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ABSTRACT 

General studies were made to determine design parameters for 
hydraulic downpull and uplift forces on downstream seal, roller- 
mounted gates located in entrance transitions of large conduits. 
Effects of various gate lip extensions, and recesses in the gate 
shaft, were investigated for one seal extension. Uplift forces 
great enough to prevent closure of gates under their own weight 
were found. Uplift forces were controlled by proper shaping of 
offsets and recesses in the face of the gate shaft or  bonnet. A 
gate lip extension to leaf thickness ratio of 0.55 was selected as 
the optimum compromise between structural and hydraulic con- 
siderations. Pressures on the gate bottoms, and hence the down- 
pull, were significantly affected by the gate slots and side walls. 
Effects of air admission were also determined. The data were 
applied to the 17.50 by 22.89-foot San Luis Outlet Works gates 
operating under a 273-foot head. Data a r e  presented in both dimen- 
sional and nondimensional form. 

DESCRIPTORS- -*hydraulics / *hydraulic downpull1 *air demand / 
roller gates/ gate seals/  instrumentation/ hydraulic models1 intake 
gates/ cavitation/ 

IDENTIFIERS--hydraulic uplift/ lip extension1 seal extension/ bonnet 
recesses/  emergency closures 
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PROGRESS REPORT NO. 1--RESEARCH STUDIES ON 
HYDRAULIC DOWNPULL FORCES ON LARGE GATES 

WITH SPECIAL APPLICATION TO THE SAN LUIS 
OUTLET WORKS EMERGENCY GATES 

PURPOSE 

General studies were made to determine design parameters for  
hydraulic downpull on downstream-seal, roller-mounted gates 
located in entrance transitions of large conduits. Data a r e  pre- 
sented in both dimensional and nondimensional form on the effects 
of gate leaf and gate shaft geometry and of air vent size. The 
data were used to  obtain downpull values for the San Luis Dam 
17.50- by 22.89-foot outlet works emergency gates. 

CONCLUSIONS 

1. Dimensionless downpull coefficient data a r e  presented and may 
be used with confidence or. gate structures of s imilar  geometric 
design. 

2. The test  data a r e  in reasonable agreement with results of other 
investigators considering differences in the geometries studied. 

3. Uplift forces severe enough to  prevent closure of the gates under 
their  own weight can act on the gates unless provisions a r e  made to  
prevent o r  reduce the uplift (Figure 11). 

4. The proximity of the downstream wall of the gate shaft and the 
top and bottom seals  of the gate leaf have great effect upon downpull 
and uplift forces. With proper shaping of this wall by recesses and 
offsets the forces can be significantly reduced (Figures 4 and 14A). 

5. The ratio of gate lip extension t o  leaf tkickness greatly affects 
downpull and uplift (Figure 14A). .Increases in lip extension reduce 
both downpull and uplift. A lip extension ratio of 0.55 was selected 
as the best compromise between structural  and hydraulic considera- 
tions. 



6 .  The lip extension ratio of 0.55. and the revised offsets on the 
downstream wall of the well, produce reasonable downpull forces 
and sufficiently low uplift forces s o  the gates will operate satisfac- 
torily. 

7.  Three-dimensional effects, i. e. ,  the effects of gate slots and 
sidewalls, significantly influence the pressures on the underside 
of the .gate leaves. 

8. A maximum downpull force of about 710,000 pounds (710 kips) 
will occur during emergency closures of the San Luis gates if free 
discharge conditions occur at the downstream gate frame. 

9 .  A downpull force of about 800 kips will occur if a catastrophic 
rupture occurs in the penstocks some distance downstream from 
the San Luis gates. This force is greater than for f ree  discharge 
conditions because subatmospheric pressures would exist under 
the top seal. 

10. A downpull force of about 405 kips will occur on the San Luis 
gates i f  the closure is made while maximum power generating 
flows of 4,225 cfs a r e  passing through the turbines. 

11. A minimum of 4,230 cfs of free a i r  must be admitted to  the 
conduit just downstream from each San Luis gate t o  maintain an 
ambient pressure not lower than one-half atmosphere subatmos- 
pheric during closures with severely ruptured penstocks. 

ACKNOWLEDGMENT 

The studies discussed herein a r e  part of a long-range program t o  
obtain sufficient appropriate data for analytically determining 
downpull and uplift forces on large gates. The program is jointly 
shared by the Mechanical Branch of the Division of Design, and the 
Hydraulics Branch of the Division of Research. The cooperative 
efforts of the two organizations a r e  reported here. Special men- 
tion is made of T .  J. Isbester, Hydraulics Branch, who designed 
the test  equipment and performed part of the tes t  program. 

INTRODUCTION 

General Considerations 

Doanpull is produced by the reduction of pressures when a fluid 
flows under a gate. In the absence of any flow, a gate that is com- 
pletely submerged is subject t o  hydrostatic pressure that produces 
a buoyant force. This static condition is characterized by a uni- 
form value of the piezometric head. The nonuniform distribution 
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of piezometric head that is observed under flow conditions is due 
solely to  the reduction of pressure, and the component of the force 
in the direction of gate travel computed from this pressure distrl- 
bution is defined a s  downpull. It is taken as positive in the direc- 
tion of gate closure. 

Downpull is primarily of concern to  the designer of gate hoisting 
equipment. He must take into account the weight of the gate, the 
buoyant force, friction forces, and downpull. Downpull may be 
many times greater than the weight of a gate, and under some con- 
ditions it may become negative, indicating an uplift. This latter 
condition was observed during the course of this investigation. 

A long-range program has been undertaken by the Bureau of 
Reclamation to  establish general downpull design guidelines for 
a variety of gate designs, and for the three principal types of gate 
installations. The gates include upstream and downstream seal  
designs, roller t rain and fixed-wheel designs, and various bottom 
shapes. The types of gate installations consist of locations on the 
face of the dam over the conduit entrances, within the entrance 
transitions, and within o r  at  the downstream end of the conduits. 

Scope of the Present Investigations 

This present study was part of the above long-range program and 
the objectives were fourfold: 

1. To determine the downpull characteristics of a downstream 
seal  roller-mounted gate located in the entrance transition of e 
conduit, and discharging under controlled conditions simulating 
maximum power generation at  the powerplant and under "free 
discharge" conditions simulating a rupture in the tunnel. 

