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PURPOSE 

The model study was made to evaluate the flow 
characteristics of the overfall spillway and plunge basin 
(stilling basin) associated with the concrete bunress 
portion of Pueblo Dam. 

1. The spillway adequately handled the maximum 
release of 190.500 cfs (5,394 cu m/sec) resulting from 
the spillway design flood. 

2. Assuming that-;ie concrete stilling basin failed, the 
buttresses were not undercut by the passage of the 
spillway design flood. The principal erosion in a graded 
gravel bed was to elevation 4705, with a small area to 
elevation 4700. .'/ 

3. The recommended basin adquately stills a spillway 
release of 30,000 cfs (850 cu m l ~ c ) .  

. ~ 

,, \, 
. .. .. ~,,, 

- 4 .  By lowering the basin floor 9 feet t o  elevation 4710 
the impact head on the basin floor was greatly reduced. 
Impact head on the recommended basin floor for a 
discharge of 190,500 cfs (5,394 cu m/sec) amounted to.. 
83.3 feet (25 meters) of water. 

5. The free-falling spillway jet oscillated at two 
separate frequencies when passing releases up to 
10,000 cfs (283 cu mlsec). Seven flow splitters, 18 
inches (46 cm) high, placed on the downstream end of 
the flip bucket effectively eliminated the nappe 
oscillation. 

APPLICATIONS 

The report contains information regarding a technique 
of  data collection which will eliminate the 
t ime-consuming task of statistically analyzing 
oscillograph records. Also, the report contains 
considerable information on plunge basin impact 
pressures which could be applied t o  structures with 
similar heads, basin depths, and unit discharges. 
Additional studies are required to completely define 
plunge basin depth requirements for a full range of 
heads and discharges. 

INTRODUCTION 

Pueblo Dam will be on the Arkansas River about 6 
miles west of Pueblo, Colorado and will-be a major 
feature of the Fryingpan-Arkansas Project.The project 
involves bringing water from the mountains on the 

west slope of the Continental Divide through a tunnel 
t o  the east side where it wil l  supplement the Arkansas 
River for irrigation, municipal, and industrial needs. 

The 10,200-foot (3.109-meter) long dam will be 
composed of two earthfill sections separated by a 
massive head buttress concrete section (Figure 1) 
approximately 1,750 feet (533 meters) long. The dam 
will rise approximately 187 feet (57 meters) above the 
riverbed and will create a reservoir with a capacity of 
357,000 acre-feet (440 million cubic meters). An 
uncontrolled spillway approximately 550 feet long 
(168 meters) and three spillway outlet works in the 
spillway and a river outlet works in the river gorge will 
be included in the concrete portion of the dam. The 
flow from the spillway will be flipped downstream of 
the buttresses into a plunge-type stilling basin t o  
dissipate the energy. The three spillway outlet works 
will also utilize the plunge basin as an energy 
dissipafor. The fourth wil l  be located in the existing 
river channel and will discharge into a pool created 
downstream from a large concrete block used t o  plug 
the river gorge. 

The spillway was designed to pass the spillway design 
flood of 190.500 cfs (5.394 cu mlsec). The plunge 
basin was designed to completely s t i l l  the discharge of 
30,000 cfs ( 850  cu m/sec) resulting from 
approximately the 400-year frequency flood. The 
1OO-year flood produces a spillway release of 10,403 
cfs ((294 cu mlsec). 

THE MODEL 

A 1 5 6  scale model of the dam was built t o  study, the 
flow characteristics of the proposed spillway-plunge 
basin (stilling basin) design (Figure 2). The model 
contained a large head box simulating the reservoir, the 
entire spillway section with three and one-half 
nonwerflow buttresses on t h e right and four 
nonoverflow buttresses on the left ~f the spillway. 
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Figure 1. Pueblo Dam spdlwey and plunge basin-Modeled portlon of Pueblo Dam. 





Initially the plunge basin was represented with a 
mavable bed material in order t o  test the possibility of 
the buttresses being undercut by the free falling 
spillway jet. After erosion tests, the plunge basin was 
fabricated of plywood and equipped with piezometers 
to measure i m p m  pressures. A gravel bed was 
extended 1.300 feet (396 meters) downstream of the 
plunge basin to simulate the river channel improvement 
area. Later two spillway outlet channel improvement 
schemes were connructed of concrete and tested to 
determine their effects on the Hamp-Bell Ditch 
headworks and rockfilled diversion dam [Figure 3). 

THE INVESTIGATION * 

Erosion Tests 

Early investigations involved testing spillway operation 
with a n~ovable bed plunge basin. This was done in  

order to determine whether the safety of the dam 
would be affected because of failure of the 
concrete-lined plunge basin. The bed material in  the 
plunge basin and adjacent to the buttresses represented 
prototype sfone broken into blocksof from 3 to 7 feet 
(1 t o  2 meters); the size estimated to occur.:uith 
existing fracture planes. The material was placed t o  
conform to the shape of the concrete plunge basin. The 
entire spillway design flood hydrograph (Table 1). 
simulating both discharge rate and time was passed 
through the spillway. The maximum erosion (Figure 
4). during the test occurred approximately 120 feet 
(37 meters) downstream from the buttresses, leaving 
material adjacent t o  the buttresses undisturbed. No 
erosion -occurred to the right abutment which was 
composed of sand simulating material up to 7 inches 
(18 cm) prototype. 

