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PURPOSE 

These stud~es were performed to answer the following 
questions: 

1. What will be the pattern of temperature 
stratification in Pueblo Reservoir, or will it stratify 
at all? 

. 

2. What effect w ~ l l  the extsting barrier dam have on 
the tewperatures of w~thdrawals at the flsh hatchery 
outlers? 

3. What effect will.operation o f  theriver outlets in 
Pueblo Dam  have^ on,,,th,t reservoir temperatures 
available at the fishhstcnery outlets? , . 

The preliminary design of the fish hatchery outlets was 
to be evaluated on the basis.of the answers to thew 
questions. 

CONCLUSIONS 

1. Application of the mathematical model for three 
reservoir conditions (high, intermediate, and low1 
predicted, in general, that the reservoir would be 
stratified from late March or early April until early 
July or early August, depending on the reservoir 
operation. According to the prediction, the reservoir 
vdould be isothermal the remainder of the year. 
Limired data from Lake Natorna in California 
suggested that some summer stratification might occur 
in Pueblo Reservoir; however, this could not be 
assured. 

2. The mathematical model showed that the barrier 
dam caused warmer water to be available in the lowzr 
depths of the reservoir a few day; later than if the 
barrier was not present. The iiydraulic model clearly 
illustrated the effect of the barrier in skimming warmer 
water from the upper portion of the reservoir. Plugg~ng 
the bre;ch in the barrier accentuated this phenomenon. 

3. Operation of the river outlets affected the 
temperature profile at the hatchery outlets to some 
degree by drawing down the isotherms. The extent of 
warming of the profile depends upon the discharge of 
the operating river outlet and i t s  distance from the 
hatchery outlets. 

4. To take advantage of the predicted tempsratura 
stratification in,  t h e  reservoir, a higher outlet was 
recommended for addition to the hatchery selective 
withdrawal system. The recommended configuration 
consisted of outlets at elevations 4760 (1450.81.4785 

5. The disposition of suspended sediment entering the 
reservoir will be determined by the concentration of 
suspended material. The mathematical model predicted 
that inflows from the Arkansas River would be warmer 
than the reservoir and flow at the reservoir surface. 
However, with higi:. concentrations of suspended 
material, the density nhght be altered enough to  cause 
interflows or bottom density currents. The barrier dim 
would either block or past these currents, depending 
on their vertical location in rhe reservoir and their 
velocity through the reservoir. 

. , ... , .. 
i-'6. Since the i-qservpir i s  expected to be isothermal .' . , 

during about 9 %nthsof the year, and only weakly '' 
stratified during the rema~nder of the year, mixing and ' 
atmospheric reaeration should maintain adequate levels 
of dissolved oxygen. 

APPLICATION 
5. 

The temperature stratification predicted with the 
mathematical model for Pueblo Reservoir may apply, 
in a general sense, to other similar reservoirs. The 
results of the physical model study are unique to 
Pueblo Dam and Reservoir, however, the data and 
observations should provide some base for approaching 
similar problems. 

INTRODUCTION 

The idea of using selective withdrawal facilities to 
control the temperature of water supply to a proposed 
fish hatchery downstream from Pueblo Dam was first 
explored by the Colorado Department of Game, Fish. 
and Parks early in 1968. The hatchery was to be a joint 
ventu:e of that agency with the US. Bureau of Sport 
Fi~heries and Wildlife. By the latter part of 1968, the 
Bureau of Reclamation had developed. a preliminary 
design for the selective outlets. The decision was then 
made tu perform hydraulic model studies to evaluate 
this design. 

Figure 1 shows hypothetical seasonal temperature 
variat~ons in a typ~cal deep reservoir. Normally, a 
reservoir would be filled during the spring runoff 
period, then drawn down during the summer and fall 
for power generation and water supply. Stratification 
sim~lar to that shown in Figure 1 would exist under 
these circumstances. Control of downstream 
temperature by selective withdrawal would be most 
effective during the summer. 



Pueblo Reservoir will be atypical in its operation. The 
reservoir will normally be full in late March or early 
April. Rapid drawdown will then occur, which will 
often result in the reservoir being at its minimum level 
by early June. The reservoir will remain low through 
the summer, with inflows being routed directly 
through the reservoir. This combination of relatively 
shallow depth and high through flow intuitively makes 
summer stratification unlikely. 