2. To generalize the results into a form that would be applicable 
to  future designs of a similar  character. To this end the effect 
of lip extensions, sea l  size, gate thickness, and rounding of the 
upstream edge of the gate bottom were to be investigated. In 
addition the influence of holes in the bottom beam of the gate, 
the shape of the tunnel entrance, and the presence of a trashrack 
were to  be determined. 

3 .  To correlate the results of this investigation with the results 
of previous downpull studies. 

4. To compare the pressure-computation method of determining 
downpull with the weighing method. 



Objective 1 has been achieved, and Objectives 2 and 3 are  partially 
completed. Additional studies are  necessary for their completion. 
'Objective 4 awaits studies to be made by the direct-weighing method. 

Dimensional Analysis 

The .variables and parameters to be considered are given in the 
'following list. The geometric parameters are  shown in Figure 3. 

P downpull force 
V velocity in the contracted jet issuingfrom beneath the gate 

p viscosity, dynamic 
g gravitational acceleration 
d gate .thickness 

B gate width 
b tunnel width 

yo tunnel height 
y gate opening 
e length of lip extension 
s length of. seal extension 
a depth of recess in the gate ,well 
c width of gate slots 
r radius of the rounding on the upstream edge of the gate 

lationship. can be established: 

y , e , s , r , a , c , y  B . b .  m=,"l.(a a a a a a + a  a 



. - 
values of 0.15-and zero, respectively. ' With a sharp corner on the 
upstream edge of the gate there is no questionbut that the flow 
separates  at  this corner (Figure 3). The second point of separation, 
if one occurs, depends upon gate opening and length of l ip extension. 

on downpull is therefore negligible too; and since this investigation 
is limited to  high headgates, the Froude n u ~ b e r  can be eliminated. 

The dimensionless variable Vd PIP is a Reynolds number. Its 
value for the prototype is s o  large that it ceases to  be a significant 
variable; but models a r e  generally operated a t  much lower Reynolds 
numbers than the prototype, and care  must be taken to  insure that 
this does not have a significant effect. 

In this investigation a potential source of difficulty with Reynolds 
number ar ises  when the upstream edge of the gate bottom is rounded. 
If the flow separates from this surface the point of separation 
depends on Reynolds number; thus, the flow pattern and pressure 
distribution become dependent on Reynolds number. In the first 
phase of this investigation Reynolds numbers a s  low as  2 x 104 were 
encountered: but for  reasons that a r e  presented in the following 
section. this did not create any problem. In subsequent phases of 
the general study it will be a problem. 

The effect of the parameters a ld ,  cld,  yo/d, yo/B, b/B, and a 
l ie  outside the scope of the proposed investigation. The values that 
were used a r e  given below: 

The functional relationship to  be determined in the proposed inves- 
tigation now reduces to: 

The dependent variable will be called the downpull coefficient and 
will be denoted by K Thus 

Scope of Tests  and Report 

In the tests  reuorted herein. s /d and r / d  were held at  the constant 



negligible, the Reynolds number is eliminated a s  a variable. The 
functional relationship for the first phase of the investigation is 
therefore represented by 

Four values of the parameter, e /d ,  were investigated: 0.2, 0.4, 0.6, 
and 0.8. Each value was tested at three flow conditions: controlled 
discharge representing maximum power generation, free discharge 
of the gate, and free discharge 4 tunnel diameters downstream 
from the transition section to  represent a ruptured tunnel. 

In addition t o  curves showing the downpull coefficient, curves giving 
the computed prototype downpull forces and the flow rates a r e  pre- 
sented. A few selected pressure distributions on themodel a r e  also 
given. 

THE MODEL 

The gate used for the investigation was a 1:35 scale model of one of 
the four closure gates in the outlet works of San Luis Dam in the 
Central Valley Project (Figures 1 and 2). The gate leaves have 
downstream seals and downstream skinplates. They a re  roller 
mounted in a gate well near the bellmouth entrance of the tunnels 
that lead to  the powerplant at the base of the dam. At the gate well 
the tunnel has a rectangular cross section that is approximately 
23 feet high and 1 7 . 5  feet wide. Just downstream from this section 
there is a transition to  a 17.5-foot-diameter circular tunnel. The 
maximum water surface elevation in the reservoir is 273 feet above 
the invert of the tunnel at the gate section. 

Test  Apparatus 

The test apparatus is shown in Figures 4, 5, and 6.  A 3-foot- 
diameter pressure tank with flow distributing baffles at the upstream 
end represented the reservoir.  The 1:35 scale intake structure of 
the San Luis outlet works was mounted on a bulkhead at the end of 
the tank. The model was built from galvanized sheet metal, brass  
plate, and bar stock. The bottom portion of the leaf was made 
removable s o  that lip extensions of 0 .2  d, 0.4 d, 0.6 d, and 0.8 d 
could be tested. 

To maintain the same overall height of the gate leaf for different lip 
extensions, the model leaf was made in two parts and bolted together 
(Figures 4 and 6). This made it possible to insert shims between the 
two parts to compensate for different lip extensions. This construction, 



especially when shims were inserted, interrupted the equal spacing 
of the horizontal beams. The effect which this may have had on the 
results is discussed la ter  in the report. 

In certain details the model deviated from the San Luis gate. These 
deviations a r e  a s  follows: 

1. The top and side seals of the prototype were represented in 
the model by brass  bars  of rectangular cross section. 

2. The bottom seal  was modeled by a s t r ip  of sheet metal across 
the bottom of the skinplate. 

3. The roller  trains of the prototype were represented on the 
model by brass bars on the front and back surfaces, and by brass  
plates placed on edge across the bottom to form the gate roller 
extensions. 

4. The roller extensions were omitted on the bottom of the leaf 
for the smallest lip extension. 

In addition to  the above model deviations from the San Luis gate, 
certain features of the model should be noted. 

1. The model of the tunnel was terminated 4 diameters down- 
stream from the transition section without incorporating the 
small horizontal bend (less than lo0) of the prototype. 