PUEBLO DAM 
SPILLWAY DESIGN FLOOD 

DATA FOR 2.HOUR INTERVALS BEGINNING AT  THE 
248th HOUR AND EXTENDING TO THE 290th HOUR 

Reservoir inflow 
Reservoir elevation 





jet impact area ( ~ i ~ u r e - 4 ) .  ~ ' a r  the middle of this 
contour was a small area eroded to elevation 4700. The 
pool between the buttresses and the penetrating jet was 
relatively quiet for all releases tested (Figure 48). The 
major erosion and turbulence occurred downstream of 
the jet penetration point. 

Plunge Basin Impact Heads 

The initial basin contained two floor elevations. The 
floor on the left side was at elevation 4710, and on the 
right side at elevation 4719. The three spillway outlet 
works utilized the deeper left side of the basin as an 
energy dissipater. 

Impact pressure head data from the two level basin 
showed a considerable advantage was gained from the 
deeper pool. For maximum discharge, the deeper basin 
artenuated the impact head nearly 50 percent of the 
total head, whereas the shallower basin attenuated the 
impact head only about 10 percent of the total head. 
These results were obtained by interpreting 
oscillograph records of pressure sensor responses from 
piezometers on the inverts of the two level basin. 

The improved performance of the deeper pool resulted ,,i A. Ernrim from pasing spillway design flood. Photo - 
P382-a-69039 in the decision to excavate the entire basin to elevation 

. , 4710. 

W ~ t h  the deeper pool, more elaborate instrumentation 
was utilized to obtain impact heads on the floor of the 
plunge pool (Figure 5A). Pressure sensors were again 
attached to piezometers on the basin floor. The signal 
from the sensors was fed t o  a direct writing 
oscillograph where it was amplified and recorded. The 
output of the amplifier was fed to a voltage averaging 
system, and to a system to measure the effective 
voltage of the random fluctuations resulting from the 
turbulent flow in the basin. 

The averaging system consisted of an iytegrating digital 
voltmeter, an oscillator, and a printer. The oscillator 
was necessary to adjust integrating time to a larger 
value than that provided by the internal capability of 

13. Spillway deb flood of 190,500 ds (5,390 cu n~lsed. the voltmeter (200 seconds). The printer recorded the 
releared to $lined plunge basin. Note nillners of water voltmeter reading at the end of integration. 
surfact upstream of impact point. Photo P382-D-69040 

The fluctuating, system obtained the signal from the 
Figure 4. Pueblo Dam spillway and plunge basin-Erosion amplifier, fed it thorough a filter to eliminate the 
from spillway design flood and spillway design flood 2,400 hz amplifier carrier frequency, to the rms 
maximum releare-l:56 model. voltmeter to obtain the rms value of the fluctuating 



A. inrtrumentation for performing statistical analysis of 
impact forces on the plunge basin floor. Photo 
PX-0 -640X  

0 .  Plunge basin design discharge 130.000 cfr or 850 cu 
mlsec) totally stilled within the barin. Photo 
P382-0-69041 

F w r e  5. Pueblo Dam spillway and plunge basan-lmpan 

Instrumentation and plunge basm deslgn dlrcharge-1.56 
model. 

signal. This value was then integrated for 200 seconds 
by a second integrating digital voltmeter, and the final 
reading manually recorded. 

Both volt-second values were then changed to volts by 
dividing by the integrating time. These values relate to 
the static pool depth (average volrage), and the 
pressure.head fluctuations on the basin floor (rms 
voltage). 

The total effective voltage was obtained from the 
equation: 

v effective = JV avg2 + v rms2 

The elfective Impact head IEIH) resulred from 
applying a factor which included the linearity of the 
amplifier, the amplifier attenuation, and a calibration 
factor to convert volts t o  feet of water. 

A considerable amount of data was obtained from the 
model in the hope of relating basin floor impact heads 
to pool depth, total head, and unit discharge. Model 
limitations such as a near constant total head for all 
discharges and a restricted amount of tailwater control 
resulted in a close grouping of model data points which,, - 
could not be satisfactorily extended on the existing' 
model. The total head (reservoir water surface to basin 
invert) varied from 208.6 feet (64 meters) for 190.500 
cfs 15,394 cu mlsec) to 188.7 feet (58 meters) with 0 
discharge and reservoir surface at crest elevation. 

From the model tests, it i s  expected that future data 
when obtained wi l l  follow curves similar to swcific 



made the higher mode unstable for lower discharges, 
reverting alternately to smooth flow. 

