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PURPOSE 

(a) To study the feasibility of using a modified, *high pressure slide 
gate for  regulation under submerged conditions. 

(b) To  determine the effectiveness of a side-entry, vertical stilling 
well in dissipating the destructive energy of the released water. 

.$Note: The modification includes narrow gate slots, wedge-shaped gate 
slot flow deflectors, and either a flat or a concave gate leaf--see 
Report No. Hyd-245. 

CONCLUSIONS 

1 .  The regulation of the water flow is accomplished smoothly by 
the modified high pressure slide gate, shown schematically on Figure 5, 
at the submerged conditions applicable to this installation. The head 
difference between the gate centerline and the maximum reservbir water 
surface is 1 12.42 feet, while the min inun  difference between the gate 
centerline and the tail-water elevation is 27 .42  feet. 

2.  At all canditions where the 300-cis canal capacity is not exceeded, 
subatmospheric pressures will not occur on the gate leaf bottom (Figure 7) .  
Subatmospheric pressures a s  low a s  6 . 2  feet of water wi l l  occur on the 
bottom of the leaf when the reservoir is full (elevation 2785.00) and the gate 
is 99 percent open. However, this operating condition would result in a 
discharge of 776 cfs which greatly exceeds the 300-cfs capacity of the canal. 
This condition should, therefore, never be encountered. 

3. No seriously low pressures or  vib~at ion w i l l  occur in the conduit 
downstream from the gate, even without an air vent. All pressures recordec 
were positive at all  gate settings and at an equivalent total head of 70  feet 
at the gate entrance (Figure 8). The lowest pressure,  a positive 4 .4  feet 
of water, occurred on the top of the conduit 1 .5  feet downstream from the 



discharge of 690 cfs. ~ h e r e f o r c  there should be no need fo r  an a i r  vent. 

4.  The stilling well shown in Figure 2, using the recommended 
baffle, satisfactorily dissipates the destructive energy of the discharging 
water. 

5. The vertical placement of the preliminary design stilling well 
baffle (Figure 10A) was critical and to be effective a higher elevation 
was required for small gate openings than for large openings. The 
recommended baffle design (Figure 10B) is not critical to gate opening 
and operates effectively in any position where the baffle top lies between 
elevations 2680.0 and 2690.0. 

6. The walkway and two dividing piers at the exit of the preliminary 
stilling well design (Figure 128; partially obstruct the flow into the canal 
a t  discharges greater thar! 700 cfs. L-proved flow conditions into the 
carnal at all flows and an economy in constrirction a re  obtained by 
removing these obstructions (Figure 12B). 

7 .  The invert of the canal may be lowered 1 foot below the well 
exit sill to provide a step to restr ict  the upstream movement of debris . 
into the well (Figure 12B). 

8. Any debris, such a s  stones o r  large construction material, 
should be removed from the well as  it w i l l  produce zbrasive erosion on 
the floor and lower walls of the well during operation. 

9. No objectionable scour occurs in the riprapped portion of the 
canal at the wlrll o r  in the unlined canal immediately downstream (Figure 
14). The 24-inch, dump-placed riprap in the final design extends 65 feet 
downstream from the well. 

10. Discharge capacity curves for the canal outlet works with the 
modified gate a re  presented in Figure 9. 

RECOMMENDATIONS 

1. Use the modified design of the standard high pressure slide gate, 
shown schematically on Figure 5, for regulation in the Trenton Dam 
Canal Outlet Works. 

2. Use the recommended stilling well baffle design in the prototype 
structure (Figure 10B). 

3. Omit the walkway and the two dividing piers on the prototype 
structure to effect a flow improvement and an economy in construction. 

4. Lower the canal invert 1 foot below the well sill to restrict the 
upstream movement of debris into the well (Figure 12B). 



prevent abrasive erosion of the well floor and walls. 