2 .  .The a i r  vents in the top of the downstream gate frame were 
originally modeled to the equivalent size of the proposed 12-inch 
vents. Later they were revised and considerably enlarged. How- 
ever, the length of the a i r  ducts was not modeled. Instead, 
valves located near the gate were used to control the airflow. 

3. The trashrack and its foundation were omitted from the model. 

4. The full height of the gate well was not modeled. 

The implications of terminating the tunnel and not modeling the a i r  
ducts a r e  discussed la ter  in this report. The effect on downpull of 
omitting the trashrack is to be the subject of a la ter  phase of the 
investigation, but it is believed that the effect is negligible. 

The model of the gate well was terminated at a sufficient height 
above the  gate to  insure a negligible influence on downpull. This 
statement is supported by the uniformity of thepressures  measured 
in the  gate well. Thepressure  exerted by the cover plate of the model 



well is the same a s  would be exerted in a tal ler  open well by the 
higher column of water that would form. 

The recess  near the bottom of the downstream wall of the gate well 
was modeled to conform to the preliminary prototype design. After 
testing the f irst  two lip extensions (e /d  = 0.8 and 0.6), the reLsess 
was revised to  minimize the "uplift" that was discovered during the 
tests .  This revision is discussed more fully later  in the report. 

Instrumentation 

The gate model was instrumented with 27 piezometers: 18 on the 
bottom beam, 4 on the gate lip, 2 on the bottom of a roller exten- 
sion, 2 at  the top of the skinplate, and 1 on the top beam (Figure 4 ) .  
In addition, 1 piezometer was located in the pressure tank, 1 was 
located at  the top of the tunnel just downstream from the gate and 
midway between the two a i r  vents, 7 were located on the centerline 
of the invert downstream from the gate, and 28 were located on the 
bellmouth entrance. After the f irst  ser ies  of tests  (eld = 0.8) 
3 piezometers were installed in the walls of the gate well to  indicate 
bonnet head. 

The piezometers on the invert were intended to reveal the head and 
location of the vena contracta of the jet issuing from beneath the 
gate, but the expectation was not realized because of the influence 
of the transition section and of the secondary flows down the gate 
slots and down the back face of the leaf (skinnlate) from the gate well, 

The piezometer lines from the model were taken to  a manometer 
board where the piezometric heads were indicated by water columns 
(Figure 5A). The scale on the manometer board was expressed in 
feet and subdivided to hundredths of a foot. The reading of 0.79 
corresponding to the elevation of the tunnel invert at the gate was 
determined with a surveyor's level. This was the.datum used for 
al l  head measurements. 

The manometer board was divided into four sections, each of which 
could be independently pressurized with a i r .  The a i r  pressure was 
measured by mercury U-tube manometers. This arrangement, while 
causing a small  loss of accuracy, eliminated the need for a tal l  manom- 
e ter  board equipped with a ladder for taking readings. 

The gate was raised and lowered by a threaded shaft that passed 
through the cover plate on the gate well. A ser ies  of spacer tem- 
plates were used between the top of the cover plate and the screw 
handle to  se t  the gate openings. A l l  settings were made with the 
screw being turned to  open the gate, and the templates provided 
approximately 10 percent increments of gate opening. Fo r  inter- 
mediate openings the distance from the top of a template to  the bottom 
of the screw handle was measured. - 



with a-point gage. The measurementcobld not be made accurately 
because of the turbulent surface, but a satisfactory estimate was 
obtained for most gate openings. 

Flow rate was measured with calibrated Venturi meters in the 
laboratory's main watersupply system. 

INVESTIGATION 

Experimental Procedure 

Fo r  the condition of controlled discharge, representing maximcm 
power generation at the powerplant, a hollow-jet valve was mounted 
at the end of the 4D-long model tunnel and adjusted to pass a flow of 
0.583 cfs with the model gate fully opened and with a head ill the tank 
of 7.80 feet. These values were equivalent to  4,225 cfs and a 273- 
foot k,ead. To obtain these conditions the hollow-jet valve and a gate 
valve located upstream from the pressure tank had to be adjusted 
simultaneously. After the proper settings had been achieved, the 
hollow-jet valve was left without further adjustment, but the gate 
valve was adjusted for  each gate opening of the model to maintain a 
tank head representing 273 feet. This value could not be set pre- 
cisely for every gate opening, s o  small discrepancies were adjusted 
by computation. 

F o r  free discharge downstream from the transition section, repre- 
senting a catastrophic rupture in the penstock, the hollow-jet valve 
was removed and the proper tank head was maintained by adjusting 
the gate valve. Fo r  large gate openings the reduction of area through 
the transition section produced a back pressure at the gate. The gate 
was thus completely submerged and the flow pattern was dynamically 
similar to the flow pattern for controlled discharge. 

As the gate was closed from the full open position, the contraction 
in the flow pattern caused a reduction in pressure downstream from 
the gate. F o r  the f irst  se r ies  of tests (e /d  = 0.8) the valves to  the 
12-inch-diameter (prototype) a i r  vents were opened wide a s  soon as  
the pressure indicated by Piezometer 28, located at  the crown of the 
tunnel between the a i r  vents, became atmospheric. With ventilation 
and fairly large gate openings, the flow pattern became similar to a 
free discharge flow pattern, with a hydraulic jump in the transition 
section. 

When the gate was closed further, the prototype 12-inch a i r  vents 
w e e  not adequate to maintain a pressure close to  atmospheric. In 
fact, even with the valves on the air'vents removed, the prersure 



mercury, depending on the magnitude of the negative pressure to  be 
measured. 

After the first se r ies  of tests ,  it was decided that the size of the air 
vents on the model should be increased s o  that enough a i r  could be 
introduced to  prevent the pressure in the model from dropping below 
the cavitation threshold of the prototype. This threshold was taken 
as -32.5 feet of water which on the model would be -0.93 feet. The 
following procedure was adopted and used for  a l l  subsequent tes ts .  

1. The a i r  vents were closed whenever the equivalent prototype 
pressure indicated by Piezometer 28 was greater than -32.5 feet 
of water. 

2. When the equivalent pressure  became l e s s  than -32.5 feet 
the a i r  vents were opened just enough t o  maintain the threshold 
pressure.  

