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PURPOSE 

The purposs of this report is to summarize the results 
of past research on selective withdrawal from reservoirs 
and to present a tentative theory for aiding in the 
solution of problems of design and operation within 
the Bureau of Reclamation. 

CONCLUSIONS , 

1. Examination o f  previous theoretical and 
ehperimental studies indicates that enough work has 
been done to form a basis for dwelopment of practical 
design and operating criteria. 

2. Application of these criteria will generally involve 
errors which cannot be accurately defined until 
verification data from models and prototypes b m m e  
available. , 

i 
3. A tentat-ue theory and a computer program for its 
solution are presented in this report. along with 
experimental data. 

APPLICATION 
. .. 

The material in this report is intended pr ih r i l y  for the 
of Reclamation designers in designing 
ective withdrawal from reservoirs. The 
also bel~of interest to ather researchers 

. Etnphasis i s  placed on the hydraulic 
aspects o! selective withdrawal, with 

ussion of other aspea of water quality. 
. , ..l .. .> 

INTRODUCTION . ,  . 

reservoir plant growths, fertilizer. and pesticide 
residues, and others. 

%feral Bureau .' of Reclamation projects include 
selective outlets with varying degriesof complexity. In 
most cases. tlie structures do not include multiple 
outlets but consist of a single outlet 'strategically 
placed, to exclude algal growth for example. A minor 
degree of 'selectivity i s  possible with simultanews 
operation of the outlet works and powerplant where 
both facilities are available and when poww and water 
requiremenis permit simultaneous operation. 

At least 12 outlet works have been designed for 
selective withdravals. Examples are Arrowrock, Shasta, 
Martinez, Grand Coulee, Yellowtail, Elephant Butte, 
Whisksytown, and ' Arbuckle which include two or 
three out&. with vertical spacing from 10 to 100feet. 
Casitas Dam includes multiple outlets in a sloping 
intake on the upkream face of the earth embankment. 
Cachuma Dam and CheneyDam have multiple outlets : -  
in a vertical tower; similar facilities are included at ' 

' . 

Sanford Dam: Folsom Dam was successfully modified 
to allow selective withdrawal by placing shutter gates = 
on the penstock trashracks. Bureau of Reclamation 
experien~ewith selective withdrawal facilities at four 
of these dams has been described in a paper by Austin, 
Gray, and Swain.' 

, . 
The use of multiple outlets i s  growing: however, design 
guidelines are seriously lacking. This report attempts to 
summarize previous and present theoretical and 

, experimental work on the subject and to formulate 
>.\ 

tentative design criteria.' 

STRATIFICATION IN ;RESERVOIRS ' 

Temperature stratification in a reservoir de~ends 
Attention is being focused on the control of water primarily upon the latitude and elevation of the 
quality in streams and reservoirs. Bureau of reservoir and season. Other factors, such as wind, 
Reclamation impoundments are used primarily for reservoir depth and shape, and reservoir operation also 
irrigation supplies; however, municipal and industrial determine whether the reservoir is isothermal, has a 
uses have increased in rkcent years. Regardless of the continuous density gradient, or contains fhree or lnorei8 
use to which7the stored water i s  put, the quality of the d~stinct thermal lavers. Most larqe rcservoin of the 



reservoir and cause an exshange of water between the devices. The effects of hydraulic equipment such as 
upper and lower portions of the reservoir. The reduced Ilow-jet valves, cone valves. and turbine vents on 
difference in density between the upper and ion of discharges are being evaluated. Srmctures 
layers during cooler weather in the spring reduc as stilling basins might also have a noticeable 
stability of the reservoir and results in the "sp beneficial effect on the quality of releases. 
turnover." Well defined stratification reappears in 
summer. The cycle is normaiiy repeated annually. Proper design and operation of multiple outlets depend 
hallow reservoirs the cycle may even occur daily. on a thorough knowledge of reservoir mechanics. The 

