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failure at the pump motors can be computed accurately if the com-
plete characteristics of the pump are known. In most cases only 
the characteristics for the zone of normal pump operation  are ob-
tainable  from the pump-performance data supplied by the pump 
manufacturer. This permits an accurate determination of the 
water-hammer effects up to the point at which the flow reverses 
through the pump. When necessary, pump characteristics for the 
zones of energy dissipation and turbine operation can be esti-
mated with sufficient accuracy for water-hammer purposes. 
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Discussion 
R. W. ANGUS.2 This paper presents data on the three pump-

ing plants of unusually large dimensions. In the Grand Coulee 
plant, there is a separate pipe line from each pump and there are 
no valves on either the suction or discharge side of the pumps. 
Under these circumstances, water hammer on shutdown is only 
possible in so far as it may be produced by the pumps, and the one 
test made shows that the pressure rose to 390/280 times normal 
at shutdown. 

The main problem dealt with is the rate of slowing down of the 
pumps, and the author has given an interesting method of com-
puting it and has presented charts connected therewith. A cal-
culation of this nature is always tedious when done in the ordinary 
way, but it is not particularly difficult to do so as long as the pump 
is functioning in the regular way. When reversal of the water or 
pump, or both, occur, there is usually not enough information 
about the pump to give definite knowledge of what occurs. Rela-
tively few experiments have been made to give the characteris-
tics of pumps under reversed water flow or direction of rotation. 
The writer would appreciate information as to how calculations 
for the latter regions were arrived at, as these agree well with 

2 Professor Emeritus, Mechanical Engineering, University of 
Toronto, Toronto, Ontario, Can. Fellow and Former Vice-President, 
ASME. 

tests made. The absence of valves on the line very much simpli-
fies the calculation. What velocities of the pressure wave were 
used? 

In the Grand Coulee plant it is assumed that when power is cut 
off, air enters the pipe line through an opening at the top of the 
siphon near the outlet of the pipe, and the water in the pipe runs 
out through the pump. During this flow the hydraulic gradient 
would  fall so far below the pipe axis, if the pipe remained full of 
water, that it is difficult to see why the column would not break. 
The author might give the evidence he had that it did not. If 
the column parted, there might be no evidence of it in a pressure 
rise, because the two parts could not reunite when the supply was 
cut off. 

There appears to be little clanger of the column breaking  in 
either  of the other two plants, judging by the profiles shown on 
the drawings. In the Granby plant, each pump has a butterfly 
valve on each side of the pump, and the discharge valve is closed 
by servomotor when there is power failure. Presumably, the 
valve on the suction side is closed later on, so that whatever 
water hammer occurs will be due to the discharge-valve opera-
tion. The method of closure of this valve is of a type examined 
by the writer, and discussed in an earlier paper.3 The first part 
of the closure, and the greater part of it, may be done veiy quickly 
without causing trouble, but the final part of the movement must 
be made with care. 

The author is fortunate in having butterfly valves to deal with, 
for in them the relation between the flow and the gate position 
may be determined fairly accurately, and thus the discharge on a 
time base may be found from the timed movement of the servo-
motor piston. 

This obviates one difficulty usually met with in water-hammer 
problems, because in many valves there is little information 
available on which to plot the pipe discharge on a time base, and 
this is one of the most important matters in dealing with water 
hammer. 

Table 3 of the paper gives interesting data on reverse speed of 
the pumps, but the writer is particularly interested in the results 
of Type C shutdown. The table brings home the well-known fact 
that the discharge valve should begin to close promptly. If, for 
any reason, it does not begin to close until there is a fairly high 
backward velocity through it, then water-hammer pressures will 
be much increased. In the Granby plant, when the three pumps 
were operating at 131 ft, the maximum pressure reached  for nor-
mal  valve closure was 214 ft, or 1.63 times the operating  head, but 
when the closing cycle of the butterfly valve was delayed 9 sec, the 
maximum pressure reached was 272 f t or 2.08 times the operating 
head. 

C. P. KITTREDGE.4 The author is to be congratulated for this 
excellent contribution to the literature on water hammer. The 
curves in Fig. 11 of the paper should be particularly useful for 
preliminary  design and for checking purposes. Their simplicity 
belies the very considerable effort that must have been required to 
prepare them. 