6. Install, during construction, sufficient piezometers in the conduit 
downstream from the gate to obtain prototype d.ata for future design use. 
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INTRODUCTION 

Trenton Dam is all earth-fill structure about 9, 000 feet long which 
r i s e s  103 feet above the Republican River. It is located 3 miles upstream 
from Trenton, Nebraska, and will be used for  storing irrigation water and 
for flood control (Figure 1). A spillway controlled by three 42-foot wide 
radial gates is provided at the left abutment to pass flood waters while 
r iver  outlets, located underneath the spillway cres t  to discharge upon the 
spillway face, are  provided to release the required river flows. An addi- 
tional outlet works is provided 6 ,  300 feet to the right of the spillway to 
supply water Into an irrigation canal. The final design of this outlet works, 
which incorporates the model test results, is shown in Figure 2. 

The necessity of obtaining a discharge of 300 cfs (the canal 
capacity) at the minimum operating water surface elevation of 2720.  00 
fixed the size of the regulating slide gate at about 4q-0"  x 41 -01 ' .  At higher 
heads it wi l l  be necessary to partially close the gate to avoid exceeding the 
300 cfs canal capacity. 

The design of the canal outlet works was complicated because 
bedrock was at elevation 2 6 7 4 . 0 ,  while the invert of the irrigation canal 
was a t  elevation 2699.0, o r  25 feet higher. It was desirable to have the 
outlet conduit through the dam placed solidly on bedrock, so  an unusual 
design was developed wherein the conduit dropped vertically from the 
intake at elevation 2 7 1 0 . 0 ,  then turned horizontal with the centerline at 

a elevation 267 3 . 7 5 .  The 66 -inch round conduit then continued downstream 
past the emergency gate structure to the transitions leading to the 4-foot 
by 4-foot regulating slide gate. A short section of straight pipe and 

v another transition completed the conduit and connected the gate to the 
vertical stilling well (Figure 2). The well carried the water upward to 
the elevation of the irrigation canal and dissipated the destructive energy 
of the flow. The well was octagonal. in cross  section, 16 feet across the 
flats, and the bottom was at elevation 2 6 6 8 . 7 5 .  The top of the preliminary 
design well was at elevation 2708 .00  giving a well depth of 41.25 feet. A 
deflector. similar to a dentated sill was placed on the wall opposite the 
inlet to increase the energy dissipation within the well. The centerline of 



2 7 . 5 9  feet below the sill. The water discharged from the well at eleva- 
tion 2700.0 through openings in the three downstream walls t o  enter  the 
irrigation canal (Figure 12A). The well sill-to-floor depth was 3 3 . 2 5  
feet .  Twenty-four-inch dumped r iprap  .was provided in the first 20 feet 
of the unlined canal t o  prevent excessive scour.  

There was considerable doubt about whether the regulating 
gate, modified a s  for  the Cedar Bluff Outlet Works (Report No. Hyd- 
245), could be operated s t  partial  openings without d a m ~ ~ e  t o  itself or  
t o  the conduit downstream when :used t o  discharge underv+ater against a 
back pressure of 2 7 . 5  or  more  feet.  Information was also required of 
the effectiveness of the s ide entry, vert ical  stilling well in dissipating 
the destructive energy of the water and of any desi,gn changes necessary 
t o  the well to insure smooth delivery into the canal. Accordingly, 
hydraulic model studies were requested t o  cletermine the operating 
characteris t ics  of the regulaiing gate, the p ressures  on the bottom of 
the gate leaf and in the conduit between the gate and the well, the 
effectiveness of the stilling well in dissipating the destructive energy 
in the water, the entrance conditions into the canal, and the nature of 
the scour at the canal entrance. This report concerns the method of 
conducting these studies and the resul ts  obtained f rom them. 

TNVESTIGATIONS 

Description of 1 :18 Model Outlet Works 

A 1:12 scale model was constructed which included the 4-foot 
by 4-foot regulating gate, the conduit. between the gate and the stilling 
well, the well, and 98 feet of the unlined canal (Figures 3 and 4). A 
6-inch gate valve was installed 10.5 feet upstream from the regulating 
gate s o  that any applicable flow and pressure  head could be obtained by 
manipulation of the two gates.  Water was supplied t o  the model by the 
laboratory system which contained venturi me t e r s  for  measurin the 8 flow ra te .  The pressuse head acting on the model r e g ~ l a t i n g ~ g a  e was 
measured with a water manometer connected t o  the reference piezom- 
e t e r  located on the conduit horizontal centerline 2  inches (mode:) up- 
s t r e am from the ,gate s t em centerline (Figure 5) .  Pre s su re s  were 
measured at  9 points on the bottom of the gate leaf (Figure 7). The 