3. After the flow became ventilated from the end of the tunnel, 
the a i r  vents were closed. 

The purpose of this procedure was t o  test  the gate under the worst 
possible prototype conditions, namely, the pressure levels that 
would occur in the absence of any ventilation. When the air vents 
were opened, it was not to  simulate the effect of air vents in the 
prototype, but rather, to  simulate the void o r  vapor filled region 
that would be produced by severe cavitation, and which would pre- 
vail at a pressure of about -32.5 feet of water a t  San Luis Dam. 

A photograph of the model operating under simulated cavitation 
conditions is given in Figure 5C. Undoubtedly the flow pattern 
would be somewhat different with rea l  cavitation, 6Lt this was the 
best simulation that could be achieved in the model. 
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downstream from the gate dropped to  a value equivalent to  minus 
three atmospheres on the prototype--a physically impossible situa- 
tion on the full-sized structures. Nevertheless, data were recorded, 
and the downpa11 w a s  adjusted by computation t o  correct for this 
unrealistic condition. Later,  the vents were enlarged to  represent 
two 36-inch-diameter conduits. 

With more closure of the gate the hydraulic jump was swept out, the 
flow became ventilated f romthe  downstream end of the tunnel, and 
the pressure downstream from the gate became nearly atmospheric. 

As soon a s  the air vents were opened, it became impossible to main- 
tain the line to  Piezometer 28 full of water. F o r  measurements 
under these conditions the piezometer line was blown free  of a l l  water 
and connected to  a U-tube manometer containing either water o r  



On closure cycles, the gate opening at  which the cavitation thresh- 
old was reached was between 60 and 70 percent for  lip extensions of 
0.2, 0.4, 0.6, and 0.8 d. Ventilation from the end of the 4D-long 
tunnel occurred between 30 2nd 40 percent gate openings with 
e / d  = 0.8 and 0.4, and between 40 and 50 percent openings for 
e /d  = 0.6. Fo r  e / d  = 0.2 and a gate opening of 30 percent. suf- 
ficient a i r  t o  hold the cavitation threshold could not be introduced 
through the two 36-inch vents without having the flow ventilate 
from the downstream end of the tunnel. 

However, when the air vents were closed, the tunnel again filled 
and the pressure fell below the cavitation threshold. No data were 
recorded for these conditions. At a 20 percent gate opening the 
flow was freely ventilated from the end of the tunnel. 

F o r  opening cycles with e /d = 0.8 the flow ventilated from the down- 
s t ream end of the tunnel until a gate opening in the 50 to  60 percent 
range was achieved. But because only the gate closure sequence 
seemed to have practical s ipif icance,  tests  of gate opening sequences 
were discontinued. 

F r e e  discharge at the gate was obtained by replacing the transition 
section and tunnel with an open channel. The pressure associated 
with Piezometer 28 was taken a s  atmospheric for  al l  gate openings 
even though small positive pressures were observed for gate open- 
ings close to  100 percent. These positive pressures were due to  
the sloping crown of the tunriel. 

Readings of the water columns on the manometer board were 
recorded photographically. Because there was some fluctuation of 
the water columns, an attempt was made to  take the pictures when 
the piezometric head in the tank was at its mean value. 

It was soon observed, however, that the readings of the other pie- 
zometers were not always the same for a given tank piezometer 
reading. In fact, there was no detectable correlation at all. This 
was particularly true of the piezomcters located on the bottom beam 
of the gate and on the roller  extension. Readings of the piezometers 
located nearand within the gate slots were especially errat ic.  



F o r  the most part the fluctuations were reasonable, amounting to  
only a few hundredths of a foot, model. Frequently, however, the 
heads on the bottom of the roller  extensions and within the gate 
slots  fluctuated by several  tenths of a foot, and on r a r e  occasions 
they fluctuated as much a s  2 feet, model. 

The severest fluctuations were encountered when operating at the 
cavitation threshold, especially when the flow was on the verge of 
becoming ventilated from the end of the tunnel, for  then both the 
downstream pressure and the tank pressure fluctuated badly. F o r  
f ree  discharge at the gate, large fluctuations were observed in the 
70 t o  90 percent range of gate openings. F o r  f ree  discharge down- 
s t ream from the transition section and with the smallest of the l ip 
extensions, there were large fluctuations at the 90 percent gate 
opening. 

In view of the nature of the fluctuations, particularly their  compen- 
sating characteristics, the manometer board was photographed in a 
more o r  less  random manner. Care was taken, however, not to  
photograph an extreme condition. The results obtained by the pro- 
cedure were satisfactory and plotted a s  reasonably smooth and 
reproducible curves. 

Computation of Results 

The piezometers on the bellmouth were observed during the f i rs t  
se r ies  of tes ts  (eld = 0.8); but since nothing of a disturbing nature 
was detected (except a s  noted below), thei r  observation was discon- 
tinued. The exception was the erra t ic  fluctuation of Piezometer 6 1 
(and occasionally Piezometer 62) when the flow ra te  was high. 
These piezometers a r e  identified in Figure 6 .  The fluctuations can 
be attributed t o  the re-entrant-type flow that occurs around the base- 
plate of the model. The trashrack foundation will prevent this type 
of flow from occurring in the prototype. 

To compute the downpull all manometer readings were converted t o  
piezometric heads relative to the tunnel invert at  the gate. To  each 
external surface a r ea  of the gate having a horizontal projection, a 
mean piezometric head was assigned based on the measured values. 
Products of these heads and a reas  were summed algebraically with 
top areas  being taken a s  positive and bottom areas  a s  negative. 
Their total was multiplied by the specific weight of water to obtain 
the model downpull. Details of these calculations a r e  given in the 
appendix. 



passingiver  the top of the gate al l  three piezometers indicated 
essentially the same head a s  was measured by the piezometers in 
the gate well (bonnet head). When flow over the top of the gate 
occurred, the three piezometers indicated different heads, all of 
which were slightly less than the bonnet head (Figure 7). 

* One might expect the piezometer on the top beam to  always indicate 
a higher head than the two at the top of the skinplate. The expecta- 
tion, however, was seldom borne out by observation due, no doubt, 
to  the three-dimensional character of the flow. The head indicated 
by Piezometer 27 was generally between the heads for 25 and 26. 
In view of these observations, the arithmetic mean of the three 
piezometric heads was used with the entire top a rea  of the gate 
including the projections of the side seals and roller trains. 

