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Fig. 5 Conditions for reverse loading on intake gate 
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Fig. 6 Maximum upsurge in air vent 

V; " ( f ) 5 2.325 

rate of intake gate closure to an extent which  will prevent reverse 
loadin g under all conditions, it is usually possible to limit the rate 
so that reverse loading does not occur after closure against any 
steady discharge. The ability to do this is beneficial, in that it 
facilitates conduit dewatering by ensuring the gate rests con-
stantly against its seal after it has been closed. 

A decision as to whether the rate of intake gate  closure should 
be further reduced in case that in emergency the discharge should 
be shut off after the intake gate closure depends on the gate seal 
design and the ease with which provision can be made to conduct 
away any overflow of water which surges up the air vent. 
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D I S C U S S I O N 

W. Douglas Baines2 

It is unfortunate that the authors have been able to obtain an 
analytical solution only for that part of the cycle after the gate 
has been closed. In addition, negligible friction has had to be 
assumed. These restrictions will mean that the solution  has 
rathe r limited application for the design engineer. The square-
law-frictio n terms in Eq. (1) and (2) cannot be handled in an 
analytical solution and thus the only practical solution is an 
arithmetic integration of the set of equations. Analogue and 
digital computers can readily handle these equations but the 
amount of work required to program the problem is more than 
the engineer can spend profitably. As these machines become 
progressively easier to operate solutions of single problems in-
volving turbulent friction should become more numerous. Even 
now the engineer should consider the use of a computer if a range 
of variables has to be studied. 

An approximation to the complete solution can be obtained by 
using a linear term in place of the square of the velocity friction 
term. For example, if, instead of neglecting the term ±FV* in 
equation (2) it is rewritten as /''j V\V where | Vj stands for the 
absolute value of the velocity and then F and |F| are considered 
constan t throughout the cycle the term becomes linear. Upon 
carrying through the authors manipulation of equations this then 
becomes one additional item in Eq. (4) : 

( 1 1 ) 
d% Flv'g M dK 

dl3 L at* " dt 
+ m = 0 (4') 

As was indicated in Section 3 of this paper, the initial down-
surge li in any development is a function both of the discharge Qp 

and the gate closure time. T o be sure, therefore, that the rate of 
gate closure is such that a reverse loading is not exerted on the 
intake gate of a development while the gate is closing against 
flow, the value of h for various combinations of these parameters 
has to be evaluated and substituted in Equation (11). 

Fig. 6 shows how the backsurge, as well as the initial down-
surge, is dependent on the discharge and rate of gate closure. 

5 Design Considerations 
Reverse loading on an intake gate after closure can damage the 

gate seals or embedded parts. Seal damage is most likely where 
an upstream seal is employed and full reverse loading is applied 
to the gate seal. 

While in a long conduit it is not usually possible to reduce the 

Equation (4') should be as readily soluble as Eq. (4) but the 
solution is certain to be algebraically more complicated. The 
writer has not had time available to carry out this solution so 
cannot comment further on the final form. One real advantage 
t o the solution of Eq. (4') for the engineer is the choice of |y| to 
be used. If an average value of the velocity is chosen the result-
ing surge height should be close to that in the exact solution. 
However, for a conservative result one would choose the smaller 
than average value of | V"|. 

A similar approximation for the head loss through the gate in 
Eq. (1) could be used but this has no real value. The friction co-
efficient S is a variable and ordinarily the variation with time 
cannot be approximated with a linear equation. Thus one 
anticipates that the initial phase must be solved by arithmetic 
methods. 

1 Associate Professor, Department of Mechanical Engineering, 
University of Toronto, Toronto, Ontario. 
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Minimum Surge Level in Air Vent 

The equations given by the authors are invalid if hr has a value 
less than the elevation of the top of the supply conduit. If this 
occurs in a physical situation air is drawn into the supply conduit. 
This takes the form of a tongue on the top of the conduit which 
progresses downstream leaving almost constant depth of water 
behind it. With the reversal of head this tongue is sealed off and 
water immediately enters the air vent. As the backsurge pro-
gresses the air in the supply conduit is carried back to the air vent 
and rises to the top. However, as the air moves up the vent it 
is pushing a column of water ahead of it which is blown out the 
top, often with spectacular residts. The water can rise many feet 
into the air and cause considerable damage to the surroundings 
because of the relatively high speed with which it leaves the vent. 