I 
sections of conduit between the regulating gate and the well were made 
of transparent plastic s o  the flow within the conduit could be more 
readily studied. A total of 22 piezometers were instslled in this  con- 

* duit and connected t o  water manometers t o  measure  the pressure  
distribution (Figure 5). Three sides of the octagonal stilling well were 
made of transparent plastic while the remainder of the well was formed 
by a s h e e t ~ m e t a l  lining on a wooden base. The deflector was made of 
oil-treated wood and it was fastened to the downstream well wall in a 
manner permitting it  t o  be moved vertically. The irrigation canal was 
constructed in a metal-lined wooden box that was  provided with a tail 
gate for  regulating the canal water s ~ r f a c e  elevation and a point gage 



tes ts  the f u l l  iength of the model canal was formed h compacted sand. 
F o r  the final tests pea gravel was placed downstream from the well 
for a distance equivalent to 20 feet to represent the 24-inch dumped 
riprap. A box trap was provided near the end of the model to retain 
any canal bed material washed downstream, and the water leaving the 
model flowed freely back to the main supply channel. 

Regulating Gate and the Downstream Conduit Pressures  

Model tests showed that the high pressure slide gate, 
modified to the design recommended for Cedar Bluff Outlet Works, 
can be operated safely under water for the design conditions of the 
Trenton Dam Canal Outlet Works. The model studies herein described 
were conducted using the modified gate design with the flat leaf (Figure 
5), and the results of the tests  a r e  not to be applied to the standard 
gate design show on Figure 6. 

In the Trenton Dam Canal Outlet Works the difference in 
elevatioii of the upstream gat.e frame centerline and the maximum 
reservoir  water surface (2785.00) is 112.42 feet. The minimum back 
pressure on the downstream gate frame centerline when the water in 
the stilling well is at the elevation of the discharge sill (2700. 00) is 
27.42 feet (Figure 2) .  

Regulatio~i of flow in the model occurred smoothly and 
without vibration. Subatmospheric pressures were found on the 
bottom of the gate leaf at high heads with gate settings of 99 and 100 
percent open. The pressure data shown on Figure 7, were obtained 
a t  an arbitrarily selected total head of 70 feet a t  the gate entrance for  
a ser ies  of gate openings that covered the operating range of the struc- 
ture.  This data may he converted for  other total heads by the use of 
the pressure coefficient Pk, where the coefficient for a desirqd 
piezometer is given by t.he relat~on,  

reference piezometer pressure -desired piezometer pressure 
'k = velocity head at the reference piezometer 

An example s f  the use of the pressure coefficient would be to determine 
the minimum pressure which is likely to occur on  the gate leaf at the 

1 maximum reservoir  elevation with the gate 99 percent open. From the 
model data for a 70-foot head the pressure coefficient for the lowest 
readingpiezometer, Nc. 3, equals 36.72 - ( -2 .40)$ 33.28 or 1.177 

b The discharge with a full reservoir and a 99 percent gate opening would 
be 776 cfs, (Figure 9). The velocity head at the location of the reference 
piezometer will be 36.6 feet and the piezometric head will be 36.9 feet. 
The pressure coefficient. 1 177, multiplied by the velocity head of 36.6 
equals 43.1 - -this is the pressure drop from the reference piezometer 
to the polnt on the leaf. Subtracting this pressure drop from the available 
piezometric head of 36. 9 feet results in a subatmospheric pressure of 
6 . 2  feet of water at this particular point on the leaf. 



reservoir  is at or near the maximum elevation and when the gate is 
near or  at full opening, a situation which would flood out the irrigation 
canal with more than twice i ts  capacity of 300 cfs. At smaller open- 
ings or in the lower head range there will be no subatmospheric 
pressures at any point on the bottom of the gate leaf. 