There were no piezometers under the top seal. It was assumed 
that with flow over the top of the gate the heads above and below the 
top seal  would be equal and there would be no contribution to down- 
pull. With no flow over the top of the gate it was assumed that the 
head beneath the top seal  was equal to  the head downstream from 
the gate when the gate was submerged. F o r  free and air-vented 
discharges the pressure head beneath the top seal  was the same a s  
the pressure head downstream from the gate. The head downstream 
from the gate was measured by Piezometer 28. The head on top of 
the top seal  was taken to  be the same a s  on top of the gate. Head 
differentials across the seal  contributed t o  downpull on the gate, 
and were taken into account in the downpull computations. 

Pressures  on top of the bottom seal  were not measured on the model. 
Although the area  involved is  small  compared with the total gate area, 
the associated force component can be significant under some operat- 
ing conditions. F o r  free and air-vented discharges and with gate 
openings greater than 10 percent (and less  than 90 percent after revi- 
sion of the recess)  a high-velocity jet from the gate well flowed down 
the downstream face of the gate leaf and impinged on the top of the 
bottom seal.  Under these conditions the head on top of the seal  was 
assumed to  be equal to  the average head on top of the gate. Use of 
this head, which was somewhat l ess  than the bonnet head, tended to 
compensate for unknown losses in the jet. 

With free discharge downstream from the transition section, the gate 
w a s  submerged for gate openings greater than 60 percent. Neverthe- 
less., it was assumed that the bottom seal  was close enough to  the slot 
from which the,gate well jet issued for the head o n  top of the seal  to  
be significantly influenced by the jet. The head on top of the seal  was 
computed in the same way a s  for free and air-vented discharges. 



In spite of low downstream pressures when the cavitation threshold 
was simulated. the pressures under the gate lip remained above 
the model vapor pressure. This indicated that the gate lip was 
effectively screened from the region of prototype cavitation by the 
jet flowing down the gate leaf. The measured values of head beneath 
the lip were therefore used in computing the downpull. 

F o r  gate openings less than 20 percent (and greater than 80 percent 
with the revised recess)  the top seal  prohibited flow down the face 
of the gate leaf, and the pressure on top of the bottom seal  was con- 
sidered equal to  the pressure indicated by Piezometer 28. 

When the model was operated with a back pressure to simulate the 
flow for maximum power generation, the bottom sea l  was generally 
submerged. F o r  gate openings of 70 percent and greater the flow 
from the bonnet was negligible, and for smaller  gate openings it was 
assumed that the jet was sufficiently dissipated for  its effect on the 
bottom seal  to be negligible. Under these conditions the heads above 
and below the bottom seal  were assumed t o  be  equal. 

Fo r  controlled discharge flow and for a gate opening of 3.6 percent 
the pressure downstream from the gate was negative. On some 
tests  the a i r  vents were then opened and a hydraulic jump that sub- 
merged the gate lip was formed in the transition section (Figure 8A). 
The downpull on the bottom seal  was computed in the same manner 
a s  for other air-vented discharges except that the head on top of the 
sea l  was computed taking the apparent depth of submergence into 
account. 

There was one exception to  this procedure. Fo r  e l d  = 0.8 the 
hydraulic jump had not been observed because at  the time of the tests  
a sheet metal transition section was being used. A s  a result, no cor- 
rection was made for the depth of submergence. The effect of sub- 
mergence was considered to be s o  small that the computations were 
not revised after discovering the presence of the jump. 

The head on the bottom of the side seals  and on the portion of the gate 
lip and bottom seal  that was within the gate slot was assumed to  be 
the arithmetic mean of the heads on the gate lip and on the bottom of 
the roller extension. 

The pressure distributions under the bottom beam of the gate leaf 
for emergency closures with 0.6 and 0.4 d lip extensions a r e  shown 
in Figure 9. The effect of three-dimensional flow is clearly evident. 
In regions of maximum downpull the pressures near the sides of the 
gate a r e  much higher than on the centerline. In regions of uplift the 
reverse is true.  Assuming that the pressures on the centerline a r e  
characteristic of two-dimensional flow, it can be concluded that both 
downpull and uplift a r e  reduced with three-dimensional flow. 



contracted j& was assuked to  be the  same a s  the head indicated by 
Piezometer 28. For  free and vented-discharge it was taken a s  the 
depth of water at the contracted section plus the pressure head 
indicated by Piezometer 28. The depth of the jet for  vented dis- 
charges was assumed t o  be the same a s  for free discharge at the 
same gate opening. F ree  discharge depths were measured with a 
point gage except f o r e l d  = 0.8. F o r  this lip extension a coefficient 
of contraction curve wgs assumed. 

With the net head across the gate denoted by HN, the downpull coef-. 
ficient can be expressed a s  

P K =  - 
ApHN (Eq. 6) 

a being the specific weight of water and A being the product of 
gate width and thickness. According to  Equation 5, the downpull 
coefficient has the same value for model and prototype when y/yo 
and e / d  have the same values for model and prototype. 

. 

With H a s  the reservoir head and h a s  the head in the contracted 
jet, HN,= H - h. Equation 7 can now be expressed a s  

If the relationship between H and h is governed by potential flow, 

(h/H)p = (h/HIm 



Equation 8 now becomes 

In the first ser ies  of tests,  e /d  = 0 . 8 ,  the head downstream from 
the gate fell below the cavitation threshold. To compute the proto- 
type downpull for  this condition it was assumed that the downpull 
would be proportional t o  the net head. The correction factor of 
7. 80/Hm in Equation 9 was therefore replaced by (HNPIHN) in 
which HN is the measured net head for the model and HNP is the 
net head that would have been held at  the cavitation threshold. 

To carry  out a l l  of the computations described above, a computer 
program was written in the FORTRAN language for a 7090 compute 
This program is included in the Appendix. 

The flow rate information obtained from the model study is pre- 
sented in Figure 12 a s  a percent of the flow for a wide open gate. 
In computing points for these curves the measured flow rates were 
adjusted to what they would have been i f  the reservoir  head had been 
the model scale equivalent of 273 feet. To  do this it was assumed 
that for  the small  corrections involved 

Here QI is the adjusted flow rate, Q is the measured flow rate, 
and H is the measured reservoir head. 

