
T HE purpose of this paper is to show how the excess 
A pressure in penstocks caused by the gradual closing of 
turbine gates may be determined from Professor Joukovsky’s 
theory of water-hammer. It will be assumed that the theory 

pressure waves, their amplitudes, and speeds of propaga
tion, as formulated by him and proved by his experiments, 
tuay be accepted as correct.

At the risk of wearying the reader who is familiar with 
Joukovskys’ work, it is necessary, in connection with what 
*s *-0 follow, to summarize as briefly as possible the principles 
demonstrated a number of years ago by the distinguished 
Russian. For a partial translation of his work, the reader is 
referred to Miss 0. Simin’s paper entitled “Water Hammer,” 
in the Proceedings of the American Water Works Associa
tion, 1904, page 341, which 
should be examined carefully 
hy every student of this sub
ject.

instantaneously stopping water flowing in a pipe at anv 
velocity may be calculated.

Joukovsky’s formula for water-hammer is:—
h = aV/g (1)

where h — excess pressure, in feet;
V = velocity of flow in the pipe, in feet per 

second;
9 gravitational unit, in feet per second per 

second;
— velocity of the pressure wave, in feet per 

second, which is determined by the 
formula:—

u — 12-f- [(ty/g) (1/k+d/Ee)] * ..............
~ weight of a cubic foot of water, in pounds;

k = voluminal modulus of

and a

(2)where IV

water, in pounds per 
square inch;

d — diameter of pipe, in 
inches;

e = thickness of pipe walls, 
in inches;

E = modulus of elasticity of 
material of pipe walls, 
in pounds per square 
inch.

Joukovsky showed also 
that the shock pressure is 
transmitted along the pipe 
with constant intensity and 
“at constant velocity, which 
seems to be independent of the 
intensity of the shock.”

“The speed of propaga
tion of the pressure wave re
mains the same, whether the 
shock is caused by arresting 
the flow of a column of water 
moving in a pipe, or by sud
denly changing the pressure 

5 in the column of water (flow
ing or standing) in any 
part and by any other 
means.”

>

Joukovsky’s experiments,
Hade in 1908 at Moscow, 
confined to the instantaneous 
stopping of the flow of water 
,n *ong pipes. By his experi
ments he was able to prove the 
soundness of his analytical de- | 

rmination of the maximum b 
lse °f pressure that would oc

cur when the flow of water in „
^ Pipe was suddenly arrested, s 
X casual thinker at first t 
. °uld imagine that—as force s 

equal to the product of mass “ 
acceleration—an infinite 70 

fessure would be produced in 
^Pipe if the water flowing in it 

®re stopped instantaneously. 
j.n..secon<i thought, he would 

ze that neither the column 
Pipe

were

by
60

water
nor the walls of the 

tj. are rigid, and therefore 
sh ,,pressure caused by the 
gl,.j °f stopping the flow

S'"'1' 1ofat- and the expansion 
t\v ae wa^s °f the pipe. It was the effect of these 
He° facf°rs that was determined by Professor Joukovsky. 
cqi s 'owed that the shock pressure is transmitted along the 
and TiT wa^er in the pipe in waves similar to sound waves; 
Velo ,■* fbe shock pressure is proportional to the destroyed 
sure lty °f flow and to the speed of propagation of the pres- 
tyat waves. This speed depends on the compressibility of 
the t‘! ’ .°n the elasticity of the materials of the pipe, and on 
In oti 10 thickness of the walls of the pipe to its diameter, 

her words, if the speed of the pressure wave is known, 
maximum pressure produced (called water-hammer) by

3•2 5
Time, in Intervals of ~ Seconds

Fig. 1—Pressure and Velocity-Time Curves Plotted 
from Tables 1 and 3relieved by the 

compression of the “If the water column 
tinues flowing, such flow exerts 

no noticeable influence upon the shock pressure. In a pipe 
from which water is flowing, the pressure wave is reflected 
from the open end of the pipe, in the same way as from a 
reservoir with constant pressure.”

“The phenomenon of periodical vibration of the shock 
pressure is completely explained by the reflection of the 
pressure wave from the ends of the pipe, i.e., from the gate 
and from the origin [of the pipe].”

(These quotations are from Miss Simin’s “Water 
Hdmmer.”)

Pressure waves, after travelling up the penstock to the

con-
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RISE OF PRESSURE IN

DUE TO GATE CLOSURE. 
PRESSURE AND VELOCITY - TIM 

PLOTTED FROM ARITHMETIC
IN TABLES 1 AND 3

L-m ft.
*0—11.76 ft. per bo6.

----------<1=4680 ft. per sec.
Friction Neglected.
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