stratifcation pattern in a given reswvoir will determine 
Water quality is affected by reservoirs partly because of the optimum ou:let arrangement for that particular 
the increased travel time through a ieach of the stream. ,case. The effects of resetvoir bays and arms may allow 
Temperature or chemical stratification has additionai selective zoning for boat dump areas. swimming 
effects, either beneficial or detrimental, on the quality facilities, or location of intake towers. 
of the stored water. Possible benefits of impoundments 
as enumerated by a Department of Interior task force 
are: sediment and turbidity reduction, hardness SELECTIVE WITHDRAWAL 
reduction through algal action, organic oxidation with 
biochemical oxygen demand (BOD) reduction and Design of facilities for selective withdrawal can be 
color reduction, coliform reduction, smoothing of divided into two categories: (1) improvement of 
incoming substances, methane fernenlation in bottom existing facilities and (2) design of new facilities. 
muds, and increased assimilative capacity. Possible Existing facilities can sometime be improved by 
detrimental effects were listed as: less mixina which modification of outlets or by the creation of artificial 
a i l02  waste t o  hug the hom' lower  reaeration, barriers such as skimmer wall; or submerged weirs. .:. 

upstream movement of pollu&lts,algae blooms with 
undesirable esthetics and taste and odor problems,and The design of either new or modified outlets depends 

ion. Posjble detriments of thermal on reasonably accurate prediction of stratification 
are: lower dissolved oxygen patterns and the movement of layers in the reservoir. 

(DO) in the bottom layer, hydrogen sulfide formation. This prediction depends in turn on the reservoir size. 
dissolution of iron or manganese, persistence of organic shape, and location (latitude and altitude); the season 

reduction, and carbon dioxide increase. during which the selective withdrawal occurs; and 
prevailing weather patterns. Optimum outlet operation 

R5S£rvoirs also.affect the quality of water in &river can be achieved i f  reservoir conditions are continually 
om the dam. The quantity of DO in the monitored. Location of sampling stations and 

ns the growth of fish and the capacity of determination of sanipling time;intervals also 
to assimilate wastes. Releases can be basic understanding of reservoir mechanics. 

of high waste transport for c '. 

nd, high velocities associated . Reviewof Reviaus investigations 
rge discharges may decrease contact time and 
reaeration rates. The discharge temperature Thwries for Prediction of Stratification.-As e 
fish lifeland irrigation efficiency, and the previously, the form and extent of 

~ t y  of the stream determines recreational uses. stratification depends on several parameters w 
include latitu*, elevation, wind, and 

r quelity in a reservoir i i g h t  be impjoyd through geometry. Dake and Harleman (2) have conduct 
cia1 destratification by mechanical mixing with comprehensivel'study of the mechanisms of the 
ps or air curtains. The resistance to mixing is  stratification in/ lakes and ponds. Ths para 

ility" of the reservoir and isdefined as latitude and e~evatidn were further resolved into the 
red to lift . . ~ ~  the =... . . entire~reservoir ~.~ volume more basic parameters of the rate of jncoming solar ,' 

e distance-betheen ttie center of gravity of a radiation, the /radiation absorbing capacity o f  the 
rresponding isothermal reservoir and t h e  center of water, and the ~ o l i n g  of the reservoir water surfac 
avity o f  the stratified reservoir. A.rtificial : evaporationandibackradiation. 

ratification has been used successfully in relatively jJ 

nts but is believed to be economically The Coriolis dffect (earth's rotation) is add 
for most large reservoirs. However, the thermal stralifi=ation and wind in+nalyses of watg 
ight be justified i n  limited Eones near an movement in reservoirs...: The epilimnion in latg'e 

,') reservoirs i s  cir4lated because the wind piles up'the 

',', 
L )  



a difference in  water surface elevation o f  only 0.1 foot 
from one sideof the reservoir t o  the other can cause 
ti-..thermocline t o  tilt as much as 50 feet. The 
difference in  specific gravity between the epilimnion 
and hypolimnion was about 0.002. 

