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WATERWAY S EXPERIMENT STATION. CORPS OF ENGINEERS

VICKSBURG, MISSISSIPPI 39100

IN ~~~ P*. Y NEF(N TO, WESEV 15 May 1979

SUBJECT: Transmittal of Technical Report E—79—1

TO: All Report Recipients

1. The work reported herein was conducted as part of Work Unit 31605
(tu B), “tn—Reservoir Techniques for Improvement of Environmental Quality,”
of the Cor ps ’ Environmental and Water Quality Operational Studies (EWQOS)
Program. Work Unit 31605 (tu B) has the objective of developing engi—
neering technology to improve water quality within a reservoir through
laboratory investigations and field demonstrations.

2. This work involved laboratory testing of methods to mix a density—
stratified reservoir. The two most common methods used are pneumatic
(aeration) and hydraulic (pumping). Although both methods were investi-
gated, this wor.. unit concentrated on the hydraulic method. The effect
of various geometric configurations of destratification methods was
tested, and a dimensional description of the mixing process was
developed. An example of planning and preliminary design of a
hydraulic destratification is included within the report as well as
comparison of the results of the work to prototype testing.

3. Future work under the EWQOS Program in this work unit will concen-
trate on refinement of the design procedure, evaluation of the environ-
mental effects of destratification on a reservoir, and poss ible field
demonstration of developed technology.

~~JOHN L. CANNON
Colonel , Corps of Engineers
Commander and Director
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PREFACE

The study reported herein was sponsored by the Office , Chief of
Engineers , U. S. Army (0CE ) , as part of the Civil Works General Inves-
tigations,, Environmental Quality Research Area and Reservoir Water
Quality Research Program. The work unit (cWis No. 310142) entitled
“Methods of Enhancing Water ~ia1ity” supported the subject study.

The investigation was conducted during the period November 1973 to
December 1976 in the Hydraulics Laboratory of the U. S. Army Engineer
Waterways Experiment Station (WES) under the direction of Mr. H. B.

Simmons , Chief of the Hydraulics Laboratory , and the general supervi -.

sion of Mr. J . L. Grace , Jr. , Chie f of the Structures Division and Res-

ervoir Water Quality Branch (Physical), and Mr. J. P. Bohan, former
Chief of the Spillvays and Channels Branch. Mr. E. E. Eiker, OCE , was

Technical t.~nitor of’ the Reservoir Water Quality Research Program and

Mr. Grace was the Laboratory Program Manager. This report also presents

the results of Work Un it 31605 (I II B )  of the Environmental and Water

Quality Operational Studies (EWQOS) Program. Program Manager of EWQOS

was Dr. J. L. Mahloch.

The st udy was conducted by Mr. M. S. Dortch. This report was

written by Mr. Dortch and reviewed by Mr. Grace and Mr. D. ~~~. Fontane,

Acting Chief of the Reservoir Water Quality Branch (Physical).

Directors of WES during this study were COL C’.. H. Hilt , CE , and

COL J. L. Cannon , CE. Technical Director was Mr. F. H. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY 1’() METRIC (Ci)
UN ITS OF MEASUREMENT

U. C. customary units of measurement used in th i s  report can he con-.

yerted to metric (Cl) units as follows:

Multiply By To Obtain

acres 0.1405 hectares

acre—feet i~ 33.1482 cubic metres

cubic feet per hour 28.31685 litres per hour

cubic feet per second O.O283~ cubic metres per second

Fah renheit degrees 5/9 Celsius degrees or
Kelvins TM

feet 3. ~O14 S metres

foot—p ounds per second 1.~~~t; wat ts

gallons per minute 3.785l4 L~ litres per minute

ho rsepower (e lect r ic)  ‘C 14t~.00 watts

mi les (U. S. s tatute)  1.6093 1414 kilometres

pounds per cubic feet i(~.0i8 kilograms ~~~ cubio  metre

square feet O.O Q2~) O3  square metres

* To obtain Celsius ( C )  temperature readings from Fahrenheit (F )  rend—
i n~~ , u~e the t’o ~ lowing formula: C = ( c /o) (F — 

~
. )  . To obtain Kel-

vin ( K )  readings , use: K (c/o)(F — ~2) + ‘r3 . i’~.