Next plywood wingwalls were added t o  the left and 
right sides of the jet between the dam, the jet, and the 
tailwater, eliminating the possibility of the jet venting 
from the sides. The only effect noted was that 
oscillations would continue to a discharge of 12.000 
cfs (340 cu mlsec), rather than to 10,000 cfs (283 cu 
nisec) as prior to wingwall ddi t ion. 

.,. : . .- L-.. i_i i . ; c_ ;  " *. * , 
-L 

- " - * . ' * * . , a * , - - , =  
Similar oscillations have been observed and reported by  

...,,. .. m '...., ,IlSl..~I. 0 .  
-~---/--.- , . . many investigators. A comprehensive study by H. Ivan * , m " s * . , m . 3 * " w . .  ,.., *... Y.,:...Y ->.., I.Io.. Schwartz" contains information on predicting the 

frequency of such oscillations and suggests guidelines 
for eliminating the oscillations. 

Fjgure 6 Pueblo Dam r p ~ l l w a y  and plunge 
baw-Effective head on plunge harm flwr from 1 56 To prevent the nappe from oscillating, the model was 
model equipped q i t h  seven flow splitters, one above each 

stable (Figure 8). A stable jet would exist (rerervoir 
falling) down to a release of slightly below 7,000 cfs 
(198 cu mlsec) before the higher mode oscillations 
were encountered. The higher mode would persist 
down to 3,400 cfs (96 cu misec) before shifting to the 

buttress at'the downstream end of the flip section 
(Figure 91. The splitters separate the flow and 
minimize the chance for a pressure differential t o  exist 
between the upper and under surface of the jet. The 
first blocks were 14 inches (36 cm) high and of 
triansular-wedae shaoe with 45' slooino sides. The too - - . " lower mode. line was horizontal and joined the fl ip bucket curve on 

Initially the oscillations were thought to occur a t  
constant frequencies; however, subsequent testing 
revealed slight increares in frequency with increasing 
discharge within the respective modes (Figure 8). 

Some interesting observations were made on the nappe 
oscillations, while testing the model. A single-flow 
splitter placed on the centerline at the downstream end 
of the flip bucket could eliminate the oscillations and 
produce two stable jets. Also, oscillations could occur 
to one side of the splitter, while a stable jet existed on 
the other. Oscillations could be eliminated by allowing 
the jet t o  fall into a trough slightly above the water 
surface which passed the spillway flow to one side and 
allowed air t o  circulate through a narrow slot under the 
trough to the underside of the nappe. 

the upstream end. The splitters began to submerge at 
10.000 cfs (283 cu mlsec) and were totally submerged 
a t  about 14.000 cfs (396 cu mlsec). 

To increase the margin between releases rewlting in 
o~c i l l a~ ims  and those resulting in  splitter submergence, 
seven 18-inch (46-cm) high splitters w ~ t h  60' sloping 
sides were tested (Figures 9 and 11). These began to 
submerge at 20,000 cfs (566 cu mlsec) and were 
totally submerged at 24.000 cfs (680 cu misec) 
providing a 10,000 cfs (283 cu mlsec) margin between 
nappe oscillation and splitter submergence. ~s ' l i t t l e  is 
known on scaling nappe oscillations t o  the prototype, 
thls margin was considered necessary and adequate to 
prevent their occurrence in  the prototype. 

Crest Characteristics 

During the course of the model study, the laboratory The model was used to obtain crest pressures (Figure 
ceiling was spray painted. A considerable amount of lo),  water surface profiles (Figure 11) and a 
overspray was inadvertently deposited on the spillway head-discharge crest curve (Figure 12). 
face creating excessive roughness. The nappe cou!d not 
be made to oscillate until this excessive roughness was The crest pressures were obtained from water 
removed. ."manometers attached t o  14 piezometers located near 

:: .. , ;' the spillway centerline. 
To determine if the volume of air und&hs=ilapp$ 
caused or affected the oscillations, the air space was The water-surface profiles were obtained with a point 
modified. First. a plywood filler board was placed gage at 13 points along the crest and fl ip bucket. 
against the downstream sides of the buttresses t o  
reduce the air quantity available t o  the free falling jet. The crest was rated through the use of calibrated 4.. 6.. 
This eliminated the lower mode of oscillation and 8.. and 12-inch (10, 15.. 20.. and 30-cm;.!aboratory -. 
'"Nappe Oscillation." H. lvan Schwartz, Hydraulics Division, ASCE. November 1964. 





Figure 8. Pueblo Dam spillway and plunge basin-Nappe 

os~illation frequency versus discharge-From 1:56 model. 

venturi meters, and a curve was prepared for the 
complete range of releases up t o  190.500 cfs (5,394 cu 
mlsec). 