Theoretical hses for determining the effects of wind 
induced circulation on thermal stratification are 
presently lacking. Hydraulic models can supply the 
required information i f  the rules for dynamic 

system of streams and reservoirs. Hydrologic and 
energy balances are performed on finite control 
volumes or "slices." One limitation lies in  determining 
the "effective diffusivity" of heat within the reservoir. 
Prototype data are being analyzed t o  more adequately 
define th i s  mechanism. 0th- refinements have 
recently been made; particularly the inclusion of 
seletive withdrawal theory t o  replace the assumption 
that outflow occurs only from the slice at the elevation 
o f  the ourlet. 

siniilitudecan be determined. ,r &., , , ,. .. . This review indicates that the conditions of thermal 
~ i k e  and Harleman describe the existing theories of stratification in a reservoir can be predicted through 
Munk and Anderson. Ertel, Kraus a n d  Rooth, ' t he  use o f  mathenlatical models with sufficient 
Pivovamv. Weinberger, and Dutton and Brysdn. Their accuracy t o  allow design o f  multiple outlets for 
review indicates that a reliable method for the selectivewithdrawal. Further refinement of themodels 

' . prediction of thermal stratification in  reservoirs will cccur through model and prototype studies. 
remains t o  be developed; such a dwelopment forms the I 
basis for their report. They contend that direct, Theoretical and Experimental Studies in  Selective 
ab;j;rption of solar energy and transfer of energy by Withdrawal.-Many studi&have been conducted on 
molecular diffusion form the theoretical foundation selective withdrawal from $nt or line sinks at various 
for prediction of stratification. locations in a laboratory Clume. This discussion wil l  be 

separated according t o  the type of sink and its 
Dake and Harleman argue that the convection terms location, the type of stratification (two- or 
are imponant only in  a limited mne near the surface ' three-layered or continuous density gradient), and 
because strong winds generally do not blow fol. iong . . whether . the d d y  was theoretical or experimental. 
periods of time. They point out that even unprotected .J 

reservoirs develop well.defined thermal stratification. ,JNi&drawal From a ~ i " e  Sink a t t he  Bottom of the 
Dam (Sluice).-Both theoretical and,,, experimental 

The methods describecl;by Dake and Harleman allow a investigations  have,^ been' conducted of the flow of 
detailed pred ic t ion of thkrmal stratifidiion. "e ther  a layered fluid or a continuous density gradient 
Laboratory experiments performed with mercury fluid through a line sink located at the bottom of a 
vapor andlor infrared lamps as the radiation source dam. 
showed good agreement with theory except in t he  
bottom portion of the model. Measurements in  two Hubdr and Reid (5) discus withdrawal from 'a 
prototfpe lakesalsa support the theoretical prediction. two-layered system? This study was primarily 

.~, ' experimental for purposes of 'verifying an earlier 
Wunderlich and Elder 13) iave dyeloped a graphical theoretical analysis by Huber ( 6 ) .  The theoretical 
procedure for predicting the pattern of :thermal . analysis was cdncern~.primarily with the shape o f  the 
stratification in reservoirs. Using records of inflow and interface at the poirj;)of incipiknt drawdown (the p 
outf low -.volume and inflow temperature. and at which the upp&' layer begins t o  flow through 
computation of surface'temperature by heat budget sink; normal withdrawal iscfrom the bottom lay 
methods, the variation of outflow temperature with Rekxation techniques were :used to d e f k  t 
time is determined..Certain.simplifying assum~tions are interfacial shape. 'The investigation was extended 

.'made concerning the movement of water masses within beyond the point of incipient drawdwn todetermine 
he reservoir. The procedure allows estimation of-the. the ;relative contribution of each layer for various 

thermal regime o f .  a reservoir s of  outl lei withdrawal rates. The attempt by Huber and Reid t o  
location and reservoir operation. experimentally verify the theory was only part l i  

successful becaure of viscosity effects. in .the small = 

Orlob (4) has developed adetail al model model. Howwer, theoretical trends were verified by 
' for prediction of -temperatures 'in streams: and . the experiments. Application o f  these results~allows 

reservoirs. The analysis is performed by -digital pvomputation of withdrawal rates for.sediment sluigng . ~. : .? 
:~. 