When stratification does occur, selective withdrawal 
can be used very effectively to control downstream 
temperature and other w a t x  quality parameters. 
Figure 2 illustrates the mechanism o f  selective 
withdrawal in a general laboratory test. The outlet is 
located at middepth at the right side of the 
photographs. The top photograph shows the early 
&lormation o f  a dye streak which was initially 
vertical. The primary wirl;drawal current is evident at 
the level o f  the outlet. with lesser upstream and 
downstream currents at other levels. The bottom 
photograph shows the status of water movement 
several minutes later. The rhickness o f  the withdrawal 
layer depends primarily on the temperature profile, the 
vertical location o f  the outlet, and the discharge. 
Currents caused by inflow and suspended materials 
which alter the density wil l  modify the withdrawal 
na+lol-n =Q m,ill r v x r l w  <9rtn,-?torm nr nl?rmn! ?hmnoq in 

Figure 2. Selective withdrawal in general !ahoratory test. 

Top Photo P382-D.69412. Botrom Photo P382.U.69413 

length of the dam to nearly 2 miles (3.2 kml. The 
maximum height of the dam is approximately 175 feet 
(53.3 m). The uncontrolled overflow spillway is in the 
buttress section. 

the bottom geometry. section. Figure 3. River outlets are in four locations. 
The fish liatchery outlets are about 140 feet (42.7 rn) 

Pueblo Dam. Figure 3, near the city o f  Pueblo, from the nearest river outlet, but immediately adjacent 
Colorado, wil l  consist of a massive head buttress . o  the soutll outlet works, which will be used for 
concrete section about 1.750 feet (533.4 m l  long. with nwnicipal supply. Thegorge outlet. farthest to the left. 
carth embankments on each end which bring the total WI!~ hnve priority for operations. 
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partially retain iloods. A breach at the main channel. 
Figure 5, was designed to  pass the downstream safe 
channel capacity.An access adit is also in the barrier, 
Figure 6. 

The studies described in this report were conducted to  
determine the effect! o f  the operation of various 
outlets and the presence of the barrier dam on reservoir 
temperatures available at ths fish hatchery outlets. 

F,aure 4 Exlstmg Rock Canyon Barrler Dam, downstream "~ 
~ide, loo~ing north. Photo P382-0-69414 .- ~ . .  ..-::.., 

. ... 

F y r e  5. Mam channel breach in Rock C a n ~ o n  Barrtsr 
Dam. upstream side Photc P382-D-69415 

Figure 6. Access adir in Rock Canyon Barrier Dam. 
downstream side. Photo P382-n-69416 

IiVVESTIGATIOK 
A 1969 report: ti,:F.WQA' summarizes the theory of 

Mathematical model the model and doc~!me,;ts,,the computer programi5An 
earlier re~or t '  describes.th2 theory in detail. , - , ~ !  ,.. .. 

r _ _  
Background of develo,orne,~t.-The mathematical model 
used in this study was de?eloped by Water Resources 
Engineers, Inc.. of Walnut Creek, California. The model 
was obtained by the Bureau of Reclamation from the 
Federal Water Quality Administration (now Water 
Quality Office, Environmental Protection Agencyi, 
Northwest Region. Portland, Oregon, and is presently 
considered to  be in a verification stage. 

.* 
* ,: 

General Theory.-Basically, the mathemat,i_cal model 
performs energy and mass balances on horiz;;-aral finite 
elements or "slices," Figure 7. Transfer o f  heat and 
water is assumeci to take place only in the :,ecicaI 
direction. For weakly stratified reservoirs or those with 
tilted isotherms, a-recent version of the model allows 
dividing the reservoir into reaches. The computed 

'"Mathematical Models for the Prediction o f  Thcrtnal Energy Changes in Impoundments", Final Report. Water 
Resources Engi!ceers. Inc., December 18. 1969 

% 

2"Prediction o f  Thermal Energy Distribution in Streams and Reservoirs". Final Report, Water Resources 
Engineers, Inc., June 30, 1967. 



Figure 7. Heat and mass flow diagram for WRE pred~ct~on 
model. 

condittons at the downstream end of a reach are used 
as the upstream boundary conditions for the next 
reach, etc. Pueblo Reservoir was not segmented into 
reaches for the present study. 

Temperature profiles within the reservoir for any day 
of the analysis period are predicted aiong with the 
temperature of the outflow. -4  

i. 
>,:/ 

Hopefully, this very brief deg%ription of  the 
mathematical model will not be miceading. The model 
is exceptionally generai and detailed and accordingly 
very complex. 