~

j • - . ,. . _ —c



.‘C\ ~l Fl CIAL DES’l’RAT IF I CATION OF HECER V O I XC

Ilydraui Ic hahoratory Invest  Igat ion

PAR T I : INTHODIICl’ION

Background

1. When densi ty s t r a t if i c a t i o n  develops in a r eservoi r , the
hypolimnion may become def ic ien t  in oxygen due to an oxygen demand and

the i n h i b i t ion  ot ’ oxygen transport to this re~ I on from the sur face.

Under these condit ions the hypolimnions of some impoundments become

anaerobic. Changes occurring under anaerobic conditions that af’fect

water quality are the dissolution of trace metals, the release ci’ nu-

trients that may st imulate eutrophication, the release of aesthetically
displeasing hydrogen sulfide, and depression of the pH . Oxygen defi-

ciency in the hypolimnion reduces the habitat available t- ’ fish and can

result in poor downstream quality if this water is released without
sufficient reaeratlon or oxygenation.

.~~~. Dissolved oxygen (DO~ content in the epilimnion ci’ a reservoir
Is u sually at saturation level because ot ’ the gas transfer process at

the air—water  interface.  D e n s i ty  stratit’i oat ion hinders  c i rcu la t ion

and internal  mixing  and therefore restr ict s  the transport  of oxygen

fr O m the ep i I Imnion to the hypol Iran ion . I t ’ de n si t y  ot . rat . i f i  cat. ion could

be prevented or el iminated , the overall  oxygen con t e n t  in the hypc l im—

nion could he increased . For a reservoir to he des t ra ti f led  by means

other than the natural overturn or local wind s , sufficient energy must

be added through a r t i f i c i a l  means .

~~ . Althoug h des t ra tif icat  ion ot ’ a r e servoi r  is  usually Int ended

to increase the 110 content and improve the water q u a l i t y ,  other
desi rable or even undesirable changes cou ld  r esult  . D est r a t i f i c at  ion

wil l  warm the hypolimnion and cool the epilinmion . Loss of warm or
cold water may be of concern to f isher ies .  Probable changes In release

temperatures must be taken into consideration , it has been suggested

14 
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that cooling of surface waters would reduc e evaporation . Cooling of sur-

face waters would increase surface heat exchange which could result in

increasing the total heat budget of the lake . Some success in using de—
stratification to control algal blooms has been reported1’2 while other
effort s3’ have found increases in the standing crop of blue—green algae .
For example , if nutrients from the hypoliinnion are circulated into the
photosynthetic zone , an accelerated phytoplankton growt h could result.

However , in most reported cases , destratification has caused a consider—

able enhancement of lake water quality by allowing oxygen transport

throughout the lake. The impact of destratification on all water qual—

ity parameters should be considered before implementation.

14. There are nunerous methods of transferring rxygen to the

hypolimnion . All of the methods can be characterized into one or both

of two basic categories : hypolimnetic aeration/oxygenation and

destratification. The difference between the two basic methods is

that hypolininetic aeration/oxygenation is the oxygenation of the

hypolimnion without mixing between the epilirnni on and hypollinnion ,
while destratification is the mixing of these two regions permitting
oxygen transport from the surface by circulation and &ifftision . Air

can be released into the hypolin~iion such that the rising bubbles
result in gas transfer and mixing , thus providing aeration and destrat—
ification. Hypolimnetic air d i f fus ion was tested at Table Rock Reser—

voir 5 in an effort to increase the DO of power releases without destrat—

ifying the lake ; stratification was necessary to maintain desired cold
water releases . Generally , however , oxygen has been used for hypolirn—

netic diffusion because of its much higher absorption efficieri~~~ and

air has been used primarily for destratification. Additionally , ,• ,

hypolimnetic aeration using air at sufficient depths can result in

excessive nitrogen supersaturation which could be hazardous to f ish.
At Table Rock , air injection through the turbine vent tubes was foun d
to be more effective and economical than aeration through lake dif—

fusers. Hypolimnetic oxygen diffusion upstream of a low-level release
structure has been shown to be a feasible approach 6’~ to increase the