yered system in nature. Tne thermocline 



. . 

r e t i d  solution for the 
interface position and streamlines for a continuous 
density grdient with Froude number value: below 11% 

m a two-laywed system. 
s and two-dimensional 
s were developed for the 
from a layer without 
g layer. t h e  influence of 
um height of the outlet 

example, t d  reservoirs which do not have a welldefined Harleman 113) summarize the work of ~ r a y a  and . . . 

ty, Vc. through the 
slot to maintain selectivin/,where. 

axisymmetric flow toward a point'sink. Only the 
former case was- investigated experimentally. The 
growth of the thgkness of the withdrawal layerand 
the velocity distribution were presented with reference 

eory and &pkimcnts are applicabld to large and 
oderatedistances from the sink, respec'tively. 



with a qeneral stratification pattern. Withdrawal was 
from square, circular or rectangular orifices. The tests 
included determination of the effects of orifice size, 
or i f  ice location, d ~ i s i t y  profile and velcdty 
distribution in the withdrawal layer. The experimental 
data were found m fit the equation: 

where 

Vo = aveage velocity through the 
orifice; 

Z = vertical diitance from centerline 
of orifice t o  upper or lower 
boundary of withdrawal layer; 

Ao = area of orifice; 
Ap' = density diserential across Z; 
PO = density at orifice centerline; 

i. 

The tests were conducted <n a long, narrow, and 
relatively shallow chmnel. No attempt was made to 
determine the effect of h e  relative width of the flume 

general equations for selective withdrawal from sq 
or c i y l a r  orifices. This development isdescribed 
in this report. 

Withdrawal of the Lower Layei From a Point Sink in 
the Bottom.-This configuration probably has a 
relatively rare application to design of selective outlets. 
Hjrleman, et al, (19) conducted a theoretical and 
experimental investigation of withdrawal from 
lower layer through a vertical circular orifice in 
bottom. 

The relationship: ,' 



\ I multiple outlets pas through a treatment plant where 

Zo is the distance of the pipe entrance above the dixharge rates and quality parameterr can be closely 
interface. monitored. Measurements of temperaiure and 

conductivity are being made in Fos Reservoir. 
This configuratiy also has only limited application to Oklahoma. 
design of selective outlets. 

The Fedwal Water Pollution Control ~dministratio" is 
Withdrawal Over a Weir.-Sehuster (20) investigated conducting and sponsoring measurements in several 
experimentally the flow of both a two-layered systwn western reservoirs for prrposer of vffifving and 
and a system with continuous density variation over a refining mathematical models for temperature 
weir. A salt water model was used. The invmioation prediction- - - 
was partly aimed at determining the feasibility of 
withdrawing the warm upper layer to reduce It Seems that an adequate volume of prototype data 
evaporation lo- from the nrrface of the reswvoir, will eventually become available for comparison with 
The limited tern *owed that, for practiml di.&arge hydraulic -model study results and theoretical 
rates. selectivity could not be accomplished. predictions. 

W. E. Knight (21) described the application of a 
submerged weir in the control of tempcramre and APF!LICATION OF PREVIOUS 
dissolved oxygen in the flow through a hydroelectric WORK TO USBR PROBLEMS 
station. The weir was succeaful in improving the 
quality of downstream flows. Prediction of Stratification 

The Corps of Enginews report (18). cited earlier, also All methods described earlier are adequate for 
contains a description of limited tests on a submerged approximate prediction of reservoir stratification. but 

only under idealized conditions. The Water Resources 
Engineers prediction model appears to be the most 

Prototype Studies.-The submerged weir study of useful at the present time. 
escribed in the preceding section was 

ucted in the prototype. The symposium A desirable alternative to mathematical prediction 
edings referred to contain numerous discussions would be to monitor conditions in a similar nearby 
ffects of impoundments on water quality. resewoir. However, this i s  seldom possible in the 