Pressures  were measured at the 22 stations in the conduit 
downstream from the gate (Figure 5) a t  representative operating 
conditions and all pressures were positive. The pressures for 17 
p i e z ~ m e t e r s  are  shown in Figure 8. The lowest pressure, t 4 . 4  feet 
of waier, occurred at the top of the conduit 1.5 feet downstream from . 
the centerline of the gate stem a t  the total head of 7Q feet, and with 
the gate 95 percent open, an operating condition which would produce 
a flow of 690 cfs. Opening or closing the gate from this position o r  
decreasing the head on the structure caused the pressure to increase 
y1apidly. 

The absence of subatmospheric or  highly fluctuating pressures 
on the bottom of the gate leaf o r  in the conduit downstream from the gate 
structure (within prototype operating limits), together with the smooth 
flow regulation obtained, makes the modified high pressure slide gate 
design acceptable for use in the outlet works. No a i r  was admitted into 
the conduit :in the model studies because none was found necessary. 

Discharge Capacity Curves 

The discharge capacity of the recommended outlet works was 
determined by model tests for gate openings varying from 10 to PO0 
percent open and for heads on the upstream gate frame centerline vary- 
ing from 0 to 112 feet (Figure 9). No flow will occur through the outlet 
works until the head at  the gate entrance exceeds the submergence of 
the gate. The actual head differential across the gate will thus vary 
with the elevations of both the reservoir  and the canal water surfaces. 
Due to lack of information concerning backwater the canal water 
surface was maintained at 2705.00 for all discharges in the model tests .  

The available total head on the horizontal centerline at the 
gate inlet is shown in dashed lines for the normal and maximum 
reservoir  water -surface elevations, 2752.00 and 2785.00, respectively. 

I The head difference between the no-flow conditions and the dashed lines 
a t  any discharge condition is the computed head loss incurred through 
the conduit to the gate entrance. The head loss computed by the 

a Hydraulic Laboratory is l e s s  than that used in preparing the curve shown 
on Figure 2.  

I Stilling well and Deflector 

Water enters the octagonal stilling well through a 56-inch - 
diameter opening in the center of the upstream wall a t  elevation 2672.41 
(Figure 2 . ) .  The water flows across the well in a high-velocity stream 



upstream along the side walls and floor towaid the well entrance. The 
high velocity eddies and currents  urhich result  in the lower portion of 
the well hurl  debris  within the well violently against the sidewalls and 
floor.  A handful of 112-inch by 314-inch rocks (prototype size,  6 inches 
by 9 inches) were placed in the well of the model, and the resulting 
abrasive action of the rocks removed the paint f rom the floor nea r  the 
well entrance in 20 hours of model operation. Care  must be taken, 
therefore, t o  remove al l  foreign material from the well after construc- 
tion and to  prevent other material from entering. 

The water turned upward at the downstream well wa l l  was 
directed back toward the center of the well by the deflector (Figure 10A) 
t o  prevent i t  f rom rising directly to  the surface to  cause excessive 
turbulence. The contrcl exerted on the water by the deflector was found 
in the model tes ts  t o  be an important feature of the well design, and 
essential for good operation. The height the preliminary deflector design 
was placed above the well floor was critical.  A greater height was 
required when the regulal.ing gate was operated at smal l  openings than 
when it was operated at large openings. This condition w a s  corrected by 
revising the deflector design.. The radius on the lower upstream portion 
of the deflector was changed from 8 feet to  16 feet and the distance 
between the ups t r e .~m and the downstream faces was reduced f rom 5 feet 
4 inches to 4 feet 9 lncher; (prototype), (Figure 108).  In t e s t s  which were 
f i rs t  made with no dentates in  the deflector the water was thrown violently 
upstrezm towtird the top  of ttie well. Dentates were cut into the top 
upstream edge of the baf f l e  i o  produce the recommended design. This 
deflector produced good f low conditions, and it was much less sensitive 
t o  position than the preliminary'design. It operated effectively at all 
positions where the top surface was between elevations 2680.0 and 
2690.0, a range of 10 feet. Best resul ts  were obtained, however, at 
elevation 2682.75, and this is the position recommended for the prototype 
structure.  The strength of the currents  diminished greatly as the water 
rose  toward the top of t h e  well. Moderate boils occurred occasionally at 
the water surface .  T h e  waves created by these boils were dissipated 
within the riprapped portion of the canal, and, no objectionable erosion . 
of the canal banks was indicated. 

