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"ABSTRACT

" -Salective.outlet works for reservoirs provide an important contral for maintaining water quality
in the downstream river. The use of multileve! outlets is growing; however, design guidelines are
- seriously 1acking. A study of previous theoretical and experimental work in selective withdrawal
“ from. reservoirs shows that a basis exists for development of practical design and: operating -
[j’i.:ritgri.a."Be'ginning ‘with the theory for selective withdrawal from a-continuously stratified fiuid,
a method is developed for the more general density profile.- The method . is -verified - with
" experimental - data. - Limitations - of this ‘method ‘and- the need.‘for further ‘experimental .
verification with model and orototvoe data are discussed. Has 24 references. . :
' DESCRIFTORS—/ research and development/ reservoirs/ reviews/ *hydraulic models/ density
currents/ hydraulics/: water quality/ temperature/: Froude number/ *stratification/ velocity
distribution/ *thermal stratification/ theory/ bibliographies/ design. criteria/ "stratified flow

'_'_'IDEN'TIFIEHS;I *multilevel outlets/ "selective level releases/ progress reparts

[}




PURPOSE
The purpose of this report is to summarize the resuits
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

‘l.-;Q?‘-Examinati'cen of previous theoretical and

experimental studies indicates that enough work has . -

been done to form a basis for development of practlcal
deslgn and operating criteria.

-2. Appllcatron of these criteria will generally invoive

" errors which cannot be accurately defined until
verification data  from models and prototypes becf‘rne
avallable.

1 r'

3. A tentaiive 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 primarily for the
. use of Bureau of Reelamat:on designers. in desigring

13 facilities for sélective wrthdrawal from reservoirs. The
4 contents should also bel of interest to other researchers
Y in thrs field,. Emphasr is placed on the hydraulic
J eng:neerrng aspects ol' sefective  withdrawal,
P llmlted dlscussu)n of other aspef.:ts of water quallty

i . . ™ o

INTRODUCTION

* Attention is belng focused on the control of water

"' quality -in streams :and reservoirs. Bureau of

'=Reclamat|on ampoundments are used primarily for

.+ -irrigation - supplies; however municipal- and. industrial

' uses have increased in recent years. Regardless of the

. - use to which-the stored water is put, the quality of the

‘water is an important -factor. Even‘if the water is

" released prlmarlly for the ‘purpose of generating electric

l'pDWer the qualltv of ﬂ1e releases must be: kept at a-

: hlgh level for. maintenance of fish life, assimilation of
.wastec orlecreatlon 1n the downstrmm rwer :

- The parameters most of'ten controiled by selectwe-

: wrthdrawal _are temperature and dissolved - oxygen.
" “Ma y other} physical .or. .chemical . properties are also’
o consrdered such as turtudlty, taste and odor caused by

' '571 Numbers in parentheses refer to references on page 15

_ summarize previous
’ experimental work on -the subject and to formulate
with

' Temperature stratification .

reservoir plant growths, fertilizer. and pesticide

residues, and others.

Several  Bureau' of Reclamation projects include
selective outlets with varying degrees of complexity. In
most cases, the 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 is possible with ‘simultaneous
operation  of the outlet works and powerplant where
both facilities are available and when power and water
requn’ements permlt simultaneous operation.

At least 12 outlet works have been' designed for
selective withdrawals. Examples are Arrowrock, Shasta,
Martinez, ‘Grand Coulee Yellowtail, Elephant Butte,
Whiskeytown, and ‘Arbuckle which include two or
three outlets with vertical spacing from 10 to 100 feet.

.Casitas Dam -includes multiple outfets in a sloping

intake on the upstream face of the earth embankment. .
Cachuma Dam and Cheney .Dam 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
experiens Je ‘with selective withdrawal facilities at four
of these dams has been described in a paper by Austin,
Gray, and Swain.! v

The use of rn__ultiple ‘Gutiets is growing; hawever, design
guidelines are seriously lacking. This report attempts to
and present theoretical and.

tentative design cntena.

| STRAT'IFICAITION IN°RESERVOIRS

.in a reservoir depends'“
primarily upon the latitude and elevation of the

_.reservoir and -season, Other factors, such as wind,
" reservoir depth and shape, and reservoir operation also.
" ‘determine whether the reservoir.is isothermal, has a

contlnuous density gradient, or contains three or more:
d:stmct thermal layers. Most large reservoirs of the
Bureau of Reclamation fall in the latter category. This .
srrnple stratification is. characterized. by. a cool, more
dense layer {hypolimnion} on the bottom, a warmer,
Iess dense  layer ({epilimnion) at the surface,.and a
thermal _gradient .iayer™ (thermocline} between the

wmter the. surface of the reservoir cools and the.water

- bodv may ~reach ‘an- |sothen'nal condition - through
-wrnd mduced mrxlng durmg the "fall turnover - If the

upper and lower layers. This condition typically occurs
--:n |the late spring and' summer.. In the fall or early



surface temperature falls to 4° C {maximum density ‘of
fresh water) the surface waters may sink into the
reservoir and cause an exchange of water between the
upper and lower portions of the reservoir. The reduced
difference in density between the upper.and lower
!ayers during cooler weather in the spring: 'educes the
stability of :the reservoir and results in- the *

‘shallow reservoirs the cycie may.. even occur daily.
Water qua!lty is affected by reservo:rs partly becauee of

the increased travel time through a reach of the strearn.
Temperature or chemical stratification has add:t:onal

effects; ‘either beneficial or detnmental on the quality -
- of the stored water. Possible benefits of impoundments -
as enumerated by a Department of Interior task force

are: sediment’ and turbidity reduction, - hardness
reduction through algal action, organic oxidation with
biochemical oxygen demand (BOD) reductlon and
_color reduction, 'coliform reduction, “ smoothing: of
~incoming substances, methane ferrnentatson in bottom
muds and ‘increased assimilative capacny Possible
detnmental effects were listed as: Iess mixing which
allows waste to hug the s‘wore ~lower reaeration,
upstream’ movement of pollutants algae blooms with.
undesirable esthetics and taste and odor problems,-and
‘thermal stratification. Possible detriments of thermal
-stratification in particular are: lower dissolved oxygen
-..{DO} in the bottom layer, hydrogen sulfide formation,
_ dissolutton of iron or. manganese, persistence of organic
" materials, pH reduction, and carbon dioxide increase.

- Resarvoirs also affect the quality of water in the"river
.- downstream from the dam. The quant!ty ‘of DO in the
" stream ‘governs the growth of fish and the’ capac1ty of
-:the ' stream to- assimilate wastes. Releases’ can  be
_increased  during periods- of: high: waste transport for
_dilution. .On the other hand, high velocities associated
swith -large discharges may decrease contact time and
reduce  reaeration . rates. The discharge temperature
.affects - fish - lifeand irrigation - efficiency, and the
quahtv of the stream determlnes recreatlonal uses.

Water quahty in a reservoir mlght be’ lmproued through
- artlflmal ‘destratification. by rnechanical mixing with
- pumps or _air’ curtains. The resistance to mixing is
- termed the “stability”’ of the reservoir and is defined as
‘the energy. required. to lift the entire reservoir uolume
the =distance=betweén™ the - center of gravity ‘of a

correspond:ng isgthermal reservoir and the center of -
Artificial -
destratlfmatton has been used succeesfuily in relatively -

.gravity .of - the stratlfled reservoir.’

Csmall |mpoundments but is believed to be econommaily

_lmpracttcal for -most large reservoirs. However, :the.’

pr|n0|ple mlght be justlfled in* I|m|ted Zones: near an
outlet AR 5

‘spring
. turnover.” Well defined stratifi cation reappears in the
" i summer. The cycle is normaily repeated annually. In

“selective zoning for boat dump areris,

“-include

Reservoir water quality in selected zones has been
|mproved by rederation with various air-water contact
devices. The effects of hydraulic equipment such as

_hollow-jet -valves,: cone .valves, and turbine vents on
- aeration of discharges are being evaluated. Structures
. “such as’ stilling basins might alsc have a nothEabIe

beneﬁcual effect on the quality of releases.

Proper desu;n and operat|on of muitlple outlets depend
on a thorough knowledge of reservoir mechanics. The
stratification pattern in a given reservoir will determine -

.the optimum outlet arrangement for that particular

case. The effects of reservoir bays and arms may allow
swimming .
facilities, or location of intake towers. .