Data requirements.-Table 1 summarizes the input data 
required for the Pueblo Reservoir temperature 
prediction. 

..:=:.. 
4,. 

~eteorologi ih data Hydrologicedata 
8 ,  

Cloudiness Inflow rate and temperature 
Dry bulb temperature Outflow rate 
Wind speed 
Relative humidity 1 
- - - 

Reservoir characteristics .\ 
Elevation 
Outlet elevations 
Latitude and longitude 
Area-Elevation table 
Diffusion characteristics 
Evaporation formula coefficients 
Initial elevarion, temperature, and 
rate of change - 

Other miscellaneous, data are also required-to run the -- 
program. the meteorological and hydrological data'are 
generally input as daily values for the period 
analysis. For an initial estimate of stratification 
Pueblo Reservoir, average monthlyvalues were us 
Each daily value of data used in the computer erogram 
was assumed to be the average value for that month. 
Figure 8 shows the inflow temperature data used in the 
analysis conducted for March through November, as .~. 

compared with temperatures measured in the Arkansas 
Rirer over a 1-yearperiod in 1969 .and 1970. 
Meteorological data were from Pueblo Airport for 
1968. 

Limitations.-The accuracy of the tcrnperature 
predictl~n depends very heavily on the quality of the 
tnput data. For example, the Pueblo prediction should 
be considered approximate because monthly dverages 
for the meteorological and hydrological data were 
used. The proximity of the weather station to the 
reservoir is  also an important factor. Also, the effects - 

of short term variations are ignored. Wind mixlng 1s not 
included except in a very general sense, and the effects 
of windstorms cannot be considered. 



The model will not simulate a reverse temperature 
gradient which often occurs in winter,.usually under an 
ice cover. Density alprations caused by suspended , . ~  

materials cannot be simulated :;... 
.. . ,.., 

A diffusion $efficient must be chosen:;&hough the 
model does not appear to be too sensitive to variations 
in this parameter. The effect of high through-flow ratej. ... . 
has not been studied in detail. 

,~.. 

Pueblo Reservoir temperature prediction.-The 
predictions were started on March 1 with an assumed 
isoJ'lermal temperature of39.2' F (4' C ]  and 
terminated on November 16 before formation of '  
surface ice. Three representative reservoir conditions 
(high. :intermediate, and low] and accompanying 
outflows were determined from projected reservoir 

I 
operation studies. Runs were made to:~represent both a 
solid barrier dam (breach and adi~~:closedl '  and 
compl&e removal of the barrier dam. The't;esults of the 
prediction runs are 'shown in Figure 9. The effect of 
removal of the barrier dam is onlv of academic interest. 

A general obser~ation is  that the deeper the reservoir. 
the longer the stratification persists. The need for a 
high outlet t o  guarantee a suppiy of warm waterduring 
the spring is  evident. Also; though not evident from 
this prediction, a low outlet would be required to 
provide a warmer (39.2' F) supply from the winter 
inverse temperature gradient. 

The period that the reselvoir is isothermal will depend 
on the reservoir operation and depth. 

Limited data' were supplied .by Region 2 in  
~ a c r a m a g  California, showing summer stratification 
in Lake Natoma (Nimbus Dam]. Though shallow in  
depth with a high through flow, similar to Pueblo ; 

Reservoir. Lake Natoma-*exhibited a well-defined ,.'; 
stratification near the surface. This suggested that 
Pueblo Reservoir might stratify to some degree in the 
summer and fall, notwithstanding the results of the 
mathematical prediction. However, since the Lake ,, 

Natoma dataewere very limited, this cannot be assured. 

since the design called for retaining the dam and An additional predictio3run was made, using daily 
plugging the breach and adit to block sediment from average data values. A year with nearly constant 
reaching Pueblo Dam. icrermediate reservoir elevations was assumed, adjusted 

: values of 1968 streamflow were used along with 1968 
The predictions show that warmer temperatures (say stream temperatures, and the outflows were computed 
above 45' F) would be available earlier in the lower according t o  the assumed rese~oi r  elevations. The 

'' 

depths of the reservoir with the barrier dam remove+ results of this prediction are shown in Figure 10. 

,,: 
. 

6 '.I 
\ .  ~. 
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Figure 10. Pueblo Reservoir temperature prediction, using dally average data. 

The computed stratification pat& is  very similar to 
those of Figure 9, with some indication of 
stratification during the summer. 