Spillway Training Walls 

The spillwoy training walls on the initial design were 
parallel to the spillway centerline. Large releases spread 
after leaving the fl ip bucket and struck the ground 
outside of the left and right walls of the plunge basin 
(Figure 13). The training walls were angled inward 
toward the spillway centerline in d e  downstream 
direction to eliminate the condition (Figure 11). 
Vo;tici.?s in the head box (Figure 13) produced an 
instability in large flows over the spillway. These 
appear as depressions in the flow over the crest which 
move laterally back and forth on the spillway face. 
Occasionally, the instability will reach the sides o f  the 
spillway and cause the jet to strike outside of the 
plunge bdiin walls. As the entire reservoir was not 
modeled, the vorticity problem may not occur in the 
prototype. Also, the ba:=iq:, was designed for 
approximately the 400-year frequency flood of 30.000 
cfs (850 cu mlsec) and the jet struck outside the basin 
walls only at discharges exceeding 120,000 d s  (3.398 
cu mlsecl. Therefore, a wider basin was considered 
unnecessary. 

Spillway Outlet Channel Improvement 

Two spillway outlet channel improvement schemes 
were tested in  the model to determine which scheme 
would produce the most satisfactory flow conditions in 
the area of the Hamp-Bell Ditch Headworks, Figure3. 
The initial scheme extended from the plunge basin t o  

adjacent t o  the existing headworks and rockfilled 
diversion dam. Precautions would be required t o  avoid 
interfering with diversion. The second scheme ended 
approximately 70 feet (21 meters) upstream of the 
headworks, and would minimize excavation and 
e!iminate interference with the diversion operation. 

Flow conditions for the second scheme were 
unacceptable. Local high velocities and a rough-water 
surface resulted from the restricted flow area 
immediately downstream j f  the junction of the seco"d 
scheme and the existing:river channel (Figure 14B). 
The wave action was appire~it at. the canal intake and 
carried downstream to the rockfilled diversion dam 
area where considerable erosion resulted for flows as 
low as 5,000 cfs (142 cu mlsec). 

I 

The remmmended ini t~al  scheme produced a more 
wen flow distribution in the vicinity of the intake 
(Figure 14A). and across the rockfilled diversion dam. 
The much larger flow area greatly reduced the erosion 
t o  the rockfilled diversion dam, and allowed far 
passage of flows up to 30,000 cfs (850 cu mlsec) with 
only minor effects. 

Plunge Basin Modification 

After a decision was made t o  adopt the deeper stilling 
basin, the slope of the upstream apron of the stilling 
basin was changed from 1.5:l t o  1.08:1 to keep the 
basin floor at approximately the same location and 
provide adequate foundation for the dam. This bench 
at the downstream toe of the buttresses will be above 
the tailwater for all outlet works releases and will 
provide an access for examining the stilling basin, 
outlet works, and the downstream faces of the dam. 
Releases under 3,500 cfs (99 cu mlsec) impinged 
directly on the horizontal section causing considerable 
splash (Figure 15A). The splash and lack of tailwater t o  
cushion the impact were undesirable. However, air 
entrained when the jet free falls over 100 feet (30 
meters) should help to reduce the impact head. With 
the lack of spillway control, no definite means i s  
available to avoid these small flows, although optimum 
river outlet control could minimize the time in which 
they are encountered. For higher releases, flow in the 
basin upstream of the jet impact point remained 
satisqactory (Figure 158). 



Spillway 

dlrcharge 

5.000 cfr 
141 cu mlrec 

Photo P382-0.69046 

10.000 d r  
283 cu mlsee 

Photo P382-0-69M7 

. . 

15,000 c f r  
425 cu rnlrec , = ~  

Photo P382-D-69048 

::. 

20,000 cfs 
566 cu rnlsec 

Photo PX2-0.69049 

, . 

25.000 cfr 
708 cu rnlrec 

Photo P382-0-69050 

!5,000 cfr--l:56 model. 



Figure 10. Pueblo D a m  spillway and plunge 
barin-Spillway crest presures-From 1 5 6  model. 

River Outlet Gates 

The model scale (1:56) was too small to accurately 
study the river outlets. Additional studies were 
performed utilizing model scales of 1:15.2 and 1:lO.l 
for the gates in the spillway buttresses, and the gate in 
the river gorge, respectively. These studies were 
performed by Mr. G. L. Beichley and wil l  be covered in 
another report. 

The spacing between outlets in the spillway was 
doubled after the decision was made t o  excavate the 
entire basin t o  elevation 4710. The increased spacing, 
although not modeled, should reduce the severity of 
circulation in the basin. Figure 16A shows the 
circulation that results when two outlets in adjacent 
buttresses were operated.(, By doubling the spacing 
between buttresses, flow should appear more as in 
Figure 16B for a single outlet. 

Fisurs 11. Pueblo Dam spillway and plunge 
barin-Spillway water surface profiles, wall moddication. 
and flow splitter design-From 1:56 model. 

Figure 12.  Pueblo Dam spillway and plunge 
basin-Headdischarge curve-From 1 :56 model. 



A. Vortices formed in head box move over spillway cresr causing large Uepress~ons tn the t low surtace whlcn produce rooster 

tails when flow rejoins downstream. Discharge 190,500 cfs (5.394 cu rnlsecl. L e f t  Photo P382-13-69051. Right Photo 

P382-D.69052 

Spillway walls angled towards 

:, 4 centerline in downmeam 

d~rectton. 