However, studies which could be compared to model western states. I f  existing structures are being 
experiments or theory are lacking. modified. existing conditions can be determined. A full 

l-year cycle of data would be a minimal study. For 
T. Jaske (22) presents data from Lake Roosevelt purposes of this discussion, it will be assumed that one 

rand Coulee) which was obtained as part of a of these methods has been used to determine the 
program of cooling Columbia River water for use at the stratification pattern for a given resewoir at variws 
Hanford atomic plant The discussion regards both the times of the year. Typical patrernsare &own in Figure 

ture and hydraulic regimes of the reservoir. 1. 
isons are made with model results and with 

er s (9) theoretical work. Three basic conditions may exist: 

--I A Bureau of Reclynatic,, and t h e  Corps of 1. Is?thermal (constant temperature) 
have made velocity measurements in 

oirs. TVA is continuing comprehensive prototype 2. Linear density variation 

3. Threelayered stratification 

Isothermal Condition 

T h i s  condition, requires no special configurat 



= discharge per unit resen-oir width 

water near the surface. 
= density at level of outlet 

Linear Density Variation 

.and for large distances: 

in withdrawal layer 

'thdrawal layer 'n the field.Broeks and Koh state 





Therefwe: 

Rearranging terms for convenience gives: 

EWERIMENTAL VERIFICATION 

Dascriaion of Test Facility 

Figure 3 shows the flume used for the laboratory tests. 
The flume is divided into a mixing compartment and a 
test compartment, with the refrigeration system 
located in the mixing compartment. The mld  water 
flows through a selectivelmfel bulkhead and sinks to 

(171 the floor of the test compartment. After several hours, 
a welldefined thermal stratification exists in the ma ~ ~~ ~ ~ . ~ .~ ~~ ~~~ . . ~~  

comparmaent. Outflow occurs through a mal l  orifice 
For a given density profile and flow rate.' the with adjustable is rrcirculated to the withdrawal layer thickness (above or below the 
orifice), d. i s  determined when the equality of mixing ,wmpament Or to waste. 
Equation (l'jj-is satisfied. .Thermistor probes are placed in desired locations in the 

' 

test comwrtment. The thermistors are connxted 

For a cirmlar orifice, K = 0.505; for a square orifice, through a ocanning device to a digital thermometer and 

0.314, when F' = 0.28. a printer where temperatures are displayed and 
recorded with an accuracy of 0.02' C. Two very 

A listing and detailed dewription of the computer a"urate quartz probes. with a digital thermometer 

program are given in t h e  Appendix of this report. were used for calibration and checking of the 
thermistor probes. 

Special conditions arise when the predicted upper 
bwndaw of the withdrawal laver intersects the water of EWhOns ~~ ~ - . ~  
surface or when the lower boundary intersects the 
reservoir bonom. !2 

A 5lEinchdiameter circular tube or a 0.1-foot square 
tube was pla& at the midpoint of the flume width, 

The basic assumption in the solution of Equation (17) appr~ximatel~ 1 foot 
is t h i t  the total discharge is egually divided between thermistor Was pkCed i 
the upper portion and the lower portion of the of outflow temperature. Th 
withdrawal layer. When intersection with the reservoir Sfwtdeep flume was meaw 

bottom or water surface o~urs ,  this -mption is no imbedded in a lucite rod (rather than a 
longer valid. d is now less than the value required to in Figure 3). placed 26 inches from the 

satisfy Equation (17). The discharge abov.?, or below wall and 8 inches from the left wall of th 
the orifice is then adjusted by multi&ing the 30th thmistor  was used to monitor the 
discharge by the ratio of the right side to the left side in the mixing compartment, when n 
of Equation (17). The resulting excess discharge is path from the-selective bulkhead t 

applied to theother portion of the withdrawal layer. wa~ap~roximateb 9 feet long. 
For example, assume a tcttal discharge of 1.000 cubic 
feet per second. Under normal conditions, flow in the 
resewoir would approach the outlet equally from both 
above and below the outlet. Assume that under these elevations. Most tests were performed for a. %foot 

e ' predicted. upper boundary of the flume width; several were performed for a' 2-foo 
rawal layer intersects the water surface. d is then width. 
to thedistance between the outlet and the water 

djustrnent i s  performed as stated above, Figure 4 is a photograph of a typ 
ower discharge, shy 400 cubic feet per temperatures began simultaneously wi 
the upper part .of the layer. The potassum permanganate 

diharge from the lower br t ion  must streaks. The withdraw 
feet per second. The left-hand term 