SELECTIVE WITHDRAWAL
Des:gn of facilities for seiectlee withdrawal can be .
divided- into two categories: (1) .improvement of

-existing - facilities and (2} design of new facilities.
- Existing - facilities  can sometimes be improved by
modification of outlets or by the creation of artificial
barriers such as skimmer wails or submerged weirs, =

“The design of either new or modified outiets depends
.on reasonably accurate prediction of stratification

patterns and the movement of layers in the reservoir,
This prediction depends in turn on the reservoir size,
shape, and [ocation {latitude and altitude); the season
during which -the selective withdrawal occurs; and
prevailing weather patterns. Optimum outlet operation
can be achieved if reservoir conditions are continually
monitored. - Location of sampling stations' and’

~ determination of samphng time:intervals also requtre a

basic understandmg of reservonr mechanlcs

- Review'of Prewous lnvatlgatlons

. Theories for Pred:ct:on of Stratlfucanon ——As explalned

previously, the form ‘and extent of reservoir :
stratification . depends on severai parameters “which
Iat:tude “elevation,  wind, and reservoir :
geometry, Dalre and: Harleman (2} have conducted a-.

. comprehensive. Ie'.tud\a- of :the mechanisms of thermal :
-stratification 1n‘ lakes and ponds. The parameters; of
- latitude and elevatlon were further resolved into the
-more - basic parameters of the rate of incoming solar

radiation, the Lradlatlon abscrbing - capacity -of*? the

water, and the: cooling of the reservoir water surface by _
evaporat:on and back radlatlon . : o

R
\I o “-

The : Conolus effect (earth's rotatlon) is added to
-thermal - stratlficatuon and wind in-analyses of water b
" ‘movement -

reservoirs is clrcp!ated because the wind piles up the

-in reservonrs . The epilimnion in- large ‘

i




.. prediction of thermal
.remains to be developed; such a development forms the -
basis for their report. They contend that direct .
absorption of solar energy and transfer of energy by

water on the downwind, right side of the reservair {in
the Northern Hemisphere). A case is cited (2) in which

a difference in water surface elevation of only 0.1 foot -
from one side_of the reservoir to the other can cause -

ﬂw«\thermoclme to tiit as much as- 50 feet. The
difference in specific gravity between the epilimnion
and hypatimnion was about 0,002.

Theoretical bases for determining the effects of wind

‘induced circulation on thermal stratification are
presently lacking. Hydraulic models can supply the
“required information .if  the ruler for
smahtude can be determmed i

Déke. and Harleman describe the existing theories of
Munk and - Anderson, Ertel, Kraus and Rooth,
Pivovarov, Weinberger, and Dutton and Brvson Their
review indicates that a reliable method for the
stratification in - reservoirs

~ molecular diffusion form the theoretical foundation
" for predlctlon of stratlflcatlon

”Dake and Harleman argue that the convection terms -

are imporiant only-in a Im"pted zone near the surface
because strong winds generally do not blew foi:iong
.periods of time. They point out that even unprotected

reservoirs develop well-defined thermal stratification.

The methods described by Dake and Harfeman atiow a

detailed prediction: of . thermal stratificstion.
Laboratory experiments - performed with: mercury
-vapor .and/or . infrared "lamps as the radiation source
. -showed good agreement.with “theory except in the

bottom portion of the model. Measurements in two

‘ protot,rpe Iakes also support the theoretlcai pred:ctlon

I Wunderllch and Elder (3) have. deveIOped a graph1ca|
 procedure  for predicting the pattern of “thermal ,

- stratification in resetvoirs. Using records of inflow and
.cutflow -volume and . inflow

. methods, " the variation of outflow temperature with
- time is determined. Certain simplifying assumptions are

. made concernirg the movement of water masses within

ii -the reservoir. The: procedure aliows estimation of the

~thermal . regime - of .a ‘reservoir and. eﬂects of outlet

location and reservmr operatlon

et

Orlob {4) has developed a detalled mathematlcal rnodel :

for prediction of. temperafures 7in streams and

resewonrs The analys|s 15 performed bv dlgltal_

~ define this ~mechanism. Other
dynamic -

“the use of mathemn:atical

‘two-layered
“-experimental

. . temperature, and.
. computation - of surface temperature by “heat budget

computer and considers both ‘temporal and spatial
variations of temperature within a stream, reservair, or
system of sireams and ressrvoirs. 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 to more adequately
refinements have
recently been made; particularly the inclusion of.

* selective withdrawal theory to replace the assumption

that outflow occurs only from the slice at the elevation
of the outlet.

This review indicates that the:conditions of thermal
stratification in a reservoir can be predicted through
models with sufficient
accuracy to allow design of muitiple outlets - for
selective withdrawal. Further refinement of the models
will cocur through madel and prototype stuches

_Theoretical. . and Experlhmtal Studies in Selective

Withdrawal.—Many studlesxhave been conducted on

_selective withdrawal from p}‘,lnt or line sinks at various -
: Iocatlons in a laboratory fiume. This discussion wilt be

separated according to the type of sink and its
ocation, -the type of - stratification {two— or

- three- layered or continuous ‘density gradient), and
; whether the study was theoretical or experlmental

.-_‘Wuthdrawal From a Llne Smk at' the Bottom of the
“"Dam {Sluice).—Both theoretical’

and,, experimental
investigations have\\heen conducted of the flow of

either a layered fluid or a continuous density gradient

fluid through a line sink Ior:ated at the bottom of a’
dam,

Huber and Reid (“-)' discuss withdrawal from 'a
-system.2 Thts study was . primarily :
for purposes of verifying an earlier
thecretical - analvsis by ‘Huber (6).” The theoretica!

analys:s was concernad- primarily with the shape of the . °

tnterface at the potrf-fof incipient drawdown (the point: )

_at which the uppe layer begins to flow through the -

sink; normal withdrawal is.from the bottom . layer}.

_Reldxation techniques were <used to define the'

interfacial shape. The investigation was extended :
beyond-the point of incipient drawdown to determine
the : relative contribution of ‘each layer for- various .

".withdrawal rates. The attempt by Huber and Reid to

experlmentally ‘verify “the theory was only partly-
successful because of viscosity -effects. in .the -small

. model However, theoretncal trends were verified by

- the expenmems- Appllcat!on of these results -allows -

computatlon of wnhdrawal rates. for sedlment slu:cmg- S

=

- ’The two- layered system isa samphﬁcanon of the. thre&layered wstem in nature. Tne thermocl:ne is neglected




W e

: dlscharge

.ithe _critical .value.

: lmthout removing ciear water from the hngher regions
o of the resenrorr, for example. : ;

; Harler'nan and Zlider l?l‘discuss another application for
" -withdrawal

.experimental considerations are applied to the design
_.of a.skimmer wall to exclude warm surface water from
“cooling” water intakes of.steam powerplants anary _
intetest was. in defining the condition of " incipient
‘drawdown. The d'leory is based on the premise that
‘drawdown of the “interface will occur .when the
- wwithdrawal rate of the lower layer exceeds the critical
homogengous: flow

from a =line sink. Theoretical. and

(in open: charmel
nomenclature) ‘Both: plene ‘and - radial skimmer ‘walls
were tested. and :the: results substantiated ‘the use of'

'-theorencal I'Elath"lShlps in prototype des:gns :

“C.°S. Ylh (B] formed the basis. for fater studles in the

flow of "a fluid with acontinuous density gradient

. toward 3:line sink. The . study has appllcatlon for
. -example, to reservoirs which do not have & well-defined -
three-layered, stratification, This condition often.occurs
~ during ‘the late winter ‘or . early spring. Yih ‘uses
" potential theory to show that withdrawal from discrete
layers  will

rates of

occur “below certain critical rs
inviscid,

discharge. The ~theory is limited to

"7 nondiffusive flow and.is generallv limited to the region
e near the smk

-

. The' Froude number of mthdrawal is deflned as

33

Goos

SR ,,gj;-

rn whicli_ o _
o Al = ‘\/DUE where U is'the veiocity far
RN - upstream, andp is the average densn:y
R - far upstream - .
d - = total depth of flow" -

i
=

= Eﬂaﬁl the den5|tv gradlent

o

: .'-Ylh 5 theoretlcal solutton gives the critical value of the
. Froude. number :as -1/n" (0.318). Selective withdrawal
% can’ be: accomphshed only  for Froude numben below
‘Discharges . with’ higher Froude :
' -numbers wnll draw from the entlre depth of flmd

-jDehIer __(9) based & an; expeﬂrnental study on‘the results

. acceleration ofgrwty ' T -y o

i

-

o

‘of :Yih's' thearetical work. His study y:elded a cntleal.
:Froude number .value" of. 0. 28-plus or.minus 0.04. The _
-_Iower critical value ‘was - believed to'! be’ caused - by '
- viscosity, effects in- the model whlch were neglected in

“=the theorv : AR )

~the mathematlcal

BT I
e T

Kao {10) presents a “theoreticai solution. for the:
interface ‘position and 'streamiines for a continuous

; denslty gradient with Froude number valuec below 1.