It must be noted that the prediction concerns 
temperatures UPSTREAM from the barrier. A physical 
model was used to determine detailed effects o f the  
ba r r~e r  and thus the temperature profiles 
DOWNSTREAM froin the barrier. 

Physical Model 

Model and labor~tory facilities,-Figure 11 is a view of 
'the downstream portion of the 1:60 scale model. The 
plexiglass repZints the upstream face of Pueblo Dam. 
Circirlar holes with slide gate controls were used to 
represent the outlets. No attempt was made to simulate 
the very small discharge from the fish hatchery outlets. 
A small portion of; the earth embankment was 
represented on each side of the model. The prototype 
area covered by the model is  outlined on Figure 12. 

Water was discharged from the outlets into a collection 
trough, then discharged across a rectangular weir for 
measurement. The flow then entered a pump for 

recirculation to the upstream end of the model. The 
flow entered the model, flowed over a s ~ l l ,  then under 
an adjustable gats. Figure 13. The gate was found to be 
~neffect~ve in controlling the stratification pattern 
because of mixing which occurred immediately 
downstream from the overflow s ~ l l .  

Cold water was supplied from an adjacent flume with a 
refrigeration system. Figure 14. The arrangement of 
pipes and valves connecting the flume to the model 
allowed any portion of the recircuiating flow to be 
passed through the cooling flume. 

1nsvumentation:~hermistors installed ir, vertical 
arrays, as shown in  Figure 15, were used to measure 
temperature profiles at varlous pomts in the model and 
In the inflow and outflow. Swns of the thermistors 
were initiated either manually or by a digital clock 
with available intervals of 1 minute to 1 hour. The 
starting time of the scan, thermistor numbers, and 
corresponding temperatures were recorded by a 
prlnter. A quartz thermometer was used to calibrate 
the individual thermistors. A temperature controller 
determined the temperature in the cooling flume. 



Figure 11. Interior view of 1:60 hydraulic model. Photo 
P382.D.69417 
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Figure 12. Prototype area included in model. 

I n f l ow  
SUPPlY 

Figure 13. Model inflow apparatus. 

Limitations.-The hydraulic model was limited to 
simulation of steady flow, primarily because only a 
small portion of the reservoir was represented. No 
storage was available to permit forming the proper 
relationships between inflow, outflow, and reservoir 
elevation. Inflow and outflow were equal for each test. 

scanning rate of  the instrumentation, it was not 
possible to trace rapid changes in the temperature 
profile, for example, immediately after opening an 
outlet gate. 

The durat~on of each test was llm~ted to a few hours 
because of warming of the model by heat transfer from 
the room and because of heat transfer and mix~ng 
within the stratified water body. 

I' 

Test conditions and model operation.-The key to 
abbreviations which will appear in subsequent 
discussion of tes t  results i s  as follows, In order of thelr 
location on the dam from left to right looklng 
downstream: 

GOW-Gorge outlet works 
LROW-Left river outlet works 
MROW-Middle river outlet works 
RROW-Right river outlet works 
FHOW-Flsh hatchery uutlet works 
SOW-South outlet works 

TheGOW was normally given priority for operation. 
then the LROW, etc. Operation of the SOW was 
independent of operation of the river outlets. Tests 
were numbered dccording to the date (Test 09?4 
occurred on September 24). A summary of test 
conditions is given in Table 2. 

It was not possible to exactly duplicate the predicted 
temperature profiles; however, several representative 
profile shapes were studied. Because of the limited 



Figure 14. Refrigeration system for cold water supply. 
Photo P382.D.62875 

Figure 15. Temperature inrtrurnentstion. Top Photo 
P382-0.69418. Bottom Photo 4382-0-69419 

could occur during June. Tests 0924, 0930. 1002. and 
1023 are for reservoir elevations at or near the 
minimum. 

Test 0924. Figure 17, shows temperature profiles 
resulting from operation of the gorge outlet works 
(GOW) and the left river outlet works (LROW). A t  
time 1352, 4 minutes after initiation of withdrawal 
from the GOW, the drawdown at the GOW is evidenced 
by warmer temperatures. A similar, lesser effect 

~~ ~~ 

the F ! ~ O W  is appreciable.  he temperature of the 
outflow shows the effect of the barrier dam skimming 
warmer water from lhigher elevations in the reservoir. 