This condition cannot be analyzed because of the unknown 
characteristics of the air-water mixture. It can, however, be 
avoided by designing the installation so that the level never falls 
below the top of the conduit. This is an unnecessarily conserva-
tive assumption in that some spray can always be tolerated. The 
writer would he interested to know how this is handled in practice. 

P. Danel3 

Although no basic remarks will be presented here on the actual 
computation of the surges themselves it may be interesting to 
supplement this very good paper by a few comments on some 
other problems in connection with the air vent installation. 

(а) It has been aptly mentioned that in the upsurge phase some 
damage may be done to the gate seals and embedded parts. 
With some designs of gate and control devices, the upsurge may 
eventually lilt the gate bodily and drop it suddenly. The control 
mechanism may thus be broken, or the gate may be wedged in a 
difficult position. In designing such gates, it is then obvious that 
the operating forces have to be ascertained for transient con-
ditions. In most cases too elastic control mechanism should be 
avoided, and in general cable operation should be ruled out. 

(б) The main reason for providing air vents is to prevent cavi-
tation, or at least ease the low pressure condition. 

Even if the air vent cross section is very ample there still may 
be cases where some destructive cavitation would occur in loca-
tions where the air has no free access. In such cases, if the over-all 
cavitation effect is somewhat less the local destructive action 
is not always materially reduced and, in certain extreme cases, 
it may eventually be more severe at places. The fact that the 
pressure distribution has been changed by the air vent action 
often changes also the exact location of bubble collapse which is 
the area where pitting occurs. 

Laboratory tests in a specially designed cavitation set-up, with 
special provision for air vent action, can demonstrate the phe-
nomenon and suggest the proper remedies. 

(c) Although formulas have been offered from time to time for 
the computation of air vent sizes, to our knowledge they cannot 
claim a great accuracy. Therefore an ample margin of safety 
should be the rule. 

It can be stated briefly that up to a certain critical size the 
pressure is practically unaffected by the air inrush. Then 
the pressure rises gradually and soon very rapidly approaches at-
mospheric; past that narrow range of rapid variation it still 
rises very slowly to come nearer to atmospheric. It must be well 
remembered that in many cases the range of pressure variation 
is quite narrow, and a slight error in computing the air vent size 
may introduce very low pressures instead of the near atmospheric. 

The pressures mentioned here are of course the mean pressures 
near the top of the tunnel and as discussed in (6) may often differ 
considerably from local pressures where cavitation occurs. 

3 General Manager, Sogreah, Grenoble, France. Assoc. Mem. 
ASME. 

C. W. Lundgren4 

The authors' mathematical expressions and charts for determin-
ing back surges in air vents adjacent to emergency gates are 
valuable for preliminary estimates. However, since the back 
surge derived from the mathematical expressions must be pre-
ceded by a step by step solution to determine the initial down 
surge after the gate closure, it would seem desirable to solve the 
entire problem by the graphical water-hammer method. 

Friction effects with smaller and longer conduits than in the 
illustrated example can exert considerable influence on the mag-
nitude of the vent tank surge. Although friction effects cannot 
readily be included in the authors' mathematical expression, they 
can easily be included in the graphical solution. 

The graphical solution will provide the entire time history of 
the water levels and flows in both tanks and may also be con-
structed to show the effect of an orifice at the vent tank. The 
basic principles of the graphical solution may be found in Ref-
erence [1]. The specific method in this case is to provide a co-
ordinate system in Q and H, the required parabolas for the timed 
gate movement, the friction parabola, the slopes for the wave 

(a) L L 
parameter - — and the slopes , , , and . . . for integrating the 

Atg (a)Av (a)A, 
tank water level changes. The (a) represents the wave velocity. 
The other symbols are the same as in the paper. The flows at the 

surge tank junction are fixed at each 2 — interval by the pen-
Co) 

stock outflow rate. 
The problem is then solved graphically by connecting the 

(a) 
properly sloped lines, where the lines with slopes ± —— represent 

L 
the wave phenomena, the lines with slopes ± determining 

(a)Av 

the incremental changes in the vent tank water level, and the 
L 

lines with slopes ± —-— determining the incremental changes 
(a)A, 

in the surge tank water level. 
Reference [2] illustrates solutions for similar problems using 

the foregoing graphical method for integrating water level changes. 
Caution should be taken to determine the location and con-

figuration of the vent tank connection with respect to the gate, 
since the gate discharge rate and the vent tank outflow will be 
affected. 