Wlthdrawal From -a tLine Sink Above the
Bottom.—Several ‘theoretical and experimental
investigations have also been conducted for this
configuration.” A. Craya {11} performed.a theoretleal
analysis for withdrawal from a two-layered system.
With dimensional analysns and two-dimensional *

poteﬂtsal theory, relationships were developed for the

maximum withdrawal rate from a layer without
withdrawal from the. adjommg tayer, the influence of
the outlet size, and the maximum height of the outlet

for seleetwe wrthdrawal at a given discharge rate. .

P. Garlel (12} verlfled Craya s work expenmentally and
extended the ‘studies to the three-layered case and
- finally. to the caseofa contmuous densrtv variation.

Harleman [13) summarizes the work of Crayz and - .

Y]

Gariel and presents:the. equatlon - 2.

N Z0

slot to malntaln selectwnty, where. -

g = densrmetrlc aeceleratmn of _

Ll

gravity = -f-’ 9
distance of outlet above mterface
slot width {vertical dimension) N
density. difference between layars o
density in layer being withdrawn

o

Zo
D
Ap
g0

1]

' Koh (14} deals with the continuous density gradient
. case. - Theoretical analyses were -made for both
two-dimensional flow . toward a
‘axisymmetric flow - toward .a . point” sink. Onlv the .
former ‘case was_ mvesugated expenmentallv The

- growth - of ‘the: thickness of the withdrawal- layer‘and

the veloclty dlstnbution were presented with reference
to the.distance from the sink. Good agreement was
obtainad between theon/ and expenment Koh's work -
was  concerned -with ‘very slow motion of . stratlfled
;fivids and included the. effects:of both: wscosrty 3
“diffusion. Brooks -and Koh {15} conclude: that Koh's

‘theory . and . experiments are applicable to large  and

moderate dnstances frorn the sink, respectwelv.

Gelhar and Mascolo t16) Verlfy therr oontentron that
‘model

= 1. 52 (Z") - 2

for the maximum pﬂrntiseible velocity, Vc, through the

line sink and -

‘can:be :simplified. :by
neglectlng dlffuswe -effects. Their investigation of * ;-
.vwrthdrawal of a.viscous, cont:nuously stratlfred qund Lol

R

vl




between  two humogenedus layers is extended to the
linearly stratified case by.a superposition method.

Comparison with Koh's analytical results and with -

experimental data shows good agreement in both cases.

Withdrawa!l From a Point Sink Above the

Bottom.—This configuration probably has the most

direct influence on the design of selective withdrawal
‘structures for large reservoirs. Koh's work for ‘the

- axisymmetric case was introduced in the previous

. section and will be discussed in more detail later, -

R R’ Long {17} investigated the ‘flow df a !|heariy '

stratified fluid toward a point sink and discussed
applu:atlons mcludmg meteorology and oceancgraphy.

The internal Froude numb_er is defined _b\,-t.__Long as

e
B -(9% H3)%

N

q ‘= - discharge per uni Nlldth of channel
H “channel depth -~ \"’"ﬁ\\
Ap _ densnty d|fference from fop to

o bottom
po . mean denslty

- Substitution of .

‘ and d H r&sults in the form of Equatlon (1}., :

)

I Long presented a solutson for the distance between a .

: Iine of constant density and the equilibrium position of

. that line and verified the ﬂ1eory with’ expanments ina.

' salt water channel

= B

' .Harleman (13} pr&sems the work of Craya {11) and
. Gariel l12! in the equatmn

v 325( )

Lox [

In thas case, D is the. onfice dlameter

: -':‘_'Bohan and Grace (18} descrlbe model

e

L studics'f
. ‘conducted with sel_e;:i:_we_wu;hdrgwal fl_'om a:reservoir -

with a general stratification pattern. Withdrawal was
from square,. circutsr or rectangular orifices. The tests

.included determination of the effects of orifice size,”

orifice [ocation, density profile and velocity

. - distribution- in’ the withdrawal Jayer. The experlmental

data were found to fit the equation:
Z Ap'
Vo (E) o — gz

average velocity through the
orifice;
vertical distance from centerline
of orifice to upper or lower
. - boundary of withdrawal layer; .
“Ao area of orifice;
Ap' density differential acros Z
po = . density at crifice centerline;
g9 - = acceleration due to gravity.

The tests were conducted in a long.' narfow and
relatively shallow chennel. No attempt was made to

'~ determine the effect of the relative width of the flume

and orifice, A sample design application was described.
This study provided some basis for the development of .
general equations. for selective withdrawal from square
or C?rcular orifices. This development is descrlbed Iater
in thisr report.

Withdrawal of. the Lower. Layer From a Point Sink in

-the . Bottom.—This ‘configuration probably has a
. relatively rare application to design of selective outlets.
‘Harleman, et al,
Pxperlmental investigation . of ‘withdrawal from the .-

(19) conducted a - theoretica! ' and

lower layer through a vertical ctrcular orifice in ﬂ1e

* bottom.

'The relationship: _“‘E ’

o

RN

was determmed where the terms are as défined be'fore‘f" o

except 1hat Ze ts""h nth of the lower. layer.

‘Withdrawal ‘of the prgr_ L;yei"From a Po.int-Sink in
.the 'Upper Layer.—Harleman {13)
' -exploratory study by’ Rouse {22} of a vertical clrcular_ .

pipe wuthdrawmg from the vpper layer in a two-layered
system of theoreticaliy unlimited extent. The crlttml
wathdrawal rateus expressed by T i

describes -an s



%
—Nc_ Zo :
720 0 (o ) h, )

‘Zo is, the distance of the pipe entrance above the

- interface.

- “This confi guratlon alsa has only Ilmited appl:catxon to
. design of setective outlets.

) Withdrawal:; Over a Weir.—Schuster {20} investigated
experimentally the flow of both a two-layered system
and a system with continuous density variation over a
_weir, A salt water model was used. The investigation
was partly’ aimed at determining the feasibility of
‘withdrawing the warm upper f{syer to reduce
evaporation losses from  the surface of the reservoir,
The limited tests showed that, for practical discharge
rates, selectivity could not be accomplished.

W. E."Knight (21) described the application of a
- submerged weir in the control of temperature and
“dissolved oxygen in the flow through a hydroelectric

‘station. The weir was successful in |mprovmg the "

quallty of downstream flows. -

The'Corps of Engineers report l18), cited earlier, also
- contains a descnptmn of limited tests on'a submerged
we1r. ) : .

. Prototype Studies.—The submerged weir study of
- Knight descrlbed in “the preoedmg section’ was
“ conducted " in the prototype “The - symposium
" ,proceedmgs referred to contain numerous discussions
CGF effects " of - tmpoundments ‘on water quality.
However, studies which could be compared to model
experlments or theory are Iaek:ng

"'H T. Jaske: {22) presents dsta frorn Lake Roosevelt

{Grand “ Coulee) - which was - obtained - as part- of a

o program of cooling Columbia River water for use at the -

- Hanford atomic plant. The discussion regards both the

" ‘temperature’ and hydraulic regimes of the reservoir.
" Comparisons: are. made with - model resu|ts and WITh‘ :

: ".Debler s {9) theoretlcal work.

I

CTVA, Bureau of Reciamatu._l and the Corps of'

‘ _Engsneers have ‘made \velocnty : Ieasurements -
- TESErVoirs. TVA Is ::ontlnumq comprehenswe prototype
o measurements . . -

.“KThe Bureau of HEclamatlon has for seueral .years

'a'.,rrnonltored the water. chemistry of Lake Maad. Region
=27 with® headquarters in. Sacramento ‘California, is -
=-engaged in:an: extenswe water quahty program. The o

~program includes evaluation of selectwe mthdrawal for -
mntrol of water temperature A R

. western states.

