rest.

“But although the intensity of the pressure becomes
gradually less, the time required for each cycle remains con-
stant for all repetitions.

“This propagation of pressure, consisting of its trans-

mission through all points of the length of the pipe, each
boint successively repeating the same periodical movements
is, in its nature, simply a case of wave motion, like that of
a sound wave. :
_ “The velocity of wave propagation is independent of the
Intensity of the pressure, and depends only upon the proper-
ties of the medium through which the propagation takes
place—in the .case of water-hammer, upon the elasticity of
the water and ‘of the pipe.”

Mr. Gibson has applied this theory to slow-closing gates '

%)y considering that each infinitesimal movement of the g.ate
Is instantaneous and produces a small rise of pressure which
travels through the penstock in the same manner that a
Wave produced by total instantaneous closing would travel.
'_These small gate movements occur in succession and produce
In turn their pressure waves which travel back and forth
through the penstock. An algebraic sum of these waves
gives the rise of pressure existing at any time during the

2 closing stroke.

The writer is of the opinion that the pressure existing
throughout the length of the pipe for a slow-closing gate
Varies almost directly from a maximum at the gate to zero
at the point of relief, except where the time of closing 1s
less than 27./a. ‘

In Fig. 11, the pressure existing at four points on the
Penstock has been plotted. The magnitude of the individual
bressure waves is not to scale, but their values are _shown
for the particular example taken. The pressure existing at
& point /2 from the gate is. approximately or_le-_half the
Pressure existing at the gate. The pressure existing at a
Point 3/./4 from the gate is approximately one-quarter of

€ pressure existing at the gate. ‘ :

The diagram showing the pressure existing at the point
Of relief consists of a series of instantaneous rlses.above
Normal, On account of the assumption of twelve instan-
taneous movements of the gate, the pressure at the point
of relief must of necessity show twelve instantaneous rises
O pressure, as each wave travels undiminished to the point
of relief, If twenty-four instantaneous movements were
Chosen, there would appear twenty-four instantaneous rises
of pressure in the same time, but of only about half the
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magnitude. Hence, in the limit of an infinite number of in-
stantaneous movements of the gate, or uniform.slow-closing,
the pressure at the point of relief becomes zero. This must
be true, because the duration of time of any rise of pressure
at the point of relief is zero. Wherever rises of pressure
have actually been recorded at the point of relief on a pen-
stock, they are probably due to an instantaneous movement
of the gate during the stroke, or to some other cause, such
as a sudden elastic deformation of the waterway, which
would have the same effect.

In the translation of Professor Joukovsky’s work there
are shown tables of pressure rises at different points on the
pipes for different velocities destroyed. In every case the
pressure waves travel practically undiminished. almost to the
point of relief. The readings taken at the station nearest
the point of relief, however, show a reduction in pressure of

~ from 60% to 80%. This is very significant to the writer,

as an indication that the pressure travelled undiminished to
a certain point and then gradually was reduced to zero at the
point of relief. Although Professor Joukovsky experimented
with very rapidly closing gates, as nearly instantaneous as
possible, obviously a certain fraction of a second must elapse
while the gate is closing. When the time of closing is less
than one interval, 2L/a, the resultant pressure will travel
undiminished to a point which is 7@/2, in feet, from the

Time, in Intervals.

o ‘ ¢ et
2
T L i P N R PR PR R P S P R B s A
Lt i = S R = R T
R = o o e e X
!le =l p—l p— A L =
% | e = o § - =
B g m——— = P B ol o n A ¥
§ w T 5 nn e
o 21.69) ER=—am-—ams LA P Py i
. N
% 0.8 SRt e T T
i M. __ r_"_' I I 1r n el + 1
§ ma =h leh I P e P i % n| st - ol
< 5 g g ol | g (i
% TR B ot
w0 = -
3 V7 et at “Ppespres o | T Fofat = 77 77
-~ [
oA N 19 3
B o T 1 T
= V] Asl L] g S &
é,. 2|\ [Nbekubt Prlebare O LA EE T Lol iR
0 ! el
LA IAE RV ST Y
il AR I UK 3 S
BRI i, S
! - © I - 0N oF wAVES
Wl g = % AND RESULTANT PRESSURE CURVES AT
2% wlog FOUR DIFFERENT POINTS .
80 wnd| SLOW CLOSING OF GATES

F1G6. 11—PRESSURE AT FOUR PQINTS ON PENSTOCK

point of relief (where 7 is equal to the closing time, in sec-
onds). From this point it will gradually be reduced to zero
at the point of relief. Granting that some short period of
time must elapse during the closing of the gates in Professor
Joukovsky’s experiments, his actual pressure readings seem
to verify the writer’s claim. ‘

In the example taken, the duration of closure is assumed
to be three intervals. The diagrams and curves have been
plotted beyond the three intervals to show the fluctuations of
pressure which take place after the gates are closed. Ex-
periments should show that the subsequent fluctuations after
the gates are closed are quickly reduced in intensity by in-
ternal friction, but this friction should have no effect on the
speed of propagation of the pressure waves.  Internal fric-
tion has of necessity been omitted in these computations, as
it is an unknown quantity.

Any other example than that shown by Fig. 11 ‘may be
chosen, and the pressure waves may be computed by Mr.
Gibson’s formulas. A series of diagrams may then be plottec.
similar to those shown by the writer, and the pressures may
be computed‘for any point on the penstock. ,

In making the computations for the magnitude of the
pressure waves, it is necessary to determine first the number
of intervals of time (equal to 2L/a) contained in the total
closing time. The gate movement may then be divided into
a number of instantaneous movements equal to the number |
of intervals. Computations carried out on this basis: will
give correct points on the pressure-rise curve at the end
of each interval. In the event of the closing time being only
a few intervals, it is desirable to subdivide the gate move-
ment further in order to develop the curve during the in-