Test 0930, Figure 18, shows similar effects for a milder 
stratification with less discharge from the LROW. Test 
1023. Figure 19. i s  similar, and shows smoothing of the 
GOW profile due to mixing downstream from the 
barrier. Note that the reservoir is  essentiallv isothermal 
upstream of the barrier at Time 1309, while 
stratification persists downstream from the barrier. 

Tast 1002, Figure 20, shows the effects of withdrawal 
from the middle river outlet works (MROW). The 
drawdown and skimming effects are again apparent, 
with the most drawdown occurring a t  the FHOW. The 
warmer temperatures in the lower part of the profile at 
the FHOW may be due to heat transfer through the 
walls at the corner of the model. 

Test 1014, Figure 2i, shows the effects of a small 
withdrawal from a weak stratification with a reservoir 
elevetion slightly greater than minimum. Some mixing 
of the profile. particularly at the GOW, i s  shown. This 
indicates that, even with small withdrawals, the breach 
in the barrier dam supplies only part of the demand. 
and some skimming occurs. This is also reflected in the 
outflow temperaturez.< 

Test 1007, Figure 22. describes increasing withdrawal 
from a well-stratified reservoir at intermediate depth. 
The profiles show mixing and warming of the 
hypolimnion as the withdrawal increases, with an 
accompanying rise in the lower boundary of the 

-th~rmocline. Under these conditions. selective outlets 
for the hatchery would have no value if located below 

s, 
elwation 4810. ,, .,. 

Test 1114, Figure 23, shows a cold hypolimnion 
located well below the crest of the barrier dam, with a 
very steep thermocline and relatively deep epilimnion. 
Cold water was introduced during the test. The effect 
of withdrawal was confined to the region below the 
crest of the barrier. For the "static" condition at Time 
1020, warmer temperatures at the FHOWshow that 
the layer of cold water i s  deeper at the gorge outlet, 
directly opposite the breach in the barvier. This effect 
also appears during withdrawal at Time 1050, along 
with the drawdown effect at both the GOW and the 
FHOW. Figure 24 shows the shape of the interface 
between the epilimnion and thermocline. 

Test 1203. Figure 25, simulated a deep epilimnion 
extending below the barrier crest, and a thermocline 
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0924 
0930 
1002 
1007 
1014 
1023 
11 14 
1203 
01 27 
01 29 
0317 

Table 2 

Model Test Cond~fions 

Reservoir elevation Discharge range 
feet  (meters1 cfs (CU m/sec) Outlets o~erated 

ach and adit open: 

4796.7 (1462.0) 500-2.000 (14.2-56.61 GOW. LROW Minimum reservoir 
4800 (1463.0) 500-1.000 (14.2-28.3) GOW, LROW 
4796.7 (1462.0) 500-1.000 (14.2-28.3) MROW 
4840 (:475.2) 500-5.000 (14.2-141.5) GOW, LROW, MROW. RROW 
4810 (1466.1) 500 (14.2) GOW 
4796.7' (1462.0) 500-1.000 (14.2-28 3) GOW, LROW 
4835-4845 (1473.7-1476.8) 4,000 (113.21 GOW, MROW, RROW 
4849 (1478.0) 1,900 (53.8) GOW. LROW 
4846 (1477.1) 1,095 (31.0) GOW. LROW 
4836 (1474.0) 300 (18.5) SOW 
4855-4817 (1479.8-1468.2) 2.000 (56.61 GOW. LROW 

With breach and adit closed: 

0408 4854-4814 (1479.5-1467.3) 2,000 (56.6) GOW, LROW 

extending to the reservoir bottom. During withdrawal, 
the thermistors upstream from the barrier showed 
cooling below the barrier crest, while. those at the 
FHOW and GOW increased in temperature, except very 
near the reservoir bonom. Cooler water entering the 
model prior to Time 1320 was retarded by the barrier. 
with some flow through the breach to the GOW. The 
skimming effect of the barrier was again observed. 

Test 0127. Figure 26, shows a relatively thick 
thermocline, with a well-developed epilimnion and 
hypolimnion. The sratic condition shows a relatively 
constant stratification throughout the model. Ten 
minutes of withdrawal markedly changed this pattern. 
Temperatures near the bottom of the reservoir 
remained relatively constant, but some mixing and 
cooling at the FHOW was noted. Warming at the GOW 
was due to drawdown. The cooling at the FHOW could 
not be explained. 