't

Measurements of temperature and water chemistry are
being made in Cheney Reservoir, Kansas. Releases from
multiple outlets pass through a treatment plant where .
discharge rates and quality parameters can be closely
monitored. Measuremmts of temperature and
conductivity are” bemg made in - Foss Reservoir,
Okiahoma

The Federal Water Pollutlon Cono'ol Adrnlmstration is
conducting and sponsoring measurements in several
western . reservoirs for purposes of verifying and
refining . mathematical models for temperature

predlctlon.

It seems that an adequate volume of prototype data“

will eventually become avzilable for comparison with
hydraulic “mode! study results ‘and -theoretical

_peedictions.

APPLICATION OF PREVIOUS
wom{ TO USBR PROBLEMS

Prediction of Strat:flca‘non

LAl methods described earlier are adequate for

approximate prediction of reservoir stratification, but
only under idealized conditions. The Water Resources
Engineers prediction model appears to be the most

. useful at the prer.ent time,

A de:i_rgble alternative 1o’ mathematical prediction
-would be to.monitor conditions:in a similar nearby

reservoir. However, this is seldom possible in the
If -existing structures are being

modified, existing conditions can be deterrmned A full

" 1-year cycle of data would be a minimal study. For
purposes of this discussion, it will be assumed that one < *

of these methods has been used to determine the

‘stratification pattern for a given reservoir at various
‘times of the year Typical patterns are shown in’ Flgure'
= . ) .

111ree basic conditionr._ rhay exist:
1. Isothermal _(:':on.stant temperature)
: 2. Linear density. variatidn '

3. Threelayered stratlflcatlon

‘lso'lhermal Condltnon

L

--Thns condttton requnres no specnel conf:gurat:on of .-
w'mthdrawal structure. Withdrawal at any. ievel will draw . -
‘,-from the entlre depth of the reservonr The |sothermal ’




.oondition'.'may'oemr_- in the spring or fall when winds
" cause .complete - mixing - of a reservoir -with weak
. stratification. The winter pattern is often essentially

B warter near the surface :

. :I_.mear Density Vanatlon :

- 'design’of. selective outlets. 1t is important to note that

.even a smali - variation in- temperature from water

surface to - reservoir ' bottom can - allow -selective

- withdrawal. Yih, Debler; Kao, Gariel, Koh, Gelhar and

" Mascolo, -Brocks and Koh, Long,. and Schuster have

- ln\restlgated “this condlt!on, as dlscussed ear lier in this
-~ report. o :

‘Brooks ‘and ‘Koh (15) suggest that  Debler’s
_ experimental results be used until - the theoretlcal
solutlons are clanflnd .

' ;The recommended relatlonshlp is:,

C kL e

o F_;"'-: densimetric F'ro'ud:e Aumber -

TS '=_ average velocsty in W|thdrawal Iayer
g =% o
- d = th1cknessofw1thdrawal iayer

ki "‘downstream’ bottom torner of the test flume. For the

.. gradient, ‘the ‘withdrawal: layer. would' be symmetrical -
-above: “and below : the:slot. when:. the slot -is located

. course,
- bottom of the resepvoir or ﬂ'ne water. surface

,\\,,', N

‘sink; 'bécauae of the assumption of negligible viscosity.

.presented m the form

- isothermal, with only a shallow layer ‘of :lass dense”

: 'l'.lThIS condition is the most diffi oult to consider in the '

_and for large distances:

. : n Debler” s experlments. 1he wuthdrawal Ieyer thlckness'
-was measn.lred above: the. stot’ centerlme tocated in the

..'.-l:more general case’ of wnmdrawal with a linear density -

‘somewhere. above the floor. Thls would not be true; of
if:al boundary -of - the Iayer mtersected the..

' .Equatlo "(8] is: applloahle only to. the reglon near. the

Brooks ano Koh suggst that the relanonshlp be"

(qN l*

dlsoharge per unit reservoir w;dth
1 de

= density at level of outlet:

= vertical density gradient

cala® m o oaw o
_<|.°° .
|

-Brooks -and - Koh further recommend that - Koh's
expenmental and theoretical work be used for defining -
-withdrawa! layer -thickness at moderate - and large .
. distances, respectively. Modification of Koh's work to. . -
.8 .turbulent flow condition gives for mode.'etn.:,.._
dlstances . _

for 2.7 <% <137

(o)

_ fori-> 13.7;

“In these equatlons xis the dlstance 1rom the dam and -
ok is a function of vertical eddy diffusivity which must
- be’'determined in the field. Brooks: and Koh state that
k2 vs on the order of. 1{)‘3 . : -
Note that equatlons l10) and. [11] predn:t a growﬂm of.'_f: :
me:wul'ldrawal layer . proportional to ‘the one-fourth_' i
power of the dlstance from the dam B o

Development of Equaﬂons ior Daalgn
Equatlons for mﬂrdrawal 1rom a. fluid- w:th a Itnear B
dens;ty gradlent can be generallzed to allow )
‘approximate :solution - for :nonlinear, gradlents :
.Two-dimensional theories are assumed; to: apply to ther
. - three-dimensiona} case and. point smks ‘located- at-any
depth are consndered. ‘An tdeallzed reservoir geometry,;
wnh constant rectangular cross sectlon is asurned "

The formula for the den5|metr|c Froude numher



forms the' basis for the development.. As discussed

- earlier, Debler found that F’'= 0.28 % 0.04 for

. withdrawal- through a slot from 2 linear - “density

gradient. For this discussion, the value 028 will be
used.

'V is the average ve!oclty in the wnhdrawal Iaver q/d or '
- OIWB where W is the r&servour width,

- Qis equal to Vvo where Vo is the veloclty through
) the withdrawal orifice and Ao 15 the orlflce area,

- Ao, for a slot, is WD, where D is the vertical dimension
- of the slot. Therefore, :

VWG =.VowD
_ .VoD
Ve
e 5 =2d
T oD
Vi -
‘Sn'.lbstitu_ting in Equation {8} for F’ = 0.28: _
o : Vo
=" —= (12)
e .. gd :

. ~where . d is. the.withdrawal layer. thickness above or

T below the onflce centerllne.

‘ f_fFor a square onfu:e '

Cea .

;' For a circular orifice: -

2VWd

R VoD2

L V= 2Wd
P wd .
- 0.56«02

Vo

-

_..voDZ
284Wd
Vo . _. Wd '
= = o710 (14)
. \/g'd D2

. Similar forms .can be developed for other orifice

shapes, It should be noted that for a given flume width,
-equal orifice areas will result in identical relationships
between F’ and d, regardless of the orifice shapes.

As mentioned earlier in this report, the Waterways -
Experiment Station, Corps of Engineers,. found that
data for withdrawal through a square orifice from a
1-foot-wide flume f|t the Bpr'ESSIOI"I

————-V° =(_‘1)2 .92 (15)
ved \D/ Ao {also Eq. (5))

Equatlons {13).and {14} were modified to allow
compansun with the WES data.

 The: Imes representing these relationships, plotted on

Figure 2, suggest that.the WES. data might also fit
Equations (13) and. (14). Both Debler’s tests and the
WES- experlmenm used dissolved salts to induce the

*. density stratification, and both were . conducted in

relatwely narrow flurnes

k COmputer Solut:on of Design Equaﬁnns

Equat:ons (13} and {14) were modlfled for solution by
dlg:tal computer

The _equat_ions in general form are:
:.' Vo- Wd : R
- = : (16)

where K is a constant dependmg upon the shape of the' .

- ‘onﬁce

: ::Squaring bot'h}\r;ide's’of‘the gquatidh:



" conditions,

' Rearranging terms for convenience gives:

' .D_?.Ep.ig.z_ = Apl'(szW2
.For a gwen denslty profile and flow rate, the

withdrawal tayer .thickness {above or below the
orifice}, d,

. ‘For.a clrcular onfme, K= 0.505;.'for a square orifice, _

0.314, when F* = 0.28,

A listing and detailed description of the computer

- -program are given in the Appendix of this report.