8. Spillway design discharge. Note reduced spreading of 

the j e t  wi th wall modification. 

Figure 13. PuebIo Dam spillway and plunge basin-Vortices in f low aver spillway and effect of spillway wall modification-1 :55 
model. 



A. Recommended spillway outlet channel improvement. Larger flow area results in 
lower velocities in theviciniw of the inrake. Dircharge 15,000 dr I424 cu mlsecl. Phom 
P382-D-69055 

6. Improvement Scheme 2 showing areas of high turbulence near the headworks. 

Discharge 15.000 ds 1424 cu mlsed. Photo P382-D-69056 

Figure 14. Pueblo Dam willway and plunge barin--Schemes for spillway outlet channel 
improvement near Hamp-Bell Ditch headworks -1:56 model. 

14 







The menic units and wnvenion factors adopted by th. ASTM are b d  on me "International Synem of unirr" 
(designated Sl for Svr tme ln fmat iond d'Uni1r). fixed by  ?he lnternaaonal Comminee for Weighe and 

.Me-,-: thir wrtem ir also known ar ?ha Giorgi o. MKSA imeter-kilogram Im~ l - reand .amare1  rynem. This 
wnem has been adopted by the International Orwnizsrion far Standardization in 150 Recanmendation R.31. 

The m m i s  txhnical unit of farce is the kilogram.foree: thir is the force which. when applied to  a b d y  h h a q  a 
mas 01 1 kg. giver i t  an -celeretion of 9.80665 mlreclrec. h e  nandard rcelcration of free fall toward the e a M s  
center for rea level a1 45 deg lstitude. The metric unit of face in SI unitr is the nmton INI. which irdefined as 
<hat farce which. when applied to  a body Mvinga maso f  1 kg. giver i t  an acceierarion d I m h e c l s .  Thew units 
must be distinguished from the IinconrDnd l k a l  weldlrrrf a bad" having a man of 1 k e  that is. theweight of a 
body is ,bat form with which a Lady is anracted to  the earth and is equal to the man of a b d v  multiplied by the 
acceleration due to gravify. Hawwer. becave it is general practice to upe "pound" r a t k r  than ihe teshnically 
c o r r m  lerm "pound-fore," the term "kilogam" lor derived mars unit1 has been u d  i n  thir guide inmad o f  
"kilopram-tarce" in expresing h e  conversion factors for forcer The newton unit o f  force will find increasing "re, 
and Is enential i n  SI units. 

Where approximate or nominal Englih un i s  are used t o  e v e s  a value or range o f  valuer. the convened metric 
unitr in parenthaer are also approximate ar nominal. Where precise English units ate used, the converted metric 
unitlare expressed a equally r ipi f icant valuer. 

Table I 

QUANTITIES AND UNITS OF SPACE 

Multiply BY To obtain 
,, 

Mil . . . . . . . . . . . . . . . . .  25.4 lexactlvl . . . . . . . . . . . . . . . . . . . . . .  Micron 
Inch- . . . . . . . . . . . . . . .  25.4 lexactlyl . . . . . . . . . . . . . . . . . . .  Millimeters 
Insher . . . . . . . . . . . . . . .  2.54 IexmIvI. . . . . . . . . . . . . . . . . . .  Centimeters 
Feer . . . . . . . . . . . . . . . .  30.48 (exactly1 . . . . . . . . . . . . . . . . . .  Centimrierr 
Feet . . . . . . . . . . . . . . . .  0.3048 iexactlyl' Meterr . . . . . . . . . . . . . . . . . . .  
Feet . . . . . . . . . . . . . . . .  0.0(303048 iexaerlvl * . . . . . . . . . . . . . .  Kilometers 
Yards . . . . . . . . . . . . . . .  0.9144 Iexastlyl Meters . . . . . . . . . . . . . . . . . . . .  
Miles lrtatutel . . . . . . . . . .  1.609.344 iexactlyl. . . . . . . . . . . . . . . . . . . . .  Meters 
Mlles . . . . . . . . . . . . . . . .  1.609344 leractlvl Kilometen . . . . . . . . . . . . . . .  

- AREA 

Squwe inches . . . . . . . . . . .  
Square feet . . . . . . . . . . . .  
s q u m  feet . . . . . . . . . . .  
Square yards . . . . . . . . . . .  
Acrer . . . . . . . . . . . . . . .  
Acres . . . . . . . . . . . . . . . .  
Acrer . . . . . . . . . . . . . . .  
Square miles . . . . . . . . . . .  

.,. .............. 6.4516 iexactlyl Square centimeters 
'929.03 . . . . . . . . . . . . . . . . . . . .  Square centimeters 

0.C32903 . . . . . . . . . . . . . . . . . . . .  Square meters 
0.836127 . . . . . . . . . . . . . . . . . . . .  Square m n e n  

2 .0.411469 . . . . . . . . . . . . . . . . . . . . . . . .  Hectares 
-4.1146.9 . . . . . . . . . . . . . . . . . . . . . . . .  Square meters 

*O.OWW69 . . . . . . . . . . . . . . . .  Square kilometerr 
2.58999 : . . . . . . . . . . . . . . . . .  Square kilometers 

.- 

VOLUME 
, . 