Test 0129, Figure 27, was performed to determine the 
effects of withdrawal trom the south outlet works 
(SOW) which will be used for municipal water supply. 
The outlet works was operated at i t s  capacity of 300 
cfs 18.5 cms). Temperatures a t  the FHOW were warmer 
than those at the GOW during withdrawal, due to 
drawdown as shown in F~gure 28. In the upper portion 
of the reservoir, temperatures a t  the GOW and FHOW 
were cooler than those upstream from the barrier 

For comparison 
with 0317 

becakse of the inflow of warm water. The pattern at 
Time 0930 and the outflow temperature suggest that 
warmer water is being skimmed from the reservoir 
above the elevation of the barrier crest. 

Conclusions from first test series.-The tests showed 
conclusively that the barrier dam acted to skim warmer 
water from the reservoir above the barrier crest, as 
shown in Figure 29. The extent of warming depended 
upon the stratification pattern and the discharge; most 
tests indicating warming of 1' C or less. Temperatures 
near an outlet are warmed because of the drawdown of - 
higher layers during operation of the outlet. Figure 30. 
The extent of the drawdown influence is  determined 
by the stratification pattern and the discharge. 

In the early part of the study, removal of all or part of '. 

the barrier dam was considered a possibility. However, 
it was later decided that the barrier dam would be 
retained and that the breach and the access adit would 
both be plugged for the purpose of blocking sediment :; 
to the 100-year accumulation level. 

,. . , 

Final test series.-The adit and breach, to elevation 
4778 (1456.3 m). were plugged in the model with sand 
and gravel, Figure 31. A final series of model tests was 
pertormed to determine the effect of these closures on 
water temperatures at the fish hatchery outlets. 



SECnON TIMU FISH HATCHERY OUTLET U S T E A M  ELEVATION 
>\ 

Ftgure 16. Preliminary design of fish hatchery outlet works. 
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Figure 18. Test 0930. 



.a- Warmer temperatures downstream from the barrier 

were apparent for either cond~tion, but, as expected, 

caused by the inflow o!/cold water prio; t o  Time 103"' 
. . Apparently, the velocity or depth (or both) of the cold 

profiles show that temperatures at the upstream side of 

,.. '. 01 7.. ,. ( 7  

above the barrier, then sinking to the bottom again on 
the downstream side of the barrier. 

Figure 20. Test 1002 Recommended Configuration of the 
Fish Hatchery Outlet Works 

Figure 21. Test 1014. 

The mathematical and hydraulic model studies resulted 
In the recommendation that an additional, higher 
outlet be placed at elevation 4850 (1478.3 m). Even 
though this outlet would likely be above water most of 
the year, it would provide earher w~thdrawals of 
warmer water for the fish hatchery. The recommended 
configuration therefore included outlets at invert 
elevations 4760 (1450.8). 4785 (1458.5). 4810 
11466.1). and 4850 (1478.3) feet (meters). The outlet 
pipes were also changed from 16-inch (40.6-cm) 
diameter to 30-inch (76.2-cm) diameter, w ~ t h  a 
resulting increase of total capacity from 16 cfs 10.5 
cms) to 30 cfs 10.8 cms). 

Other Water Quality Considerations 

The question of the movement of suspended sediment 
was raised during the study. The mathematical model 
predicted that inflows from the Arkansas River would 
be warmer than the reservoir and thus flow at the 
reservoir surface. However, high concentrations of 
suspended material might sufficiently alter the density 
to cause interflows or bottom density currents. A 
density current of low velocity would probably be 
blocked by the barrier dam and deposition would 
occur upstream from the barrier. An interflow higher ~' 

in the reservoir or a high-velocity bottom density 
current would tend to pass over the barrier. Also, large 
floods carrying large quantities of suspended material 
would tend to cause mixing of the reservoir with 
dispersion of the material throughout the depth. 

Dissolved oxygen should normally be adequate at all 
times and at all locations in the reservoir, since the 
reservoir will be isothermal during most of the year 

Tests 0317 and 0408. Figure 32, with essentially w i th  wind-induced mixing and accompanying 
identical temperature profile shapes, were performed atmospheric reaeration. 
with and without the closures, respectively. 
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Figure 22. Test 1007. 



Figure 23. 

Figure 24. Interface shape due to drawdown a t  gorge 
outlet and middle outlet-7ho;~P382-D.69420. 

L. 
/ l  

Fivxe 25. Test 1203. 



Figure 26. Test 0127. 