.Special conditions . arise when the predicted upper
boundary of the withdrawal layer intersects the water
- surface “or when “the lower boundary intersects the
reservoir botrom i

“The b_asic assumption in the solution of Equatiori (17)

“is-that the total discharge is equally divided between

the upper portion and the lawer portion af the

- ~withdrawal layer. When intersection with the reservoir

bottom or water surface occurs, this assumption is no
longer valid. d is' now less than the value required to
_-satisfy Equation: {17}. The discharge abova or. below
_the :orifice "is then adjusted by multlr..iymg the

B discharge by the ratio of the right side to the left side -

of Equation : (17). The resulting - excess - discharge is
"apphed to: the .other portion: of the withdrawal layer.
. -For example, assume a tota! discharge of 1,000 cubic
‘ feet per.second. Under normal’ conditions, flow in the
" reservoir would approach the outlet equally from both
above and below the outlet.. Assume that under these

- withdrawal layer intersects the water surface. d is then

- equal to the distance between the outlet and the water

-surface. The adjustment is performed as stated ahove,

-resulting in a lower. discharge, say- 400 cubic feet per.

-second, - from the upper -part .of - the - layer. The -
A correspondlng discharge_ from: the lower ‘portion must
- now be 600 cubic feet per second. The left-hand term.

" in Equation (17) is adjusted accordingly, and: so!utlon

or the lower boundary of withdrawa proceeds

AP

i

un

is determined when the equallty of
' _-Equatlon 4] I) is satisfied. '

- the . predicted . upper -boundary of the .

EXPERIMENTAL VERIFICATION

- Description of Test Facility

: Figu're 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 cold water
_ flows through a selective-level bulkhead and sinks to
-the floor of the. test compartment. After several hours,

a well-defined thermal stratification exists in the test
compartment. Outflow occurs through a small orifice
with adjustable elevation.and is recirculated to the
mixing compartment or discharged to .waste.

“Thermistor probes are placed in desired locations in the

test compartment. The thermistors are connected .
through a scanning device to a digital thermometer and
a ‘printer where temperatures are displayed and
recorded with an accuracy of 0.02° C. Two very
accurate quartz probes, with a digital thermometer -

"were -used .for calibration ‘and .checking of the

thermistor probes. _

. _Veﬁficaﬁon of Design Equations

A SIB-inch-diqmeter circular tube or a 0.1-foot square
tube was placiéd at the midpoint of the flume width,

approximately 1 foot from the. downstream wall A
-thermistor was placed inside the tbe for measurement .

of outflow temperature. The temperature profile in the
3-foot-deep filume was measured with 28 thermistors
imbedded in a lucite rod (rather than an array as shown
in Figure 3), placed 26 inches from the downstream -
wall and 8 inches from the left wall of the flume, The
30th thermistor was used to monitor the temperature

-in the mixing oompartment, when necessary. The flow‘. '
path from- the’ selective bulkhead to.the outﬂow tube -
-was approxlmately a9 feet Iong

Q

" Withdrawal layer thicknesses were ohserved for several ' o .

temperature profiles, -discharges, and soutflow - tube -

elevations.  Most “tests were performed for . 3-foot . .
“flume - width; -several . were performed for a.2-foot -

width.

Figure 4 is a pribtogfiaph ofa t-)éit:al test. Recording of

-temperatures . began . simultaneously with dropping of = -
-potassium permanganate crystals to.form vertical dye
.streaks, :
- determined by deformation of the streaks as indicated” .
*; by. a scale attached to the. plexiglass wall of the flume. -
‘It is estimated that the boundaries could be determined -

The withdrawal . layer boundaries -were -

Coo




¢ reservoir. |

. within 20.02 foot. Discharge was measured with a
- 3/8inch circular orifice in a 2-inch line. The orifice was

“cafibrated in place using a weighing tank. Because of
fluctuations in the mercury manometer and other
-reading errors, errors of approximately #*3 percent
could be expected in measurement of discharge. The
calibration remained applicable when checked after
about 8 months of operation.

Figures 514 show temperature p'rofiles, outlet

lacations, abserved tocations of the maximum velocity,
and the theoretical and observed 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 5 ‘2, 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. ) :
: Flgures 5, 12; and 13 include static conditions (no
“inflow ar 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 withd_rawal on the
:temperature profile in the zone of withdrawal. Figure 6

- shows that, with zero inflow, the primary effect is in

- depletion of water within the withdrawal layer. This is
visible as an-apparent lowering of the inflection point,
- which was originally at elevation 1.67 feet. Twenty-five
~minutes from the start of the test this point was at
1.40 feet. Qutlet elevation and djscharge remained
constant during the test. The lowering of the inflection
.. point ‘is also reflected in the increasing outflow
* temperature. o - :

* 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
immediately following initiation of withdrawal. During

©°. 7 _this period, the outflow temperature remains nearly

equal  to  the temperature at that: level within the
Figure '5SB - shows “that 5 minutes after
“initiation ; of withdrawal,
. oceurs apprux:mately 0.2 foot above the outlet level.

. Other, less dominant currents, both upstream . and’

i .-

“ smailer than the . theoretical

-toallthetests - S &

a downstream movement:

.downstream occurred in the emptying flume but were

not noted. As the systern approaches the steady state,
the dominant downstream current moves closer to the
level of the outlet.

Figures 6A and 6B show the resufts of a test with equal
inflow and outflow. The withdrawal pattern in Figure
6A is not being influenced by the inflow. In Figure 6B.
however,” the inflow, which is higher in temperature
than the outflow, is obiscuring the withdrawal pattern.
Alse note that the layer thickness is reduced, causing a
slightly lower outflow temperature. The rather poor
agreement between the theoretical and observed upper

layer boundary in Figures 6A and 6B, shows that the

author’s method of tresting 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 outiet
elevation on essentially identical temperature profiles.
Agreemert between theory and observation is quite

.good. Agrzement for the 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 BA is

very poor, which is true of several tests in the series.

" Note that the surface ternperature 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

‘agreemnent for the last three tests. Figures 10A and 10B

show that agreement is good where the temperature

" profile is nearly linear {the basic assumption in

development of the theory). Figure 10C suqgests that,
where the temperature gradient is decreasing with
increasing elevation, the obsarved layer is larger than
the theoretical layer. In Figures 10D and 11, where the
temperature gradient is increasing, the observed layer is
layer. With a  few
exceptions, these obsewattons are generally appllcable

7

Figures .12 ‘and 13 describe two series of tests
conducted with a D.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 . observations. Figure 12C shows that two cusps
were observed in the velocity profile. The. reason for
this ph'enomenon has not been determined

Flgure 14 is for a test series wnth the square onflce and

“with the flume width reduced from 3”1et to 2 feet.

Agreement between theorv and observatlon was qu|te

good.




“The possible application of Equation (10), '{Koh's

experimental results for defining the layer thickness at

" moderate distances from the sink), was checked for
" test 4-16-69-1459, which does not have a perfectly

linear density gradient:
_ 1dp_ 1 (-oo021 -nuau
©7 "po dy .999( 35 ) T
% | ooos2 | %
a= q-]’_= - 2]’ 0768
ee | 139

.." 1/‘ . . . '
o = 843((2":‘),k2 = 10'3 =

~84{o078) 0768 X 103) E

(.65}(2.25){.17_8) = 2611t

Observed thickness = .35 foot
b 261 oo
a 0773 f'3‘38-

_Therefore, the limitation that 2.7 <—5~< 13.7 is met,
'though it mlght be considered to be in a transition -

rone.

It Seem.s “Ilk'e}y .that wsces'lty accounted fer 'the
larger-than-predicted. withdrawal layer thickness, Koh's

--original experimental’ equation for viscous,. dltiuswe

withdrawal - was checked for appllcatlon to’ thlS

- observation, The equatlon is:
(18) _

5~ 34[,0 056,,0.189,0. 133(95) -0.189,0.245

<

where ' ; .'

ip - .molecular diffusion coeffnclent for . -

" heat, ft 2/sec

w ;kmematlcwsoosrty, ft2/sec

‘g 7 = unit dlscha_rge, cfsfit
S Lpo- dy ‘ .
x .- = distance from orlflce,ft

: ,Assummgmp 3% 10'5 ft2/sec and v = 1.58 x 104
- ftfsec. (w/D=5),5 was calculated to be 1,102 ft for test
4-16:69-1459. This "is : more - than  three . tlmes the

o observed thickness of 0.369 ft..

oo

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

03 24 __
Deox2/3
{18).

The results of these calculations are inconclusive.

Velocity Distribution

The WES experiments showed that “when the orifice
CL {centertine} fell below the center of the withdrawal
zone the maxjmum velocity was found to ccecur below

“the orifice Ci:"and similarly when the. orifice CL fell .

above the center of the withdrawal zone, the maximum
velocity occurred above the orifice CL.” This

' . observation was not verified by the present tests. No- .
particular trend was noted; the position of rnaxsrnum. -

velocity was more or less random.