The prototype flow rates corresponding to  100 percent gate openings 
were computed in the following manner. In the equation 

Q =  C A ~  

C was assumed t o  have the same value for model and prototype 
under corresponding operating conditiorm? It follows immediately 
that 



rn With the head ratio equal to the model scale ratio, 

RESULTS 

Flow Rates 

Curves giving the flow rate as  a function of gate opening for each 
flow condition and lip extension a re  presented in Figure 10. The . 
curves for each flow condition a r e  radically different, but the effect 
of lip extension is almost negligible. 

Fo r  flows simulating maximum power generation the flow rate was 
nearly constant for the f irst  50 percent of gate closure. Control 
then gradually shifted to  the gate, and for the last 20 percent of 
closure, control was exercised almost entirely by the gate. 

With f ree  discharge downstream from the transition section, control 
gradually shifted from the transition section to  the gate a s  the gate 
was closed. From the 60 percent open position to complete closure, 
the gate had full control except for  the effect of a i r  supply. 

Fo r  completely free discharge the gate was the only control, and 
the flow rate was very nearly a linear function of gate opening. The 
increased slope for gate openings between 90 and 100 percent is 
probably due to  a reduction in the jet contraction. 

General Downpull Characteristics 

The curves in Figure 11 give the computed prototype downpull as  a 
function of gate opening for each flow condition and lip extension. In 
Figure 11A curves for each flow condition with the single lip exten- 
sion of e / d  = 0.8 a r e  presented. In Figures 11B, C, and D families 
of curves for different flow conditions with e /d a s  the parameter a r e  
presented. 

All of the curves clearly show the effect of the offsets and recess in 
the downstream wall of the gate well (Figure 4). With the gate fully 
closed the downpull was entirely due t o  the difference in head across 
the top seal .  As the gate was started upward from the closed posi- 
tion, the head on the bottom of the gate decreased while the head on 
top remained high. The downpull increased. But at gate openings of 
about 10 percent the top seal  reached the top of the lower offset and 
sea l  seat and began moving into the region of the recess.  This 
allowed flow t o  pass aut of the gate well, downward behind the gate, 
and into the downstream conduit. As a result, the head on top of the 
gate decreased, and downpull diminished. At a 20 percent opening the 



sea l  was well within the recessed a rea  and enough flow occurred 
over the top of the gate to  significantly reduce the head in the gate 
well and on top of the gate (Figure 7). The net effect was a large 
reduction of downpull. In fact, fo r  e ld  = 0.8 an uplift was encoun- 
tered at  a 20 percent gate opening (Figures 11B and C ) .  . 

As the gate was opened more, the downpull again increased due to 
a further reduction of head beneath the gate. There were two excep- 
tions. F o r  flows representing maximum power generation the down- 
pull did not increase, but decreased for  e Id = 0.2 and 0.4, and 
increased only slightly for e !d = 0.8 (Figure 11B). These actions 
at  maximum power generation flows were due to  the shift of control 
from the gate to  the hollow-jet valve (representing the penstock and 
turbine back pressure), and t o  the reduction in net head across the 
gate. 

Fo r  both types of free discharge, maximum values of downpull 
occurred in the 10 and 90 percent range of gate openings for 
e /d = 0.2, and in the 50 to  80 percent range for the other e /d ratios. 
F o r  e /d = 0 .4  and 0.6, these maximums were greater than the 
maximums encountered at 10 percent gate openings. 

The rapid reduction of downpull at gate openings p e a t e r  than those 
at  which maximum downpulLs were observed is due primarily to  the 
increase in head beneath the gate. This increase in head is prob- 
ably due to a reduction of flow curvature at  the upstream edge of 
the gate bottom as  the bottom of the gate moves closer to  the crown 
of the tunnel. 

F o r  all flow conditions and lip extensions an uplift was observed 
in the 90 to 100 percent range of gate openings. Fo r  both types 
of free discharge the uplift was severe,  The uplift was caused by 
the simultaneous reduction of head in the gate well and increase of 
head beneath the gate as the bottom beam of the gate moved into the 
gate well. When the body of the gate extends sufficiently into the 
tunnel, for  instance at a 75 percent opening, the flow approaching 
the gate is divided by the obstruction of the leaf, and part passes 
upward in front of the leaf to enter the bonnet while the res t  turns 
downward to  pass under the leaf. Thus, there is a stagnation point 
on the upstream side of the gate. As the gate approaches the full 
open position, the stagnation point shifts from the front of the gate 
to  the lip extension o r  to some region along the bottom beam. The 
result is a reduced tendency for water to  enter the bonnet, and an 
increased tendency for  higher pressures to  occur on the bottom beam 
of the gate leaf. 



a point where the top seal  of the gate reached it at an 88 percent 
gate opening (Figure 4). A clearance equivalent to  1 inch prototype 
was maintained between the seal  and the face of this second offset. 
This design effectively blocked most of the flow from passing over 
the top of the gate for gate openings larger  than 88 percent and pro- 
duced a significant increase in the bonnet head to  counteract the 
fairly high leaf bottom pressures.  The uplift was greatly reduced, 
a s  can be seen from a comparison of Curves 2 and 2' in Fig- 
ures  11C and 14A. The revised recess was used in al l  subsequent 
tests .  

San Luis Prototype Gate Downpull 

A lip extension of 27 inches, o r  an e /d  ratio of 0.55 was selected 
a s  the best for the San Luis gates after taking into consideration 
allowable downpull and uplift forces and the formidable structural 
problems involved in supporting large extensions. By interpolation 
between the downpull curves obtained for e / d  ratios of 0.4 and 0.6, 
the maximum prototype gate downpull forces for the San Luis gates 
were computed to  be 405 kips for maximum power generation flow, 
800 kips for a severe break in the penstock, and 710 kips for free 
discharge conditions at the downstream gate frame (Figure 11). 

Downpull Coefficients 

The dimensionless downpull coefficients for  e /d  = 0.8 were deter- 
mined for submerged and free discharge conditions, and for  free 
discharge downstream from the transition section (Figure 12A). 
Curves of the downpull coefficients for  the various discharge condi- 
tions a r e  also presented with e /d  as a parameter (Figures 12B, C, 
and D). Ry using these dimensionless coefficients, K, in the equa- 
tion, Downpull = KAff (HN), the downpull for any geometrically simi- 
l a r  gate can be computed. In this equation A is the cross-sectional 
area  of the gate, ol is specific weight of water, and HN is the net 
head acros's the gate. 