As comment rather than criticism, the writer invites attention 
to the statement in the introduction, " A short time later the 
pump, acting as a turbine, reaches runaway speed in reverse." 
This runaway speed will not be dangerous because, due to fric-
tion, it is almost always less than the normal operating speed. 
However, the negative speed surge preceding runaway operation 
may be of extreme importance. The case illustrated in Fig. 1 
shows a maximum negative speed surge equal to 150 per cent of 

3 The Action of Valves in Pipes," by R. W. Angus, Journal 
AWWA, vol. 30, November, 1938, pp. 1858-1871. 

4 Associate Professor of Mechanical Engineering, Princeton Uni-
versity, Princeton, N. J. Mem. ASME. 
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normal and this might damage some electric motors. Table 4s 

gives pertinent data on standard 100-hp induction motors. 

T A B L E 4 D A T A O N 100-HP M O T O R S 
No. of poles T y p e of rings Normal speed, rpm Max imum allowable speed 

2 Die cast 3600 6000 rpm = 167% of normal 

2 Brazed 3600 4800 rpm = 133% of normal 
4 Die cast 1800 3600 rpm = 2 0 0 % of normal 
4 Brazed 1800 2600 rpm = 145% of normal 

The published information indicates that the higher the effi-
ciency of the pump the greater will be the maximum negative 
speed surge for any given installation. Also, it appears that 
the speed transient depends upon the design and efficiency of the 
pump to a greater extent than do the head and discharge tran-
sients. If the author could supply it, a valuable contribution 
would be a family of curves similar to those in Fig. 11 of the paper, 
but showing the maximum reversed speed of the pump. 

I t might be inferred from a statement by the author that the 
curves usually supplied by the manufacturer are sufficient for 
estimating the minimum head (downsurge) during transient 
operation. This seldom will be the case. The curves must ex-
tend at least to the discharge corresponding to zero head in order 
to estimate the minimum transient head for several existing in-
stallations. Extrapolation of test curves or estimated perform-
ance curves which do not extend even to the point of maximum 
power is risky because one is apt to be influenced more by the 
particular drafting curve at hand than by the probable character-
istics of the pump. 

W. J. RHEINGANS.6 With the present trend toward large 
pumping units and the development of reversible pump turbines, 
water-hammer analysis plays an important part in the design of 
this type of installation. The author indicates the possibility of 
preparing charts based upon pump characteristics, which are of 
considerable help in making a study of the water-hammer phenom-
ena under various conditions of operation. 

The reversible pump turbine presents similar problems in op-
eration, and the author's paper is therefore quite timely in calling 
attention to the importance of obtaining complete model test 
data on all the characteristics of this t}'pe of unit. After a model 
has been built and is being tested, the cost of complete tests of all 
the characteristics is not very much greater than the cost of the 
tests for the zone of normal operation. 

I t is hoped that the author can continue his work on pumps of 
various specific speeds to arrive at some estimate of the perform-
ance over a wide range of operating conditions. This type of in-
formation which would permit fairly accurate calculations of wa-
ter hammer could lead to large savings in plant construction costs, 
and therefore would be a valuable contribution to the industry. 
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The author wishes to thank Messrs. Angus, Kittredge, and 
Rheingans for their written discussions. 

Professor Angus has requested further information on the 
water-hammer analysis of the Grand Coulee Pumping Plant. 
For this installation the pump characteristics for the zones of 
normal pump operation and turbine operation were obtained 
from tests conducted at the California Institute of Technology 
on a model fixed-vane diffuser pump. The pump characteristics 
tor the zone of energy dissipation were then estimated from these 
characteristics with the aid of the complete characteristics of the 
single volute pump given in the paper by Professor Knapp. 

5 Information supplied through courtesy of the Westinghouse Elec-
tri c Corporation, East Pittsburgh, Pa. 

6 Manager, Hydraulics Section, Power Department, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. Mem. ASME. 

During the water-hammer tests at Grand Coulee Pumping 
Plant, the pump intake water surface was at elevation 1290 
which produced a pump submergence of 87 ft. The pump lift 
Ho, measured above the intake water surface elevation, was 280 
ft and the discharge head at the pump (neglecting pipe-line fric-
tion) was 280 + 87 = 367 ft. The maximum observed head rise 
at the discharge side of the pump due to a power interruption was 
390—367 = 23 ft, and the maximum head at the pump was then 