DO content of hypollinnion water that is released downstream without

5
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e f f e~’t ive mean s of nixing at :  I may be more et ’t ’ b l ent than ai r t ’ ‘r mix it:~
l a rco  reservoirs  and lakes.

Purr ose  a n t  ‘. c  
~~

‘ t
~ I’

The overall oh~~ect ly e  of t hI S  stu J ~’ wa:  t . ’ I ! I ’ ,’e St ~~ 0t t t e  the

design parameters and p r  “.‘ ide  gu i d an c e  re’.ative to  en’i : : ee r i : : c  mean::

‘r ar t i f i c i a l  Jest  r a t i t’i cat I.  ‘ s f  r e serv  irs t e d  lakes .

8. ‘:-he :;c-opt ’ 01’ t hbo effort was lim itel to the :ise ‘f lab :‘atory

exper imenta .  f a c i l i t i e s .  T t t i s  w a :  c a - s ide r e l  to h e  the :s. ::t pract ical
appr . oa ot t  cons i . i e r i r i ~ t h a t  t i ,  is is the :‘o rp s  ‘ m i t  m l  general i :. - - t ’ : : t i p ’a—

t b :. , ‘:t t h e  sa h j ect . F i e l d  -~;p l io at I S : t s  d . r r ~ v ide  \‘:t uable in f . r t r a t i o t ,

but 1ti ’ . ’:’nt ory i : :vesti~.tat IonS  have  t ore t t t  technical  (because ox’ c. :. —
t r. ’ 11 e.1 c ‘r ;. i it I . ‘so ) and c ’.’ ut- on: i o n  t t d v t u : t ,n o e  , es ~-eci al lv  wi: c -p ot ~ t i e s

are  . ‘ :‘ a ~ter: ’ -t ’tt1 :. t t . ; t’~ - i’ :.ys i o n  1 a::.t : ’ s t t l ;o t t : i t  I c a l  dcl: :  of : : p e c i t ’ic

Jest  ra t  i f i c : t t  i o n  pr ‘ ,lects  ~~~~~~~ I I be 01’ b e ne f i t  dur I a ’  love I -pr.est and

desion , but are n wi tI~ i t .  the .:o, ’rc of t h i s  ~‘one:’a I i nves t  i cat ion .

Field at-I i bo a t  i -so are u~ 1 m oLt  ely : :ooessary t . p r o v t ’ the S U 0 0 0 5 :  ot ’ a

sy s tem .

0 , i~ot 1; los t rat if i cat 1.-s m et s .  ‘ls , t :v . i t ’aa j c :t:; ; ;-sou- :s  t i c  • were

m i t  ial ly  studied in an e f fo r t  t o  c. mpare the e : t e o t  iV e t O O S  of t He t w o

m e t ho d s .  The compar I: : -t: presented in t h is  r ep or t  i nd i c a t e d  t h a t  r :o o l : : t : : —

ical pumr ir ; .~ was more effective than .ii t ’fu sed — t t  it ’  p u m pi s ’  fo r  .1 - ‘ -ot r at  —

i f i ca t~ ‘:: . ~‘b en C ‘n si . iering the 1 w .  ‘ P t ’ t t t o d s  for  :‘i o l d  :s:o h ow e ve r  • it

is s . 1 k::.’w:. h ow t’e; r e o e nt  t i t  i ye the comparison may toe. It is fe l t  t to i l