P ressure  measurements were made a t  25 stations on the lower 
par ts  of three  walls and on the deflector to  determine the pressures  * acting on these surfaces (Figure 1 I ) .  AI.1 the pressures  were positive, 
and the higher ones occurred on the downstream wall where tile flow 
f rom the conduit impinges. 

9 

Stilling well Exit into the Canal - 
In the preliminary design the well exit consisted of openings 

7 feet high by about 6 feel wide in the three downstream walls (Figure 
12A). The bottoms of the openings were at elevation 2700.00 and were 
formed by sills 3 feet wide. The tops of the openings (elevation 2707.00) 
were formed by the ur~derside of a walkway which passed around 



piers  at the intersections of the three downstream walls. The top of the 
well was at elevation 27 08.00 while the invert of the canal was level with 
the bottom o!f the well exit, The canal invert was 20 feet wide at the well, 
a.nd the s i d e s  rose on a 1 -1/2: 1 slope. 

The normal maximurn capacity of the canal is 300 cubic feet per  
second, and the canal rate of discharge will be restricted to this o r  . smaller flows. However, discharges up to 784 cubic feet per  second 
may inadvertently be released through the structure. Model tests  were 
made to determine i f  these flows could be handled. The walkway over . the stilling well exit was found to partially obstruct the flow and splash- 
ing overtopped the well at discharges exceeding 700 cfs. The walkway 
and two piers were remr~ved and the top of the well was raised 1 foot to 
elevatio~n 2709.00. The canal invert was lowered 1 foot below the well 
outlet tcr elevation 2699.00, thus providing a step to prevent riprap o r  
other folreign material from being carried back into the well. The 
recommended design of the stilli2g well exit is shown on Figures 2 and 
12B. Flow conditions within the well and through the exit into the canal 
a r e  shown at gate settings of 25, 50, 75, and 100 percent open in 
Figures 13A, B, C, and D, respectively. The discharge with the gate 
25 percent open represented 180 cubic feet per second at  the maximum 
reservoir elevation, 2785.00 feet while the flow was limited to 300 c f s  
at the 50, 75, and 100 percent gate openings by adjusting the total head 
at the gate. The heads were 86.0, 51.0 and 39.6 feet, respectively. 

Scour in the Irrigation Canal 

The water leaving the stilling well flows across the exit sill 
and descends 1 foot to the invert of the irrigation canal at elevation 
2699. 00. This drop, together with the mild turbulence and the attend - 
ant surface waves of the occasional boils in the well, might cause erosion 
in the unlined canal near the well. To protect the canal the designers 
specified 24-inch dumped riprap for a distance of 20 feet downstream 
from the well, and gravel corresponding to the prototype riprap size was 
placed in the model for an equivalent distance. The remainder of the 
canal was formed in compacted sand to represent the earth material 
(Figure 1 4A), 

I 
Water was passed through the model at a gate setting of 25 

percent open and at a head equivalent to the maximum reservoir eleva- 
t.ion (110.3 feet at the valve) to produce an equivalent flow s f  180 cfs. 
The model was also operated at 50, 75, and 100 percent gate openings . and at reduced heads to represent a flow of 300 cfs (Figures 13A, B: 
C ,  and D). After each of the above flow conditions was established, it  
was maintained for 30 minutes; then the flow was stopped, and the 
model was drained. Contours were determined at 2-foot (prototype) 
intervals, laid out with white cotton string, and ea.ch contour line was 
marked with the contour elevation. Photographic records were taken 
and the canal was reshaped to the original contours in preparation for  
the next test (Figure 14A). The scour in  the canal for a 25 percent 
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A. Gate 25% Open. Q = 180 c i s .  B. Gate IO$'Open.. Q = SO0 cfs.  
Held at gate = 1Z0.3 feet (Max. Head s t  gate = 86.0 feet 
noervoir e lmtiosr)  

C. a t e  ab%~pcm.  Q = WO S ~ S .  D. a t e  lQO$Opn. Q = 3'00 d s .  
Head at gate = 81.0  feet Trent- DIM Read at gate 1 38.8 feet. 

canal Outlet Works 
Flow c d t i a v  in the well Pad thrargh the well d t  

into tbe c-1 

1 4 2  Scale Model. 