Cubic inches . . . . . . . . . . .  16.3871 . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Cubic feet . . . . . . . . . . . . .  0.0283168 . . . . . . . . . . . . . . . . . . .  Cubic meterr 
Cubic yards . . . . . . . . . . . .  0.764555 . . . . . . . . . . . . . . . . . . . .  Cubic meterr 

CAPACITY ,~~ .. 

Fluid ounces (U.S.1 . . . . . . .  29.5737 . . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Fluid ounces IU.S.1 . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid pine 1U.S.I . . . . . . . .  0.473179 . . . . . . . . . . . . . . . . . .  Cubicdecimeters 
Liquid p ine 1U.S.) . . . . . . . .  0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  L i t m  
0uamlUS.L . . . . . . . . . . .  '946.358 . . . . . . . . . . .  ; .......  Cubic centimeters 
0uam~U.S.I . . . . . . . . . . .  '0.946331 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Gallon6 iU.S.1 . . . . . . . . . . .  -3.78643 . . . . . . . . . . . . . . . . . . . .  Cubiccentimeters 
Gallons lUS.1 . . . . . . . . . . .  3.78543 . . . . . . . . . . . . . . . . . . .  Cubic decimeters 
Gallrrnr (US.) . . . . . . . . . . .  3.78533 . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

, * Gal lomlUS> . . . . . . . . . . .  0.00378543 . . . . . . . . . . . . . . . . . . .  Cubic meters 
Gallonr IU.K.1 . . . . . . . . . .  4.546W . . . . . . . . . . . . . . . . . . . .  Cubicdecimeters 
GallontlU.K.1 . . . . . . . . . .  4.54596 . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Cubic feet . . . . . . . . . . . . .  28.3160.. . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Acrefeet . . . . . . . . . . . . .  '1,2355 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meterr 
Acrefeet . . . . . . . . . . . . .  '1,233,500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 



Table I I  

- WANTITIES AND UNITS OF MFCHANICS - 
Multiolv Bv To obtain 

Gralns (1t7.000 1bl . . . . . . . . .  64.78891 bxactly) . . . . . . . . . . . . . . . . . . . . . . . .  Milligrams 
Troy ounces 1460 grains) . . . . . .  31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Ounces l a ~ d p l  . . . . . . . . . . . .  28.3445 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grarnr 
Pwnds [avdpl . . . . . . . . . . . .  0.45359237 (exactlvl . . . . . . . . . . . . . . . . . . . . . .  Kilograms 
S h r l  tons (2,000 Ib) . . . . . . . .  907.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilograms 
Shon tans (2,OW Ib) . . . . . . . .  0.007165 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metric tons 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Long tons (2,2401bl . . . . . . . .  1,016.05 Kilcgrams --- 

Pounds per square inch . . . . . . . .  0.070307 . . . . . . . . . . . . . . . .  Kilograms per square centimeter 
bundc per square inch . . . . . . .  0.689476 . . . . . . . . . . . . . . . . .  Newtons pcrsquarocentimeter 
Pounds per square foot . . . . . . .  4.88243 . . . . . . . . . . . . . . . . . . . .  Kilogramsper square meter 
Pounds per square foot . . . . . . .  47.8803 . . . . . . . . . . . . . . . . . . . . .  Newtons per rquare meter -- 

MASSNOLUME (DENSITY) 

Ounces per cubic Inch . . . . . . . .  1.72999 . . . . . . . . . . . . . . . . . . . .  Grams per cubic centimeter 
Poundsper cubic foot . . . . . . . .  16.0185 . . . . . . . . . . . . . . . . . . . .  Kilograms per cubic meter 
Pounds per cubic fwt . . . . . . . .  0.01601U5 . . . . . . . . . . . . . . . . .  Grams per cubic centimcler 
Tans (tang) per cuhio yard . . . . .  1,32894 . . . . . . . . . . . . . . . . . . . .  Grams per cubic centimeter - 

M A S S I C A E T Y  

. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ouliccs per gallon (U.S.1 7.4893 Grams per llter 
. .  ......... . . . . . . . . . . . . .  ...... Ouncerper gallon (U.K.) 82362 :,.. .': Grams per liter . Pounds per gallon iu.S.i . . . . . .  11y.rd~ . . .  I I,. . . . . . . . . .  ...:_..-: . . . . . . . . . .  Grams per iiier . .-. . . >-- . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  Poundsper gallon (U.K.1 99.779 .,.. . . Gram5 per liter 

BENDING MOMENT OH TOROUE 
C'.. 