: i t or a to r y  s tud les of h y d r a u l i c  dest ra t i t’i o t i t  ion can he used to dovo l  -op

c r i t e r ia  f r t’i t ° I  d appi icti t tooi: . It is nc-t ii f f i o u i t  t o  achieve s i m i l a r —

i ty  t ’ induced mixin~— c r ent  e l  by a bu oy a n t  w t t t  or -.-t  . However~ achiev-

ing s im i l a r i t y  of induced mixing orea ted  by an air—water plume is much

more d i f f i c ul  . Because the  hydros ta t ic  pros: :ure in a - ahorti t cry t’lur:e

exposed to atmospheric ~~t’ t ’ tt 0 t i i ’ 0  is much less t han t h e  h ydr o st a t i c  pres-

sures found l i i  the  fie ld , it . is d i f f i c u l t  to produ ce t h e  bubble s i z e ,

bubble density , and rise veloci ty  that would occur in the  f i e l d .  Thest ’
parameters can a f f e c t  the mix in~’ cha r a c ter i s t i cs , t hus m ak i n g  i t

_ _ _ _ _  ~~~~~~~ .— - .



questionable as to whether these laboratory studies of pneumatic

dest ra t i f ica t ion can be extrapolated to field work . Because of d i f f  1—
culty in extrapolating results , because the laboratory comparison

discussed in this report favored hydraulic destratification , and because

air absorption at sufficient depths can result in significant levels

of nitrogen supersaturation with respect to atmospheric pressure,

further study of pneumatic destratification was eliminated from the

scope of this investigation . Therefore , evaluation of hydraulic

destratification techniques was the primary purpose of this study.

8
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Pe:a’ r’ Ip t  Ion

10. A Th— t’t — I orig by ~ — ft —w I tie by - ‘— f t — t l t ’ c ’p r’c’ct ruigu l  t t t , t i’ tUts ptLr ’ —

ent  
~
‘ i t t : ;  tic I’lume (Figure 1 ) was used to a lmuiat.t’ a general I r e d  impound-

men t  . A t we— lay e t’ dens i ty :; t i’s ti t’i cat I on r ’epr ’esei r t. i ng l ii i ’ hypolimni on

and epilimnion was generated using saline and fresh waters . The den-

:; it v di l’f e r ’e r ic  e tu r d t i r  I ekness of tire two layers could in ’ var i e d  for ’

d I t’I’erorit . I oslo . The I o t t i  I volume o 1’ water in t lie flum e Was ;tl tei’ed

for ’ d i  t’t ’e rent. t ost . :: by v a r y i ng  the dept  ii of water in  the  flum e tu rd by

shor ’ t. ou t  r ig the I eri ~t t Ii of~ ti re f.l tun e

I I  . A wi do range of toil:; I t .y d i f  t ’ei ’onices ( 0 .0 0 1 1 o r ) . rhl ’
~
’ g/ml ) vu: :

Let ; t e l  . ‘I’ii I :; i’S i rgo  I in’ 1 titles t ir e den:; I t . ,v d i I’t’or’orlc Cs e’ncount .er’cd In

lakes  due t o  t cmpet’: tt ur ’e ~t I l ’fer ’ences . l ’eits i t.y measurement  s were oh—

t a i  nOd wi t ,h a lens : I t.y pr ’obe ‘O i l : :  i :1 I ipt  of  ;t conduct  iv it y tu r d  t emper ’; i t u r e

t ensor Fl  gure  . ‘ . I~es’nu;;e e v e n t  ~nnal .1 1 o m l ’ ’ r t l t  t i re di  t’fer ’enice: ; c:rr i  h a v e

all  e t a’t on len t: ;  i t  v wh en work i irg wit 1: dens; it y d i  I’I ’er’errces t l i i : ;  :una i i

i t  Wa :; n l c ’ t ’ ’s :: :t i’y t o  tueasut’e w;~t S t  t.empt’ rat .n t ’ t’ atId t o  !~ O O O \ l i l t  f or