7) is adjusted accordingly, and solution 
dary of withdrawal proceeds. ; It is estimated that the boundaries could be determin 



within t0.02 foot. Discharge was measured with a 
3/&inch circular orifice in a 2-inch line. The orifice was 
calibrated in place using a weighing tank. Because of 
fluctuations in the mercury manometer and other 
reading errors, errors of approximately f3 percent 
could be expected in measurement of discharge. The 
calibration remained applicable when checked after 
about 8 months of operation. 

Figures 5-14 show temperature profiles. outlet 
locations, observed locations of the maximum velocity, 
and the trmretical and obswved withdrawal layer 
boundaries for the test runs. Symbols are defined on 
Figure 5. The theory is  based on F' = 0.10. These 
figures and Table 1 show excellent agreement between 
theory and observations for some runs and poor 
agreement for others. Generally, the runs performed 
with "0 falling head gave better results that those with 
recirculating flow. The inflow, especially when of a 
slightly different temperature than the outflow. 
generated currents which tended to obscure the 
withdrawal pattern. 

Table 1 indicates that consistent results were obtained 
by Observer A and Observer B. Also, the distance from 
the outlet at which the layer was observed had no 
apparent influence. 

Figures 5, !2, and 13 include static conditions (no 
inflow or outflow) and allow comparison with flowing 
conditions to determine the effect of withdrawal on 
the temperature profile. Figures 5A and B show a 
negligible short-term effect of withdrawal on the 
temperature profile in t h e  zone of withdrawal. Figure 5 
shows that. with zero inflow. the primary effect i s  in 
depletion of water within the withdrawal layer. This i s  
visible as an apparent lowering of the inflection point, 
which was originally a t  elevation 1.67 feet. Twenty-five 
minutes from the start of the test this point was at 
1.40 feet. Outlet elevation and discharge remained 
constant during the test. The lowering of the inflection 
point is also reflected in the increasing outflow 
temperature. 

This test also shows a decrease in the withdrawal layer 
thickness and a lowering of the elevation of maximum 
velocity as the test proceeds. The layer was observed 4 
feet upstream from the outlet. This unsteady condition 
apparently represents the adjustment period 
 immediate!^ following initiation of withdrawal. During 
this period, the outflow temperature remains nearly 
equal to the temperature at that level within the 
reservoir. Figure 58 shows' that 5 minutes after 
initiation of withdrawal, a downstream movement 
occurs approximately 0.2 foot above the outlet level. 

downstream occurred in the emptying flume but were 
not noted. As the system approaches the steady state. 
the dominant downstream current mwes closer to the 
level of the outlet 

Figures 6A and 6B show the results of a test with equal 
inflow and outflow. The withdrawal pattern in Figure 
6A is not being influenced by the inflow. In Figure 60. 
however. the inflow, which i s  higher in temperature 
than the outflow, is obscuring the withdrawal pattern. 
Also note that the layer thickness is reduced, casing a 
slightly lower outflow temperature. The rather poor 
agreement between the theoretical and observed upper 
layer boundav in Figures 6A and 6B. shows that the 
author's method of treating the special condition of 
intersection with the bottom or water surface needs 
further refinement. Figure 6C. which is for a falling 
head. gives the same result. 

Figures 6C and 7 show the effects of changing outlet 
elevation on essentially identical temperature profiles. 
Agreemeet between theory and observation is quite 
good. A ~ e m e n t  for t h e  surface condition in Figure 
7D is surprisingly perfect, perhaps accidentally. 