All the curves have the same general shape except at the large gate 
openings. The difference between the downpull coefficient curves 
for controlled discharge and the prototype downpull curves for  the 
same condition is due to the influence of the net head across the gate 
that appears in the denominator of the downpull coefficient. Fo r  con- 
trolled discharge the variation of net head with gate opening was very 
large, whereas for free discharge it was relatively small.  

The downpull coefficients for  free discharge downstream from the 
transition section agree remarkably well with the coefficients for 
free discha-ge at the gate (Figures 12CandD). The greatest devia- 
tion is in the 20 to  60 percent range of gate openings for which the 
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pressure downstream from the gate was subatmospheric. The agree- 
ment at large gate openings is noteworthy, for  here the discharge 
was submerged rather than free.  

There is also fair  agreement between the downpull coefficients for 
free discharge downstream from the transition section and the down- 
pull coefficients for  submerged discharge (Figures 12B and C). The 
greatest discrepancy here is in the range of gate openings from 
60 to 90 percent. In this range the net head across the gate for con- 
trolled discharge was very small and was determined by taking the 
difference of two relatively large values. The surprising features 
a r e  that the agreement is a s  good as it is and that the points for  the 
submerged discharge downpull coefficients plot a s  smoothly as they 
do. 

Air Requirements 

Measurement of the quantity of a i r  that must be admitted downstream 
from each San Luis outlet works gate to maintain ambient pressures 
above the cavitation range during emergency closures were required 
s o  that properly sized a i r  vents could be provided in the structures. 
Information was obtained from the model for one, three-fourths. and 
one-half atmospheres of negative (or subatmospheric) pressure meas- 
ured at the top of the conduit just downstream from the gate (Pie- 
zometer 28). Sharp edged orifice plates ranging in size from 112 to 
1-112 inches in diameter were used in conjunction with a U-tube water 
manometer to measure the airflow into the model. A tank head 
representing 273 feet prototype was maintained for al l  tests .  The 
negative head for no a i r  supplied was recorded for each gate position. 
Air vents were then opened until negative pressures equal to one, three 
fourths, and one-half atmosphere (prototype) were recorded down- 
stream from the gate. Adjustments in the discharge were necessary 
to maintain the appropriate model tank head for each downstream nega- 
tive pressure (Figure 13A). The downstream conduit was equipped 
with the hollow-jet valve in an attempt to  prevent venting from the 
downstream conduit when operating the outlet works gate at openings 
below 40 percent. The pressure head in the downstream conduit for  
gate openings below 40 percent also was recorded. 

The prototype a i r  demand was obtained by multiplying the model a i r  
demand by the model-to-prototype length ratio raised to the 512 
power. This relationship a s  a criteria for  a i r  demand is not yet 
supported by accurate field data, but must be assumed to provide a 
satisfactory approach to  the problem pending further field tests  and 
model-prototype correlations. Refinements. such a s  the effects of 
compressibility. were not considered. 



The peak demand occurred between the 50 and 55 percent gate open- 
ings and was' 4,250 cfs. This value should be used for  design pur- 
poses. Higher a i r  discharges would, of course, be required i f  
pressures nearer atmospheric were required downstream from the 
gate. A value of one-half atmosphere subatmospheric was consid- 
ered acceptable for this installation b e c a u s ~  emergency operation 
which require a i r  will be infrequent and of short duration. 

Data on air demand were unobtainable between gate openings of 
15 and 40 percent (Figure 13B) with the model arrangement using 
the hollow-jet valve for back pressure control. When settings were 
attempted at these gate openings, a i r  would intermittently be drawn 
upstream through the top portions of the hollow-jet valve to upset 
the flow conditions and change the readings. Readings were diffi- 
cult but possible at 15 percent and smaller  openings. Howevcr, 
the degree of reliability of these data is less than for data obtained 
at openings greater than 40 percent. 

iteria, Corps of ~ & n e e r s ,  Chart 050-1.1 1. 
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Tests by the Corps of Engineers at Pine Flat Dam indicated a 
secondary a i r  demand peak at about a 5 percent gate opening. 11 A 
similar peak wcs  sought in the San Luis model gate, but could-not 
be determined 1;ecause of the operational difficulties at small 
openings. 

Major modifications to the model wculd have been required to 
obtain more accurate a i r  demand data for small gate openings, and 
it was felt that a secondary peak, should one occur. would not 
appreciably exceed the primary peak. The time-consuming modifi- 
cations and additional testing were considered unjustified and wcre 
not undertaken. 

DISCUSSION 

Effect of Flow Conditions 

The downpull for controlled (submerged) discharge is much.less 
than fo r f r ee  discharge, and its variation with gate opening is quite ~. 

different. Nevertheless, the downpull coefficient curves'for con- ,.: 

trolled.discharge and for free discharge a r e  -very similar.  In view 
of the unce-Ainty in the downpull coefficients for controlled dis- i . ~ :: . 
charge, and in viewof the good agreement between the coei!icients 

f o r  free-discharge at the gate, and for free discharge downstream 
;from the transition when the latter produced submerged discharges 



at  the gate, it can be speculated that a single family of curves valid 
for both free and submerged discharges can be developed. Addi- 
tional tests  of submerged discharges with larger net heads across 
the gate a r e  required to substantiate the speculation. 

Effect of Lip Extension 

Effect of Shaft Wall Recess 

The recess in the downstream wall of the gate well was extremely 
-: effective in reducing downpull. The revision of the recess to  pre- 

vent flow over the top of the gate in the 90 to 100 percent range of 
gateopenings was also effective in reducing uplift. The recess is 
expected to  be somewhat less effective in both respects i f  the exten- 
sion of the seals  is decreased. 

Three-dimensional Effects 

The presence of sidewalls and flows in the gate slots definitely 
affected the pressures on the bottom beam of the gate (Figure 9). 
These effects a r e  sufficiently large to be a significant factor in  com- 
puting .downpull forces. 