’Figure 15 shows that 80 percent of the obsdrved points
tie within or very near to a * 6 percent variation. -
between observed and theoretical wrﬂ'rdrawal layer
boundaries. 5 3, 3

in 3 out of 30 cases, the outflow tamperature was o

within 0.05° C of the reservoir temperature at the level

of the outlet. In 14 cases, the difference was within
-0:10° C, ‘and in 18 cases, 0.15° C. in O cases, the

difference was greater than 0.20° C. The -largest

differences occurred - with - the square orifice and'_' :

2- foot—wnde flume lFlgure 14).

These -differences represent the skewness of the

_velocity distribution; a distribution svmmetr:cal about '

the outlet would resuit in zero difference.

P

The ‘data also show t'tat for all tests with the circular

orifice the outflow- temperature was greater:than" the - :

“corrasponding reservoir temperature, while .the
" opposita was true for the tests with the square ortf' o,

There . is. no apparent reason . why -the orifice shape -
should lnﬂuence the velomty dlstrlbutron in-this way.' -

“The - Waterways Expenment Statton reeommends

computatlon of the velor.‘tty distribution: aocordmg to -
the equat:on ‘

< 103, for application of Equation -



.velocity at point y;
maximum velocity;
distance above or below point of
maximum velocity to boundary of
L withdrawal layer;
Ap density differential from point of
. maximum velocity to y;
AP max density differential from point of
maximum velocity to boundary of
o withdrawa fayer. '

. The relatuunshtp between the average veloctty (qfﬁ]
and the required maximum velocity is determined
through an integration procedure, It is assumed that
the ~velocity is constant across the width of -the
- reservoir. Elder and Wunderlich . (24) measured a
non-uniforrn distribution in Fontana Reservoir,
although the variation was not large.

“Knowledge of the velocity distribution “and
cross-sectional shape of the reservoir allows calcufation
- .of the discharge from any specific level of the reservoir.

Thus, the withdrawal of other materials such as <

dissolved - oxygen can be determined,

_ . if * their
- distribution in the reservoir is known. '

“Comparison of Test Raulﬁ with Prototype Data

" Limited field measurements (24} in TVA's Fontana

-and . Cherokee

R eservuirs
- relationship: :

indicated - a simple

Ba {20}
throughout the Iength of the reservoir.

A densnmetnc\qude number of 0.10, whlch much of
the present model data fit, oorresponds to: '

8 632a

1 . Equatlon [20] corresponds toF =
actualiy \aaned through an approxnrnate range 4 2 <-§- :
<61 or011<F’< 23.

Che

‘As explalned earller ‘lhe WES deta rnlght be consldered

- to.conform to:F" = 0,28. The general agreement of the
“WES data with Debler’s findings and the approxlrnate

= mnforrmty of the ‘present. data to TVA. prototype
< measurements are very. interesting. ,{Both the WES and
./ Debler. used :salt ; models: iwhile. TVA's. measurements
andthe - present s‘tudy :nvolved ‘only . temperature’
stratrttga_tlon ‘The.malecular- diffusion coefficient. for

(21}

=0.16. The TVA data®

“Determine Ii_mit.f._ of withdrawal layer for F’ =

heat is on the order of 500 times greater than that for
sodium chloride. This would tend to increase the
withdrawal layer thickness in thermal heat models and
thus decrease the apparent critical value of F'.

The author agrees with the TVA suggestion that a
modified form of the inviscid, nondiffusive theory can
be applied for a reasonable prediction of withdrawal
layer. thickness. Until more verification data bECOmE
available, Equation (20) should be used. :

The reasonable agreement between model and
prototype data suggests that hydraulic models can be
used - for estimating withdrawal layer thicknesses and
for-studying flow patterns in stratified reservoirs.

The model data illustrate that the assumed relationship
is most deficient when the withdrawal layer intersects-
the reservoir bottom or water surface. Future work will
eonsnst of including- velocity distribution -in the

'eornpuu‘-'r analysis, in place of assumed distribution of

dlscharge Measurement of velocity distribution in the
test flume. will allow a more precise compariscn with
predicted results and with the findings of other
experimenters;.. and will allow mclusu:m of variable
reservoir width.

—A/

The present study used a "re-entrant type of outlet

configuration. The author assumes that the small
orifice size, with respect to the flume width and depth,
precludes any effect of orifice configuration. This will -
be investigated further in future tests, s

_ SAMPLE PROBLEM |

Temperature profile:

T=11.00°C
1200 . -
13.00
23.00
25.00

Elevation 4750 (bottom)
Elevation 4770

Elevation 4780

Elgvation 4810

‘Eievat:on 4320 (water surface)

Outlet size and shape: 2. O—fuot—dlameter clrcular
Outlet elevation = 4810.63 .
Discharge=16¢fs .

i Reservoir width = 150 feet

0.16 (2=
: e o lan
.B}." Assume .that - no “suspended .or dissolved
; rnatenaISx are present 10 alter the de"lsltv profile. It

- is further assumed that the " reservoir width remams o

- honstant in the reglnn of the wnhdrawal Iayer







DEFINITION OF TERMS

de‘Fnedas (qI\/_ Ve, ft

~ defined as @i units depend on units ofp 19}5 ftfml”i sec, forp in mg!])
arca of outlet 1‘t2 o
wrthdrawa! layer thickness, above or below outlet, ft ‘ .
- outlet size'(vertical width, diameter). ft; also molecular dlfquIOﬂ ooeffu::ent ftzlsec
-- Froude number, dimensioniess - Do
“internat or den5|metr|c Froude number, dlmensmnles
aoceleratmn of gravity; ft/sec? ' _
— denmmetrlc aoceleratron of gravity, f‘tl.'-ec2
— channet depth ft : . :
;- — constant, dependent upon outlet slnpe
Uil func'tlon of vertical eddy diffusivity| n
—_ dlscharge per unit of channel w1dth ftalsec ft
- total dlscharge, ftalsec o
temperature C° .
_‘average velocrtv,ftfsec
— Iccal velor:rty, f/sec B )
; maxlmum permnslble wnhdrawal velocrty to maintain selectwlty, ft/sec
e ;maxtmum veloclty, ffsec
s-average velocrty through outlet, ft/sec
" width of reservoir or chennel; ft -
B horlzontal upstream distance from outlet ft-
© . = distance. above or below point of maximum veloclty,
o '”:fdrstance from point of maximum. veloclty o boundary of wnmdrawal Iayer ft
el d|stance from centerllne of outlet 10. boundary of wnthdrawal Iayer ft '
= d:stance from ‘outlét 1o interface, f: o
o 'j-— deﬂned as (eqlDulA secﬁfﬁ#’ .
ﬁ dpldy — vertlcal densnty gradlent (ﬂ is posrtwe in s:gn) glml ft
L - total wuthdrawal layer thlcknes ft ;
_"defmed as —1Ipo dp/dy, fel o
'kmematlc mscosrty K ftzlsec
'densnty, g/ml S
mean dens:ty, or densrty at ievel of outlet g/ml _
. ‘enmty dtfference across a gwen dsstanoe, glml :’L' § . i C
de::suyidlfference from po:nt of mexlmum velocuty to boundary of wnthdrawal layer glml
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Table 1—-Compar|son of Theorencal and Obsewed Withdrawal Layers F=

e ’ xxbw, RO S
e -Onflce L Onflce _ qul_ne o Thaorgtlcal
o osize elevatlon width -~ uppor imit-

Ohserved
lower limit

Observed
upper lfmit

. Theclrat:cal
lower limit

010'

Discharge

Obsfei'ver

Rerﬁarlfs

'.133&

B9

o o imn sor 2004 AR 1k

L adee9agzs . o
o 418 59-1405 S £

CaiGoeiae

"41&69 1513,‘ N

16.690832 "
'6-16-69:0840 - -
5-16-69- oasaﬁ

00345 cfy;

A

-] POODOODOEDRE>D

oo oD oOoDooom@

Unless atherwise noted all
tasts are with falling
head, no inflow.

Observed 4 ft. from outlet.