Figures 8 and 9 describe a similar series of tests. 
Agreement for the surface condition in Figure 8A is 
very poor, which is true of spleral tests in the series. 
Note that the surface temperature was estimated. This 
could account for some error. The test series described 
in Figures 10 and 11 showed good agreement between 
theory and observation for the first two tests and poor 
agreement for the last three tests. Figures 10A and 100 
show that agreement is good where the temperature 
profile is nearly linear (the basic assumption in 
development of the theory). Figure 10C suggests that, 
where the temperature gradient i s  decreasing with 
increasing elevation, the observed layer is larger than 
the theoretical layer. In Figures 10D and 11, where the 
temperature gradient is increasing, the observed layer is 
smaller than the theoretical layer. With a few 
exceptions, these observations are generally applicable 
to all the tests. 

Fiqures 12 and 13 describe two series of tests 
conducted with a 0.1-foot square orifice. Results are 
very similar to those obtained with a circular orifice. 
Note in Table 1 that two different observers recorded 
the obse~ations. Figure 12C shows that two cusps 
were observed in the velocity profile. The reason for 
this phenomenon has not been determined. 

Figure 14 i s  for a test series with the square orificeand 
with the flume width reduced from 3 7  to 2 feet. 
Agreement between theory and 0bse~atiotion was quite 

w, less dominant currents, both upstream and good. 



gives a value of 1.33, which lies near the lower limit of 

0.3 5 < 103. for application of Equation 
~ s r o x ~ l ~  

(18). 

The results of these cal6ulations are inconclusive. 

Vetocity Distribution 

The WES experiments showed that "when ihe orifice 
CL (centerline) fell below the center of the withdrawal 
zone the marhum velocity was found to occur b l o w  
the orifice CLrand similarly when the orifice CL fell 
above the center of the withdrawal zone, the maximum 
velocity occurre above the orifice CL." This 

; observation was not verified by the present tests. NO 
particular trend was noted; the position of maximum 
velocity was more or lea random. 

Figure 15 shows that 80 percent of the o b W  points 
lie within or very near to a f 5 percent variation 
between observed and thmretical'withdrawd layer 
boundaries. ,) .: 

These differences represent the skewness of 
velocity distribution; a distribution symmetrical a 
the outlet would result in zero difference. 

'' 

The data also shoe :?at for all tests with th 



v = velocity at  point y; withdrawal layer thickness in thermal heat models and 
V,, = maximum velocity; thusdecrease the apparent critical value of F'. 

'f . = distance above w below paint of 
maximum velocity to boundary of The author q e e s  with the TVA suggestion that a 
withdrawal layer; modified form of the inviscid, nondiffusive theory can 

A = density differential from point of be applied for a reasonable prediction of withdrawal 
maximum velocity toy; layer thickness. Until more verification data become 

Ap,, = densitydifferential from point of available, Equation (20) should be used. 
maximum velocity to boundary of 

! i  
withdrawal layer. The reasonable agreement between model and 

prototype data suggens that hydraulic models can be 
The relationship bemeen the average velocity (qm) used for estimating withdrawal layer thicknesses and 
and the required maximum velocity is determined forstudying flow patterns in Stratified reS4?~0irS. 
through an integration procedure. It is assumed that 
the velocity i s  constant across the width of the The model data illustrate that the arsumed relationship 

--, reservoir. Elder and Wunderlich . (24) measured a is mcyt deficient when the withdrawal layer intersects 
nonuniform distribution in Fontana Reservoir, the ~ r v o i r  bottom or water surface. Future work will 
although the variation was not large. consist, of including velocity distribution in the 

computy analysis, in place of assumed distribution of 
Knowledge o f  the velocity distribution and discharge. Measurement of velocity distribution in the 
cross-sectional shape of the w r v o i r  allows calculation test flume- will allow a more precise comparison with 
of the discharge from any specific level of the resenroir. predicted k u l t s  and with the findings of other 
Thus, the withdrawal of other materials such as t:: experimenten; and will allow inclusion of variable 
dissolved oxygen can be determined, i f  ' their reservoir width.k3.,, ! ,  