Itxh.pounds . . . . . . . . . . . . .  0.01 152&. . . . . . . . . . . .  ; . . . . . . . . . . . .  Meter.kilgam5 
Inchpxmds . . . . . . . . . . . . .  1,12985 r.106 . . . . . . . . . . . . . . . . . . . . . .  Uentimerer.dynes 
Foot-pounds . . . . . . . . . . . . .  0.138255' . . . . . . . . . . . . . . . . . . . . . . . . . .  Meler.kitogramr 
Foot.pounds . . . . . . . . . . . . .  1.35582 x lo7 . . . . . . . . . . . . . . . . . . . . . .  Centimeter.dynes 
Fwt.pounds per Inch . . . . . . . .  5.4431 . . . . . . . . . . . . . .  Centlmotcr.kllograms per centimeter 
0unce.incher . . . . . . . . . . . . .  72.008 . . . . . . . . . . . . . . . . . . . . . . . . . .  Gram-cen!imeters - 

' ' i  VELOCITY . . 

Feet per second . . . . . . . . . .  30.48 (exactly) . . .  ,,. . . . . . . . . . . . . .  Centmeters per w o n d  
Feet per m o n d  . . . . . . . . . .  0.3048 (exactly)' . . . . . . . . . . . . . . . . . . .  Meters per sccond 
Feet per year . . . . . . . . . . . . .  '0.965873 x . . . . . . . . . . . . .  Centimeters per w o n d  
Miles per hour . . . . . . . . . . . .  1.600344 (exaclly) . . . . . . . . . . . . . . . . .  K~lometers per hour 

. . . . . . . . . . . . . . . . . .  Mlles  per hour . . . . . . . . . . . .  Od47W [exactly) Metarsper m o n d  

ACCELERATION* 

~ o e t  aer rawnd2 . . . . . . . . . . .  '0.3MB . :'; . . . . . . . . . . . . . . . . . . . . . .  Meters per semnd2 

Cubic feet per second 
. . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  {wond-feel) '0 020317 Cubic meters per second 

Cubic feel per minute . . . . . . . .  0,4719 . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters per second 
GallonslUSJ per mlnute . . . , . .  0,06309 . . . . . . . . . . . . . . . . . . . . . . . . . .  L i l m  per second 

-- -- 

FORCE' 

Pounds . . . . . . . . . . . . . . . .  '0.453592 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilograms 
Pounds . . . . . . . . . . . . . . .  '4.4482 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Newtons 
Pound6 . . . . . . . . . . . . . . . .  '4,4482 x lo5 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Oyner 

Table I l -Cont inrd 

Multiply BY t o  oblsin 

WORK AND ENERGY' 

British thermal units (Btu) ..... '0.252 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilognm cdorier 
. . . . . . . . .  . . . . .  . . . . . . . . . . . . . . . . . . . . . .  Brirish thermal unlts (Btu) 1,055.06 .-. Joules 

-9' Bru per pound . . . . . . . . . . . .  2.326 lexacdv) . . . . . . . . . . . . . .  ;,. . . . . . . .  Joules per gram 
2 ,  

, , . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  F o ~ t . ~ o u n d r  '1.35582 ..?. Joule$ 
. , 

. . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Uor%powcr 745.700 Walls . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Btu Wr hour 0.293071 Watrr 
Foot pounds per semnd . . . . . .  1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Watts 
-a. - 

HEAT TRANSFER 

Btu in.lhr h2 degree F Ik. . . . . . . .  thermat mnductiuityl 
Btu in./hr 112 degree F [k. 
. . 

thamal wmluctivityl . . . . . . .  
Btu ftlhr Ft2 degree F . , . , . , . . 
Btu:hr tt2 degree F (C. 

thermal mlxluctancel . . . . . . .  
Btulhr 1t2 degrce F (C. . . . . . . .  thermal mnductanccl 
Degree F hr f t k u  (H. 

. . . . . . . .  thermal resistance) 
Btullb degree F ic. heat capaciryl . 
Otuilb deuree F . . . . . . . . . . .  

1.442 . . . . . . . . . . . . . . . . . . . . . . .  Milliwntslcm degrco C 

. . . . . . . . . . . . . . . . . . . . . . .  0.1240 Kg calihr m degrce C 
. . . . . . . . . . . . . . . . . . . .  '1.4880 Kg cal mlhr m2 dqrcc c 

. . . . . . . . . . . . . . . . . . . . . . .  1.761 D E ~ C C  ~ c m ~ / m i l l i r v o t t  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 1864 Jig rlcplrec C 

. . . . . . . . . . . . . . . . . . . . . . . . . .  '1.000 Callgran> d e ~ w  C 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ t ~ i h r  ( t t kma l  dillusivityl . . . .  0.2501 ~ m ~ l r e c  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ t ~ / h r  (thermal ditlusivityl .... '0.03290 - M21hr 

WATFR VAPOR TRANSMISSION 

Grainslhr ft2 (water vapor) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ranrmission) . . . . . . . . . . . .  16.7 ~ r a m 1 2 4  hr m 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  Perms (permeance) 0.659 Metric p r m s  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  Perm.lnchc6 (permeability) 1.67 Metric permcenllmelcrs 

Table I11 

OTHER OUANTITIES AND UNITS 

Multiolv Bv To obtain 

Cubic feel per square foot per day kewpagcl . . 
Pcund-second$ persquarefoot Iviuoslty) . . . .  
Square foot per second tvI~061tyI . . . . . . . .  
Fahrenheit d fs r rn  (channel' . . . . . . . . . . .  
Volts p r  mil . . . . . . . . . . . . . . . . . . . .  
Lumens per quare loot [foot.candles) , . , . . 
Ohmc~tcular mils per loot . . . . . . . . . . . .  
M~lllcuries per cubic toot . . . . . . . . . . . . .  
Milliarnps per stluare loo( . . . . . . . . . . . .  