“Recireulating, inflow = outflow. |

Recirculating, inflow = outflow,

3]

3

- Upper boundary of layer

Intersected w5, _
Upper boundary of layer
Intersected w.s.
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- NARRATIVE DESCRIPTION OF
ELECTRONIC DIGITAL COMPUTER
PROGRAM TO DETERMINE SELECTIVE
' WITHDRAWAL LAYER THICKNESSES

. The? subject computer _program _ was : developed

- primarily -for determining the theoretical withdrawat
“layer. thicknesses for stratified reservoirs. This program
was #nitially developed to aid with model studies, but.it
'is “equally applicable to- |nvest|gatlon .of prototype
‘structures.

The program is written in the Fortran 1V language for a
‘Honeyweil 800 Computer {see Program Listing). It can
be used with: either square: or round withdrawal outtet
shapes, with -any . outlet elevation, reservoir width,
.reservoir depth, and outflow discharge. The program as

it now exists can be used with water {emperatures -

" between 0° .and 30° C. ‘Also, no considerations are
given "to .other causes of density. varlatlons {such as
ﬂ!mlty and turbidity).

The withdrawal layer thicknesses are commputed using
equation {17} from the text of .this report. The term
‘D4poVozlg is first evaluated . for the particular outlet
- conditions. The . program 'then searches for the two
. depths at which ApK2d3W is equal to the above term.
" .These two depths are the upper and Iower limits of the
.wrthdrawal Iayer .

The computatlon |s carrled forward in a series of steps
as' shown'in the accompanymg fiow. chart,ﬁbeglnmng
.with: the correction of the temperatire readings for the

..various levels (thls/ can_be omitted by removing three .

;-statements from~the program). With this correct
“'temperatures the densities are then computed The

oVozlg term is then evaluated for: the particular

outlet conditions. The program -then. evaluates the

' .ApK2d3W2 term . at. each ‘temperature level starting

' ‘ffro'..\ the. highest. Thesn\!a' 46s are then:compared to

D% oVo%lg until the pont of equality is passed. That
-+ interval is then broken into 100 increments and again °

_ . the A,0K2d3W2 terms are computed and compared to
D4poVozlg until the point of equallty is again_passed.
- :The: position of the upger limit of withdrawal is thus

iobtained. A similar procedure ‘is : then executed 10
E ]? btain .the ‘lower  boundary.. Thé.  program - will
!

compensate for cases in which either ‘the water surface ‘

‘or:the bottom:is: Iocated in what wotid otherwise be

.' - ':the computed withdrawal layer Also, it will solve cases. -
""" in"which-the upper :and lower" boundarles are. hoth

: between the same temperature tevels.

E _'Pnnted output consnsts of

oot

T

1. 'Listing of the elevation above-the bottom, the -

“ corrected temperature at that level, and the denslty B |

- at that level
2. Shap_e of_ the outlet {square or circular). o
3. The outlet size,

| 4. The outlet elevatio.n.
5. The dt_schargje.

6. The upper limit of withdrawal.

7. :The lower limit of withdrawal.

An example of the printed output for analysis of '
‘model data

is included in this appendix. When *
prototype :dlata are used, the format for:printing the

'dlscharge miist be modified {for example from FB.5 to
FB.0).




T LIST OF SYMBOLS FOR PROGRAM TO - .
?'§'COMPUTE SELECTIVE WITHDRAWAL LAYER THICKNESS

- Temperature correction factors c°
— ‘Width of reservoir, ft .
Diameter of outlet, ft
3 = Elevation of water surface,—ft
BOT- ‘Bottom elevation, ft. :
SHAPE '~ — Coefficient considering discharge’ and out!et shape
N Numher of data points
‘HO) Elevations of temperature readings, ft
T} ~ - Temperature readings and corrected readings, c®
R{I} = — Water densities, g/m!
‘EL@RIF Elevation of outlet, ft
Q “ Qutflow discharge, cfs
ZUP - Distance from outlet to upper boundary of withdrawal, ft
. 21D — 'Distance from outiet to lower. boundary of withdrawal, ft
- GRAD . Density gradient between temperature levels, glrnl per ft
"RORIF - Density.at leve! of outflow, g/m!
AQRIF: 'Cross sectional area of outlet, ft¢
“VORIF Veloclty in outlet, fps : '
FFCTOR- - D4 joVo /g term from Equatlon (17)
K+ - . — Indicates if ZL® has been evaluated _
DELRU(l) — Differences in densities between outlet and higher points, g/ml .
_DELRL(I) - Differences in densities between outlet and lower points, g/mi.
K1 _ Indicates if ZUP has been evaluated .
‘M ‘N+| for a DD L(DGP limit . _
"PRAD - .ApK2d3W2 term from Equatlon (17)
_ RH®  ~ Densities at various elevations, g/mi - ..
"DELR Difference between outlet density and densities at Spemflc points, gfml
"ELUP -~ Elevation of upper withdrawal layer boundary, fr
"ELL®- Elevation of lower wuthdrawal Iayer boundarv, ft




COMPUTER REQU]RED

The program conforms to USAS! spec:fncatnons for

‘FORTRAN IV-and is compatlble\.:th most computers |
'using FORTRAN. 1V compilers. The program as written -

* hasibeen run bn a Honeywell-H-BOO oomputer.

RUNNING TIME

‘With the Honeywell H-BOO ~about 16 seoonds of
- central - processor - time “are requ:red_.for compilation,
“Execution time depends on the number of temperature
“profiles examined. A single temperature profile shouid
require only-a few second's for execution. 1417 words
of oore memory are requlred ‘

PREPARATION OF INPUT DATA

* 3

"The flrst 31 data cards contain correspondlng values of

. temperature and densny for- temwra*ures from 0.to
: 30° C, in one degree mcrements These data are placed :

'in columns® 1-16 “in an- 8-column format, wnh the;

posmon of the decnmar point unspec:fled (8F.0M

“‘The pro?arn as written for analyma of model data
‘specifies 28 cards to follow, which contaln correction "

values for iha thermistor readings. ‘This correction is

'deleted by eliminating statements 0006, 0007, and" -
0014 from the program (see Program L:stmg) :

The next data card contains the-variables of. reservmr

-width, outiet size, water surface elevation, bottom

elevation, and outlet shape in columns 1-40, with an

-8F.D format.: Columns 41 and 42 contain the value of

the number of elevation- temperau.ma cards to follow,
inan 12 |nteger format,

. The remaining cards confain corresponding values of
elevation and temperature. The last data: card should =

have 0 0 entered in Columns 1-B.

The deck should be stacked according to the diagram -
below. No subroutlnes are used in this program '

‘._.\_ . e

j——— ‘Data Deck

.Da_t.a Card .







! SHEET I OF 3

!

“ READ TEMP &
DENSITY. TABLE

INITI ALIZE
K TO ZERO .-

© CORREGTIONS

tueroR” COMPUTE _DENSITY
" ZUR (ZERO} - : . DIFFERENTIAL N
; - ] Sl or s Do T ONPOINT, _+|-uPPER: LAYER -
- [ . TEMP, . | ‘ - - l o ‘ -
READ.N,W.0, | pensliTY
WS, BOT; SHAPE, | P ML

SET INITIAL
VALUE FOR -

) : : " COMPUTE DENSITY
ZLO 'ZERD} DIFFERENTIAL IN -
T . . | LOWER LAYER
L ’ : UPPER TEMP
. . " . | LEVEL =
S B B L it WATER SURFACE
READ TEMF-. - : ; RN S
. B ETEVATION

“WRITE o ; ' . - l
J| seuare . - . [FIND GensiTY . ~ ["FIND DENSITY
OUTLET | ~ . |GRADIENT FOR 7 i ‘
“MAKE TEMP- ' e -

] . + - |QUTLET . INTERVAL
‘CORRECTIDNS AR o R

' WATER 'SURFACE

COMPUTE DENSITY. -
‘DIFFERENTIAL BE-
TWEEN OQRIFICE ‘&' W

OF GUTLET -}~ ' INITIALIZE |
R : - ¥l TO ZERQ"
FIND VELQGITY /| = .~ "% . | : Lo
N DUTLET e FIND - DISTANCE

ce > . . Fo0 | .FROM™QUTLET
NTERPOLATE, &, ‘ S e : e

TO WATER,SUR.
EVALVATE

A s oo |- MEACTOR!

FOR ;DENSITIES . - N N R o - -




EVALUATE “PROD"

AT WATER : SURFACE

| (PRODUP)-

FiND BISCHARGE
BETWEEN "QUTLET
- JAND "W.5. o

FIND -DISCHARGE |- .