Experimental Accuracy 

. Because of the many assumptions that were made in coni$uting 



Fortunately the piezometric heads exhibiting the greatest fluctua- 
tions were associated with relatively small  a reas  of the gate. It 
is estimated that the uncertainty in downpull due to  fluctuations in 
piezometer readings is much less  than 50 kips. In view of the con- 
servative estimate of the uncertainty in head at  the top of the gate, 
an estimate of 50 kips for the overall probable e r r o r  in downpull 
seems reasonable. 

Using the above estimate of probable e r r o r  in downpull and assum- 
ing a 1 percent uncertainty in the net head across the gate for  free 
discharge, a probable e r r o r  of plus o r  minus 3 percent in the free- 
discharge downpull coefficients is obtained. 

Because of the very large uncertainty in the net head across the 
gate for controlled discharge (in some cases the uncertainty is a s  
much a s  50 percent), no significant estimate of probable e r r o r  for 
the submerged-discharge downpull coefficient can be made. 

The peak in downpull at  90 percent gate opening for e /d  = 0.2 might 
appear to  be attributed to a gross experimental e r ro r .  However. 
since the peak occurs in  two independent tests  (free discharge and 
free discharge downstream from the transition section), i ts  exist- 
ence is undoubtedly real .  It c3.n be traced t o  a sudden increase in 
bonnet head which was probably caused by the body of the gate 
extending farther into the flow for this lip extension than did any of 
the others at the same gate opening. 

Comparison with Other Investigations 

The work of two other investigators has been presented in a non- 
dimensional form that makes direct comparison with the results of 
this investigation feasible. It must be pointed out, however, that 
in neither case is there conlplete geometric similarity with the 
ir,stallation reported on here. 

H. E. Kobus, under the direction of Professor Naudascher at the 
State University of Iowa, studied the downpull on high headgates for 
the special case of two-dimensional submerged discharge flow with- 
out a recess in the downstream wall of the gate well. 21 The upstream 
edges of these gates leaves were well rounded ( r l d  - 3 . 4 ) .  

For  e Id = 0.6, Kobus found a maximum downpull coefficient of 0.46 
at a 40 percent gate opening. This can be compared with a maximum 
value of 0.42 for free discharge at a 57 percent gate opening of the 
San Luis gate and with a value of 0.38 for submerged discharge. 
However, it can be estimated that values a s  high a s  0.68 and 0.82 
for free and submerged discharge, respectively, might have been 
obtainkd if there bad been no recess in the gate well. 

v ' b f f e c t  of Lip Shape Upon Hydraulic Forces on High Head Gates, " a 
k e s i s  by H. E. Kobus, State University of Iowa, February 1963. 

2 3 



By interpolation, values for other lip extensions can be determined 
frorr. Kobus' work. Fo r  e /d  = 0.4, K = 0.72. Comparable values 
for the San Luis gate a r e  0.49 and 0.51 for free and submerged dis- 
charge, respectively. With an estimated correction for the effect 
of the recess,  these values go up to 0.78 and 0.88. 

F o r  e Id = 0.2 on the San Luis gate, the maximum values of the 
downpull coefficients a r e  0.85 and 0.71 for free and submerged dis- 
charge, respectively. With an estimated correction for the effect 
of the recess  the values change to  1.01 and 1.10 at  75 and 65 percent 
gate openings. respectively. The corresponding value from the work 
of Kobus is 0.94 at a 30 percent gate opening. 

P .  M .  Smith, working for the U. S. Army Corps of Engineers, studied 
the downpull on the Ice Harbor powerhouse gate. 31 His study was 
three dimensional and included a recess  in the downstream wall of 
the gate well, but his gate featured a combination of sloping bottom 
and extended lip designs. Fo r  this reason, a direct comparison with 
e /d  values for the San Luis gate is not possible. Maximum values 
of the downpull coefficient ranged from 0.92 to 1.16, the downpull 
increasing vfith decreasing lip extensions. 

The downpull coefficients reported by both Kobus and Smith a r e  based 
only on the top and bottom beams of the gates. They do not include 
the effects on downpull of the seals,  rollers, o r  the gate lip. 

Use of Downpull Coefficients in Design 

The downpull coefficients presented in this report, particularly the 
ones for free discharge, can be used for high-head installations that 
a r e  geometrically similar  to  the San Luis installation. In using the 
coefficients a reasonable estimate of the velocity head in the con- 
tracted jet issuing from beneath the gate must be made. This esti- 
mate can be based on flow ra te  information if contraction coefficients 
for  the gate a r e  known. Curves of contraction coefficient vs gate 
opening with e /d  a s  a parameter a r e  given in Figure 14B. Flow 
rate  information will, of course, depend on the particular installation. 

$ 

APPLICATION OF RESULTS 

Problem. --Find the maximum downpull during closure of a 10.0- by 
18.0-foot gate with a 200-foot operating head and a severe conduit 
rupture immediately downstream from the transition. The gate instal- 
lation is similar  t o  the San Luis installation; the thickness, d, is 2.5 
feet; and the lip extension ratio, e/d,  is 0.5. 

3I"Hydraul~c Downpull on Ice Harbor Powerhouse Gate, " by Peter  
Smith; a paper presented a t  the May 1963 ASCE Water Resources 
Engineering Conference in Milwaukee, Wisconsin. 









Symbols Used in Computer Program 

i = 1-28 Piezometer readings, from photographs 

i = 1-28 Head relative to invert (computed by 
computer) 

number of lip extension 1 is e ld  = 0.8 
2 is e ld  = 0.6 
3 is e /d  = 0.4 
4 is eld = 0.2 

number of gate opening (1 is wide open) 

numberof flow condition (see below) 

tank head, .from data sheet 

an index to make printout go t o  top of next page 

mercury readings for sections of piezometer board 
(see below) 

.index to adjust for location of Piezometers 16 and 17 

2 ,  etc. averagescomputed by computer (see computer program) 
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A. Overall view of pressure tank. gate structure, 
downstream piping, splash deflector, and 
manometer board. 

Figure 5 
Report Hyd-530 

'B. Gate with down- 
stream conduit 
removed. 

C. Flow at 60 percent opening with transi- 
tion and short downstream conduit in 
place. 
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