,' 
.~ ~ 

,$ 

distribution in the reservoir is known. -7 ,.* "-:-i 

The present study used a "reentrant" type of outlet 
Comparison of Test Results with Pmtotype Data configuration. The author assumes that the small 

orifice size, with 'respect to the flume width and depth. 
Limited field measurements (24) in TVA's Fontana * precludes any effect of orifice configuration. This will 

d Cherokee Reservdirs indicated a simple be investigated further in future tests. 
ationship: 

6 = 5a SAMPLE PROBLEM 
<; 

throughout the length of the reservoir. .Temperature profile: 

A densimetriqfroude number of 0.10, which much of Elevation 4750 (bottom) 
the present model data fit, corresponds to: Elevation 4770 

Elevation 4780 13.00 
S = 6.32a (21 Elevation 4810 23.00 

Elevation 4820 (water surface) 25.00 
(201 corresponds to F' = 0.16. The TVA data' 

Discharge = 16 cfs 
Reservoir width = 150 feet 

. . 

. , 
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??PROGRAM TO DETERMINE, SELECTIVE 
WITHDRAWAL LAYER THICKNESSES 

2. Shape of the outlet (square or circular). 

layer thicknesses for matified resenroirs. This program 
wasinitially developed to-aid with model studies, but.it 
is equally applicable &;investigation of prototype 
mUcture.5. 5. The discharge. 

The program is written in the Fortran IV language for a 6. The upper limit of withdrawal. 

-Honeywell 800 Computer (see Program Listing). It can 
be used with either square or mund withdrawal outlet 7. The lower limit of withdrawal. 

shapes, with any outlet elevation, reservoir width, 
reservoir depth, and outflow discharge. The pmgram as An example of the printed output for a 

it now exists can be used with water 'kkmpe~tures model data is included in th i s  appendix. 

between 0' and 30' C. Also. no considerations are prototype:$ata are used, the format for pr 

given to other causes of density variations (such as discharge must be m;wlifi@ (for example, fro 

salinity and turbidity). 

The withdrawal layer thicknesses are computed usirig 
equation (17) fmm the text of this repoft. The term 
~ ~ p o V o ~ / g  i s  f i rs t  evaluated for the particular outlet 
conditions. T h e  pmgram then searches for the two 
depths at which A P K % ~ W ~  is equal to the abwe twm. 
.These two depths are the upper and lower limits of the 

The computation is carried forward in a series of steps 
as shown in the abrnpanying flow chah..beginning 
with the correction)of the temperature readings for the 
various levels ( th i shnbe  omitted by removing three 
statements fromt'the program). With tg: correct 
temperatures the densities are then computed. The 
~ ~ p o V o ~ / g  term is then evaluated for the particular 
outlet conditions. The pmgram then evaluates the 

mined. A similar procedure 'is .then executed to 
kain the lower boundary. T!I~ pmgram $11 

c=; 

C, 
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ABSTRiACT ABSTRACT 

&lntive outlet works for reservoirs provide an important control for maintaining water quality 
in the downstream river. The ureof multiievol ou:lets is growing; hwwer,derign guidelinerare 
seriously lacking. A study of previous theoretical and experimental work In selective withdrawal i, 
from rerervoirs rhavr that a basis exista for development of practical design and operatlq ,, 

criteria. Beginning with the th&iy for selective withdrawal from a continuously stratified fluid, 
a method is developed for the more general density profile. The method i s  verified with 
experimental data. Limitations of this method and the n& for further experimental 
verificationwith model and prototype data aredirussed. Has 24 rodrenccr. 

ABSTRACT 

tiet works for reservoirs provide an important control for maintaining water quality ., Seintive outlet works for reservoirs provide an important control for maintaining water quality 
neam river. The use of m u i i i l k l  outlet$ i s  growing: however, design puideliner are in me downsweam rlver. The urcof multilevel outlets is growing: however, design guidelines are 

seriously lacking. A study of previous theoratical and sxperimental wwk in selective withdrawal 
from reservoirs shows that e basis exisn for development of practical derign and operating 