^ ^ = 1.06 times the normal discharge head at the pump. 
367 
Similar^ for the Granby Pumping Plant, the water-hammer tests 
were conducted with the pump intake water surface at elevation 
8240 which produced a pump submergence of 60 ft. The pump 
lift Ho, measured above the intake water surface elevation, was 
131 ft and the discharge head at the pump (neglecting pipe-line 
friction) was 191 ft. The maximum observed head of 226 ft at 
the discharge side of the butterfly valve for normal valve closure 

226 
subsequent to a power failure was = 1.18 times the normal 

discharge head at the valve. For a delayed valve closure the 
maximum head at the discharge side of the butterflj' valve was 
272 
— = 1.42 times the normal discharge head at the valve. 
191 

The average wave velocity for the P- l discharge line tested 
at Grand Coulee Pumping Plant was 3200 ft per sec, and the 
wave travel time was 0.29 sec. I t is interesting to note that for 
this discharge line with H0 = 280 ft and Qo = 1600 cu ft per sec, 

2 L 
the basic parameters given m this paper are 2p = 5.0 and Kl — = 

a 
0.031. Then from Fig. 11 the following results are obtainable: 

Maximum downsurge at pump = 0.42 X 280 = 118 ft 
Maximum downsurge at mid-length = 0.23 X 280 = 64 ft 
Maximum upsurge at pump = 0.08 X 280 = 22 ft 
Maximum upsurge at mid-length = 0.04 X 280 = 11 ft 

The observed maximum and minimum surges shown in Table 3 
were as follows: 

Maximum downsurge at pump = 367 — 277 = 90 ft 
Maximum upsurge at pump = 390 — 367 = 23 ft 

When either the computed or observed downsurge values are 
plotted on the discharge-line profile, the minimum hydraulic 
gradient is found to be considerably above the axis of the pipe, 
and water-column separation does not occur at anjr location in the 
discharge line below the siphon outlets. 

The water-hammer studies for Tracy and Granby Pumping 
Plants indicated that there was actuallj' a greater likelihood of 
water-column separation at these two plants than at the Grand 
Coulee Pumping Plant because of their longer discharge lines. 
In fact, Tracy and Granby Pumping Plants were originally pro-
vided with surge tanks at each discharge line. However, by 
making modifications in the pipe-line profile and permitting the 
pressures at certain locations in the discharge line to drop 
momentarilj' to about 15 ft below atmospheric pressure, four 30-
ft-diam surge tanks were eliminated at these two pumping plants 
with a savings of over one million dollars. 

Professor Kittredge has called attention to an interesting point 
in connection with the momentary negative-speed surge and the 
subsequent runaway speed in reverse. In addition to the fric-
tion effects which he has noted, another factor which often 
minimizes the runaway speed in reverse is the rapid draining of 
the discharge line. I t is seen, however, from Fig. 5 (c) that at 
the rated head the pump will run faster in reverse than rated 
speed. 

Professor Kittredge has inquired about the availability of 
curves similar to Fig. 11 for estimating the maximum reverse 
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speed subsequent to power failure. Such curves are shown in 
Fig. 18(d) and are plotted in terms  of the same basic parameters, 

2 L 
2p and Ki —, as those shown in Fig. 11. In addition to these 

a 
curves, Fig. 18 (a), (6), and (c) also include curves for estimating 
the time of flow reversal, time of zero speed, and time of reaching 
maximum reverse speed. The times noted in these figures are 
measured from the instant of power failure and are expressed in 

terms of units of - sec. These curves have been found useful 
a 

for estimating the required timing of control valves, and for 
estimating the maximum reverse speeds. 

The writer is in agreement with Professor Kittredge on the 
desirability of obtaining the manufacturer's pump data for zero 

head operation in order to determine the downsurge accurately 
during transient operation. However, such additional data are 
usually required only in those cases when water-column separa-
tion at some location in the discharge line is indicated as a 
possibility. 

The writer agrees with Mr. Rheingans on the need for further 
water-hammer studies with pumps of various specific speeds. 
Some additional studies of this type have been made during the 
past few years on other pumps of various types and specific 
speeds. In general, these studies indicate that substantial 
changes in the pump characteristics have only a moderate effect 
on the limiting transient effects. This is due to the fact that in 
addition to the pump characteristics, the transient effects depend 
to a greater extent upon the pump and motor inertia and the dis-
charge-line characteristics. 
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