. . . . . . . . . . . . . .  Gallons per square yard 
Pounds per Inch . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . .  . *3?8 Lllcrr pcr quare motor per day . 4.8824 . . . . . . .  K~lowam semnd p r  square mntcr 
. '0.092003 . . . . . . . . . .  ,j Square liretert par reeond 
, 5m exactlv , , . . Cel~lrls-or Katvin desrecc khanwl  
. 0.03YJ7 . . . . . . . . . . . .  Klinvdts per mlilimater . 10.764 . . . . . . . . . . . . .  Lumens p r  squnra meter 
. 0.001662 . . . . . .  0hm.squara rnilllmerer% par meter 
. %.3147 . . . . . . . . . . .  M~llicurier per cubic meter 
. '10.7639 . . . . . . . . . . .  Milliampr per rrluare meler 
. '4.527219 . . . . . . . . . . . .  Citorrpor 6quoro matar . . . . . . . . . . .  . '0.17858 Kilograms percentlmetcr 

G P O  8 3 8 . 7 3 7  



, st;tiiss were parformed on s 1 5 6  r a i e  hydrauli! model of Pueblo Dam rpilhisy and plunge 
basin (stilling basin) to determine if the unusualdesign could handle ths required dearer 
safely. The model mntained the flip-type spillway, plunga basin, river outlets, and a remion of 
downrtresm river chanpel. Channel erosion, barin impact prewrer. nappe orcillationr, crest 
rating, and flow profile mdier  were made on the model. Flow rplitters were alded to the 
spillway to eliminate n s p p  oscillations. The plunge Earin initially containing 2 floor elevations 

, was enlanpd to the level of the deepr section t o  minimire impact pressures. A technique of 
data collection war t m d  i n  abtainlng impact premres which provided an electronic statistical 

, analysis. A curve was obtained to relate basin floor effective presure head to  spillway divharge 
for the normal river tailwater conditions. 

I 
,Y 

Studies were performed on a 156 male hydraulic model of Pueblo Dem splilway and plunge 
basin (stilling basin) to determine ~f the unusual design could hondle the required relearer 
safely. The model contain& the flip-type spillway, plunge basln, river outlets, and a rc t lon  o l  
downstream river channel. Chsnnel erosion, basln impact premres, napw oscillations. crest 
rating, and flow profile studies were male on the model. Flow rp l l t tm were added to the 
spillway to eliminate nappe oscillations. The plunge basin lnnlally containing 2 floor elevations 
was enlarged to the level of llis deeper asnion to minimize impact prsaurar. A technique of 
data mllection was "red in obtaining lmpact pressures which provided sn electmnic stetirtlcal 
analysis. A curvs war obtained to relate basin floor effective prerrure heed to spillway dlvharge 
for the normal river tailwater conditions. 

ABSTRACT 

Studies were performed on a 1:56 %ale hydraulic model of Pueblo Dam willway and plunge 
basin (stilling ba$in) t o  determine a the vnuruai derign could handle the required reiearer 
rafely. The model contained the flip t y p  rpillway, plunga basin, river outlets, and a section of 
downrneam rlver channel. Channel erosion, basin impact premrer, napp orclllationr, crest 
rating, and flow profile studies were made on the model. Flow splitters were addad to the 
spillway to eliminate nappe orctllations. The plunge basin initially containing 2 floor elwaf~onr 
war enlarged to  the level of the deepr section t o  minimize impac. pressures. A technique Of 
data milectio.~ was "red in obtaining impact pr-rer which provided an electronic Statistical 
analvris A curve was obrainad 10 relate basin floor effective pressure head m spillwav dixharge 

ABSTRACT 

Studies were performed on a 1% vale hydraulic model of Pueblo Dam spillway and plunoo 
basin (stilling basin) to determine i f  the unusual dsrign could handle the required releases 
rafely. The model contained the flip-type spillwsy, plunge basin, river outlets, and auct ion of 
downrtream river channel. Chamel erosion, basin lmplct prerolres, n s p p  oscillations, crest 
rating, and flow profile studies were made on the model. Flow splitten warn dded to the 
spilUay to eliminate napps orcillations. Ths plunge basin Initially cantalning 2 floor elevations 
was enlarged to the level of the deeper rection to minimire impact prerrurer. A technique of 
data colledion war "red in obtaining impact presvlres which provided an eloctronle stetirtlcal 
analysis. A curve was obtained to relate bath  floor effective pressure head to spillwav discliargo 
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