-|--BELOW. ouUTLET

FIND - DISTANGE |

FROM ‘OUTLET
TO. POINT:

COMPUTE ~
."PROD" FOR
CTHAT POINT

- JestaslisH pisT,
TO WS AS,DIST. TO
UPPER ' BOUNDARY

R

INCREMENT

" INGREMENT .
" RHD -

INCREMENT.

EVALUATE .
“PROD". FOR .
L THAT. POINT.

“fim <
-ELORIF

‘(comMPUTE DENSITY

‘VARIATION ‘FROM

LET 'RHO = DENSITY ™

AT INTAKE AND . -

FRERENCE

ETWEEN:DENSITES -

ZLO BE ZERQ
= - .

INCREMENT,
L

INGREMENT" |
T2l -

OUTLET. & THEN "PROD".

FIND. DISTANCE
FROM OUTFLOW
TO FOINT-

(OPTIONAL FOR
. GHECKING)
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Bomgno of Beclamation

 CONVERSION FACTORS--ERITISH TO METRIC UNITS OF MEASUREMENT

 The Io]laﬁng couversion factors a;dopted by Lhe.Bu.feeu of Reclamation ere those published by tha Ameilean Soclety for

Tesiing and Materials (ASTM Metric Practlce Guide, January 1864) except that iiomel factors (*) commonly used In

' . the Bureau have beefi added. “Further discussicn of definiticas of quantities and units is given on pages 10-11 of the

ASTM Metrie Pracqr;de Guide.

The metric wmits anil cenversion factors adopted Ly the ASTM are based on the "Internaticnal Systers of Unlts” (designated
I for Systeme Interpational d'Unites), flxed by the International Committee for Welghts and Measures; this system is

also known as the Glorgl or MESA (meter-ldlogram {mass)-second-ampere) system. This system has been adopted by the

International Organﬂ_‘s\ation for Standardization in ISO Recommendation R-31. .

The metric technical} wuit of force ls the kilogram-force; this s the force which, when applied t6 & body having a
mass of 1 kg, gives it at.zeceleration of 9, 80685 m/sec/sec, the standard acceleration of free fall toward the earth's
center for sea level at 45 ilsg latitade, The metric unit of force in ST units is the newton (N}, which is defined as ‘
that force which, when applied.to a',tbo_dy having a mass of 1 kg, glves It an acceleration of 1 m/sec/sec. These units
must be distinguished from the“{inc'enstant} local welight of a body having & mass of 1 kg; that is, the weight ofa L
body 1s'that force with wkich a bigy|is attracted to the earth and is equal to the mass ¢f a bady multiplied by the
acceleration due to gravity. Howeyor, because 1t 1s goneral practice to use "pound” rather than the technically
correct term "pound-force,’t the texm "kil
force" in expressing the conversion ‘i-x'a.ctors or forces. The newten unit of foree will find increasing use, and is
A

*
Ry

- egsertial in SI units,

& o . Tablel,

QUANTITIES AND UNITS OF SPACE
Multiply 3 By To obtain
= IENGTH
M . vt e i e e e e 25.4 {exactly). ... . . . . . Miecron
IncheS & v+ & &« v v 0 2 = & 25.4 {exmetly). . .. . . . Millimeters
S A 2,54 (exactly)®. . . . . . . Centimeters
Feel <« ¢« o v v h 4 4 e . .3C,48({exmctly) . . . . . . Centimeters
T e e we e e ad e 0.3048 (exactly)*. ... . . . Meters
W e e e e vee T (. 0003048 (exactlyy* . . . . Kllomseters
B £ 1« - 0.9144 {exactly) . . ... . Meters, -
Miles (statute). . . . . .. .. 1,608.344 (emﬂ}r{* S« « v s « Meters® ) 5
s oeln o roe aos s s s 1.600344 (exactly) . - . . . Kilometers
; "AREA ¥
S Sguare inches. . . . .o, .. .0 . 68,4516 (exactly) .. ... . . . Square centimeters K
B .. "Squarefeet . . . .. - 920.03%. . %.. « « « . « . . 3quare centlmeters ;
S T e e e e e 0.082903 .0. .. . -.. . . Square meters: .. |
Square yards ..o, . . 0.838187 . . . . . . . Square meters -
R T CACTBE +oa v e ajeieBie e . o 0,4003F 0L L L L .. Hectares
ik P~ I .o 4,04B9% . L% . . . u . . SuBquare meters -
: Lo B 0 0,0040489% , Lo, L0, e BGAre kilometers
= S - Ao SI5BE0 ey L., oo . BgvarzKlometers
R LI R . . . .
5 " YOLUME
PPN 18/38T1°. . o o . ase . oo Cuble cendmeters .’
» Cubc et .oou . &0 i . ~0.0283168. . . .~ "% ¥ .. Cublc meters
‘Cuble yards, . VL 0. . L ‘0.784855 . . o .. . Cuble meters
U ! - s - .
‘ - Fluld punces (U.8.). . 28,5737, . ;" "Cublc centimeters o
: : : SR 20,5720 , . ~Mters © w0
. - Liguid pints {U.5.) . 0.473179- . Cuble decimeter: -
S - ’ o Liters - AL ¢
. Quarts {8} . .. . Cubic centimetera,
B o e .. ‘Liters - %
Gallons (U.5;). . = Cuble centimeters 7y
. e . - Qublc decimeters -
) L e e e Liters K o
o PR Cublc meters .- . [ - ERCR
J . Galloms (LEL) & . Cuble declmeters - f - . : :
B Isters . . cos oo b od
: - Cublefeet. . . . .. cLiters. I T
ST Cuble Sie s . . Ldters . v T
@ Acre-feet. . ... Cuble meters ™ . W

Liters - -

" {or derived mass unit) hes heen used 1n this gulde instead of "klogram-:
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ABSTRACT

Selecl‘wa outlet works for reservmrs provide an 1mportant control for mamtalnmg water quality
in the downstream river. The use of muftilevel outlets is growing; however, design guidelines are

S senouslv Iﬂckmg A studv ‘of prewous theorenca! ang expenmantal work in selectiva withdrawal

" from reservoirs shows that s basis exists for development of ‘practical design and operating
- criteria, Begmnmg wnth ‘the theor»,r for selective withdrawal from a continuously stratified fluid,

‘a method is developed for the ‘more general density profile. The method is verifled with
expenmental data. anntatmns of "this method and the need for further experamental
- veniu:ahon with model and prototype data are discussed, Has 24 references

.AB.STRACT SR

Selectwe outtet works for reservoirs provida an |mportant contro! for maintaining water quality
"in the downstream river. The use of muitileve] outlets is growing; however, design guidelines are
) senouslv Iackmg A study of previous theoretlca! and experimentaf work in selective wnthdrawal
from reservoirs shows that a basis e for dwelopment of practical design and operating -
erltarla. Begmmng with the theory for séice ctive wnhdrawal froma continuously stratified fluid,
- g method- s - developed for the more ganerah.qnsltv profile. The method s veriflad with
expenmenrdl data, Limitations of this methc.l and the’ need -for further e:penmcmal

VEﬂfII.‘-Bthﬂ wnh model and prototvpe data are discussed. Has 24 referenca 7

u

ABSTRACT

Selective outlet works for reservoirs provide an lnportant control for maintaining water quality
in the dowristream river, The use of multiteval ouslets is growing; however, design guidelines are. -

seriously Iackmg A study of previous theoretical and experimental work in selective wlthdrawal; . t

from _reservoirs shows that a.basis.exists for development of practical design and operating

‘criteria. Begmmng with the theoty for selective withdrawal from a continuously stratified fiuid,

a method is developed for the more generai densntv profile. The method is verified with

‘experimental data, Limitations of llus method and tha necd for further experimental

verification with model and prototvpe data are discussed. Has 24 refilrences.

ABSTRACT

Seizctiva outlet works for reservoirs provide an impaortant contro) for maintaining water quality
in the downstream river. The use of multilevel outlets is growing; however, design quidelines are
serlously lacking. A study of previous theorutical and experimental work In selective withdrawel -
from reservoirs shows that a basis exists for development of practical design and operating
criteria. Beginning with the theary for sefective withdrawal from a continuously stretified fidid,
a method is developed for the more general density profile. The method is varifled with
experimental data. Limitations of this method and the need for further e:perimeﬂtal '
verification wlth model and prototype data are discussed. Has 24 referances.
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