TQ Mathematical expression (10) in the paper should be — -
hAs 

instead of , ®* . 
hAs2 
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C. G. Smallridge5 

The authors are to be complimented on the excellent presenta-
tion of this paper which is a welcome contribution to the litera-
ture. 

Provision of adequate venting facilities to protect the conduit 
downstream of the intake gate or point of control is of prime im-
portance in the design of any hydroelectric or water supply 
installation. 

* Engineer, Technical Engineering Analysis Branch, Division of 
Design, Bureau of Reclamation, Department of the Interior, Denver, 
Colo. 

• Hydraulic Engineer, The Shawinigan Engineering Company 
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The authors' concise analysis covers surges occurring in an air 
vent in the classical case where the initial down surge is contained 
within the vent shaft and no actual venting of the conduit takes 
place, under properly designed conditions. 

I t seems appropriate to the writer to point out that this is only 
one case in the general problem of air vent surges. In many Bur-
face layouts, a considerable quantity of air will be taken into the 
supply conduit under the emergency closure conditions described 
by the authors, and while the resulting backsurge of the air and 
water admixture cannot be analyzed readily, the effects can be 
more devastating than the resurge without air entrainment. 

Several serious  accidents affecting intake structures of hydro-
electric developments have occurred in the past due to reopening 
of the emergency gate before the resurge in the air vent has 
taken place. I t is regrettable that so few of these occurrences 
have been written up in the Engineering literature. In at least 
one case known to the writer, the blocking and sudden clearing of 
trash racks due to frazil ice has caused very serious air vent 
surges with considerable damage to the intake gate house struc-
ture. 

Such occurrences can be prevented by providing electrical limit 
switches to prevent arbitrary reopening of the gate after emer-
gency closure, adequate heating of trash racks and air vents, 
and in certain cases, as pointed out by the authors, by reducing 
the rate of gate closure. 

The backsurge in the air vent, and resultant reverse head on 
the gate, can be reduced by providing an adequate overflow into 
the headgate well. In addition, with a downstream gate seal, 
which is a common arrangement with surface intakes, the gate 
moves away from the seal under a reverse head to further re-
duce the surge. 

As a further protection, damage to the intake gate house over 
the vent due to a serious backsurge can be minimized by the use 
of collapsible panels designed to blow out under small differen-
tial pressure. 

Authors' Closure 
The authors wish to thank Dr. Baines, Dr. Danel, Mr. 

Lundgren, and Mr. Smallridge for their valuable comments. 
The graphical method of determining the magnitude of air 

vent surges suggested by Mr. Lundgren and the refined analytical 
method put forward by Dr. Baines will no doubt give more ac-
curate results than the simplified treatment which the authors 
advanced. The purpose of the paper was to indicate design fea-
tures which could induce severe upsurges in an intake gate vent 
shaft and to show what measures can be taken to minimize these 
upsurges. The authors thank Mr. Lundgren for his correction to 
the mathematical expression (10). 

Regardless of the method adopted for evaluating surges within 
the air vent for the case of the conduit running full, the method 
must be revised if drawdown occurs below the soffit of the conduit 
downstream of the intake gate. If the conduit is  steeply in-
clined at that section, it can be assumed to act as an extension to 
the vent shaft, and no great difficulty arises in obtaining a solu-
tion. On the other hand, if the conduit is nearly horizontal, 
translatory waves occur which may, in extreme cases, significantly 
affect the answer. Laboratory experiments made by the authors 
have, however, shown that by slight grade adjustments the effect 
of translatory waves can be minimized and drawdown below the 
soffit made nearly uniform. For such cases the accelerating and 
decelerating head is known for the entire surge cycle, and if a 
running account is kept of water drawn from the conduit and 
supplied to it, it is possible to predict the time at which the con-
duit is again entirely refilled. The step by step calculation will 
also give the reverse velocity that would later induce upsurge in 
the intake gate air vent. The entrapment of air, which Dr. 
Baines and Mr. Smallridge refer to, can magnify this upsurge. 

Dr. Danel mentions how the consideration of backsurge may 
affect intake gate design and cautions the designer against in-
adequate venting. His remarks are indeed valuable. 

Mr. Smallridge indicates that the blocking and clearing of 
intake trash racks due to frazil ice can induce serious air vent 
surges. These transients can be examined theoretically by as-
suming that the blockage is equivalent to partial closure of the 
intake gate. For northern hydroelectric stations, it is necessary 
to guard against damage should such transients occur. 
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