Figure 2 8 .  Drawdown at south outlets. Photo 
P382-D-69421 

F~gure 29 Stratlfled flow pattern over Rack Canyon 
- 

,',' , , Barr~er Dam Photo P382.D-69422 ,' ; .I' 

Figure 27. Test 0129. 



Figure 31. Plugs at access adlt and breach. Left Photo P382-0-69424. Right Photo P382-D.69425 
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Figure 32. Test results showmg effects of breach closure. 



CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT 

The following converu'm factors adopted by. the Bureau o f  Reclamation are thore published by the American 
k i e t y  for  Testing and Materials !ASTid Metric Practice Guide. E 380.681 excsrn that additioml factorr (-1 
commonly u d  in me Buicau have been added. Funher diwurrion of definitions of quantities and units is given in 
the ASTM Metric Praclice Guide. 

The metrlc ~n tr and  corncrrlon factorr aaoprea by the ASTM arc bared on thc "iwernarmonal Synem of L n i u  
Ioezigneted 51 for SKcme ntcmat8onal J'Ln t c 4  fixed by ihc .nternilonsl Conmmrr  for Wetghu and 
Mcarcrer: I h r  hrcem is also kno~rn a$ Ine Glorg' or M 6 A  lmeler*t agrom ~masrlreconasmcerrl svrlem. Th.5 
h n e m  has been adopted by the lntemat8onal ~r&nizat ion lor Stsndsrdmtion 8n IS0 Resommendnt8on R-31 

The mrtrlc t6rhn;cal .n.t o l  forcc ir the l i  ogrrmforce' 8n.s is the force which. vlnen applied to 8 o d v  h h m g a  
mars of 1 k g  giver .I an acsc .ram of 9.6OGG5 mlreurcc. the rcandrra accderaton of fmw 141 toward tnc earth's 
center for ma l n e i  at 45 dcg afioude. The metric unlt o f  force in SI .n t r  r the newton (&I. whim ir definsdar 

a d e r a t i o n  due to  gravity. HOW&, &Lure i t  i g  general practice & ure "pound" rather than the teshn&ily 
mrrect term "pound.force." lhe term 'lilogram" (or derived m a r  unit1 has been "red i n  this guide instead of 
"kilogramforce" in expressing the caoverrion factorr for forcer The newran unit of fcrce will find increasing "re, 
and is essential in SI uniu. 

Where approximate or nominal Englih unitr are used to expren a value or range o f  valuer. the converted metric 
Y ~ ~ U  i n  parenthee are also approximate or nominal. Where precise English u n m  are used, the converted metric 
unitr are expressed ar equally significant valuer. 

.... I\ ,.: 
. Table I 

QUANTITIES AND UNITS OF SPACE 

Multiply BV Toobtain 

.- !LENGTH 
. . .  . 

Mil . . . . . . . . . . . . . . . . .  25.4 Iexaetlyl . . . . . . . . . . . . . . . .  .-: . . . .  Micron 
. . . . . . . . . . . . . . . . . . . .  Inches . . . . . . . . . . . . . . .  25.4 (exactly1 Millimeters 

Inch- . . . . . . . . . . . . . . .  2.54 lexactiyl. . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . .  30.48 (exacrlyl . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . .  0.3048(exectlyl~ . . . . . . . . . . . . . . . . . . .  Meters 

. . . . . . . . . . . . . .  Feet . . . . . . . . . .  _'. . . . .  0.0003048 (exactlvl- Kilometerr ~. . . . . . . . . . . . . . . . . . . . .  Yards . . . . . . . . . . . . . . .  0.9144 (exactly1 Meterr 
. . . . . . . . . . . . . . . . . . . .  Miles ( m l u e l  . . . . . . . . . .  1.609.344 (exactlyl' Meters 

. . . . . . . . . . . . . . .  Miles . . . . . . . . . . . . . . . .  l.G09344(exactlyI Kilo= 

z 
. . . . . . . . . . . . .  6.4516 (exactly1 Square centimeters 

. . . . . . . . . . . . . . . . . . . .  '929.03 Square centimeters 
. . . . . . . . . . . . . . . . . . . .  0.092903 Square mebrr 
. . . . . . . . . . . . . . . . . . . .  0.836127 Square meterr 

Acres .. :.. . . . . . . . . . . . .  '0.4MFB Hestarer . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . .  Acres. . .  ? . . . : . . . . . . . .  '4.046.9 Square meterr 

Ac re  ..... :.. . . . . . . . . . .  '0.0MW69 ..iSqunie kil&eters . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  . . . . . . . . .  Square miles '.:. 2.58999 Square kilometers -- 

.. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  Cubic inches 16.3871 Cubic senrimererr . . . . . . . . . . . . . . . . . . .  Cubic feet . . . . .  - . :  . . . . . .  :~ ,  0.0283168 Cubic metem 
. . . . . . . . . . . . . . . . . . . .  Cubic yards . . . . .  .':. . . . . .  0.764555 Cubic meters - 

Fluid ounces (U.S.1 . . . . . . . . . . . . . . . . . .  . . . .  Fluid ounser (U.S.1 29.5729 Milliliters 
......... . . . . . . . . . .  0.473179 : Cubic decirnenrs 

. . . . . . . . . . .  . . . . . . . . . . .  0.473165 :. Liters 
. . . . . . . . . . . . . . . . . . . .  '946.358 Cubic centimeters 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  '0.946331 Literr 
. . . . . . . . . .  . . . . . . . . . .  '3,785.43 : Cubic centimeters 

. . . . . . . . . . . . . . . . . . . .  3.78543 Cubic decimeters 

. . . . . . . . . . . . . . . . . . . . . . . . .  3.78533 Lite;r 
. . . . . . . . . . . . . . . . . . .  '0.W378543 Cubic meterr 

. . . . . . . . . . . . . . . . . . .  4.546W Cubic decimeters 

. . . . . . . . . . . . . . . . . . . . . . . . .  4,54596 Liters 
. . . . . . . . . . . . . . . . . . . . . . . .  28,3160.. Liters 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  764.55 Liters 
. . . . . . . . . . . . . . . . . . . . . . . .  ,233.5 Cubic meters . , . . . . . . . . . . . . . . . . . . . . . . . . . . .  '1.233.500 ;.. Lilem 





ABSTRACT ABSTRACT 

Mathematical and phyrical modelr were used to evaluale the derign of a propored selective 
withdrawal outlet system for a firh hatchery dawnitream from Pueblo Dam. C a b  The 
mathematical modei predicted that the reservoir would be stratified during a few months in the 
rpring but would be isothermal during the summer and faii. The effects of an exirting barrier 
dam were estimated by the mathematical model and by a phyrical model. The rtratificatian 
patterns upstream from the barrier, predicted by the mathematical model, were used i na  1:60 : Patterns upstream from the barrier, predicted by  the mathematical model, were "red in a 1:60 
rcaie hydraulic model to study conditions downstream from the barrier. The barrier acted ar a : scale hydraulic model t o  study canditionr downstream from the barrier. The barrieracted ar a 
rkimmer. causing the flow of warmer water from higher level$ in the reservoir t o  enter the 
region downstream from the barrier. The river outletr and municipal outlet operation in 
drawing dowrt the isotherms caused warmer temperatures of withdrawal at the hatchery outlets. 
A higher hatchery Outlet war recommended. in addition l o  the 3 hatchery outlets included in 
the preliminary derign. 

ABSTRACT ABSTRACT 

Mathematical and phyrical modelr were used to evaluate the derign of a proposed selective , 
withdrawal outlet system for a fish hatchery downrtream f r ~ m  Pueblo Dam. Colo. The . . withdrawal oi t let  ryitem fos a fish hatchery downstream from Pueblo Dam. Calo. The 
mathematical model predicted that the reservoir would be stratified during a few months in  the . mathematical model predicted that the reservoir would be rsatified during a few months in  the 
spring hut would be isothermal during the summer and fall. The effecb of an existing barrier . spring but would be irothermal during the summer and fail. The effecu of an existing barrier 
dam were estimated by the mathematical m d e l  and by a physical model. The stratification . . dam were estimated hy the mathematical model and by a physical model. The stratification 
oatterns upstream from the barrier, predicted by the mathematical model. were used in a 1:60 . . patterns upweam from the barrier, predicted by the mathematical model, were used ina 150 
scale hydraulic model to study conditions downstream from the barrier.The barrier acted as a , . scale hydraulic model t o  study condition$ downstream from the barrier. The barrier acted as a . rkimmer. causing the flcw of warmer water fram higher levels in the reservoir to enter the . region downstream from the harrier. The river outlelr and municipal outlet operation in . drawing down the isotherms caused warmer temperatures at withdrawal at the hatchery outlets. . A higher h8tchcry outlet war recommended, in  addition t o  the 3 hatchery outlets induded in 
the preliminary design. . the preliminarv design. 
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