1¶ ~ ‘1 fec t CU lent : : i t  y . l~ot.li t empo r at-t ire  an~1 cor rduc  t i v it y read ii I c : :

were u::e~l to compute a dent ; it ,v val tic ’ ti :; ~t e s c r  I bed i i i  s lo t s  i i  i i i
it’ . .tt n io t  tier ’ st ud ,v . The s’ondiit ’ I t  V I I ,V :te n I : ;o r  W a:: ‘a I i brrt te1 w r t ii : :ol i r —

I i ott :; ot’ known t empe9 ’nt t . l lrc ’ arid spot’ i t ’ ic  gr’nv it y (ob ta ined  wit ii

hydrometer’ tao t hat  the t.eutporitt.ure and cctri luc t .  I V I  t .y va 1 t i c ’S f l ie t t s t i i’e~I

i n  t i r e  t .e:; t :: could be Ooi iVt ’ r’ t c ’ I  t o  den t : ;  i t v  i i i  grauns per ml I li i i t t’e

1.’. MechanIcal  pum p i ug w;r :; :tcii I eVest wit Ii :t 0. - ‘0—i t  i’ cent -i’  i l’trga I

p i n up .  T)it ’ pum p d i  :aOiiitl ’ t -t(’ watt regulnt e l  wi lii a i r ru id  v a l v e  ar i d  inoni t ot ’ ed

w i t .  ii a n’ s t t u t t c ’ t or’ . The witt.e r’ (‘tow rat s ’  ccsul sI be var’ led I’rem 0. 10 1 0

1 . ~~‘‘ gpm . M i x i n g  W :t : :  I r i di ict ’tI i i i  I-lie I’ I nina’ by w I t-Irdi’nw i i rg  w a t e r  f ’r ’em

0 it I r o n ’  t . i i t .’ t i pper ’ sOl’  lower ’ I ayt ’i’ : 01’ (lit ’ ps’s ’ I and ,j e l I  trig it tri t e the

o t i t er  las’ t ’ P OI~ sli t’t ’on ’t’ i t t ,  dent;; it v , A :a’ i te in t s  t . 10 p i’ e :te n i t  a t ion 01’ I tie t e::

t ’:u’ l i l t  y i t :  :;tiowii i n  1”i i-lure . For (-lit ’ puounnist Ic deat .rn~t I t’i cat  t ort I c’:;t

d i  t’ t ’r tstal  a i r ’  was ::lri~i~ I i t ’ l by :i 0. ‘-— tip cs ’mpn ’e ; t : ;on ’  anti w;t;; r e j n i l  at ott  by t i

r ot  ru n e l e t ’  ar id Va i Vo  . The n i l  i’ i’ L O W  n ’~~ I s ’ could be var’ I ol l’rem 0 . ‘ t o ‘0

__ __
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l”igux’e 1. Destrat i fication test model
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Figure 3. Scheinratic of test model

standard cubic feet per hour (scfh). Tire a i r  was released ver t ica l ly

from a d i f fu se r  Ott the bottom .

13. The water or air discharge was released through a n n t u l t i p o r t

di  t ’ t’u :;or . D i f fu se r s  w i t h  d i f f e r e n t  port diameters  made i t  possible to

change the  exit  velocity for a given discharge rate.  It was also pos-

sible to change t i r e  o r ien ta t ion  of the pump intake and the d i f f u s e r  to

determine  the e f f ec t  of i n t a k e — di f f u s e r ’ o r i en ta t ion  on hydraulic

d e s t r a t if i c a tio n .

114 . The continuous natural change in st rat i l ’icat .ion that occur’s

in a rc: ;ervoir or lake was not provided in t h e  model. With  the model

located in a temperature—control led si ro lt e r , it was possible to main ta in

a fa i r ly  constant air temperature through each t e s t .  To m i n i m i z e  sur-

face heat exchange , the flum e water was allowed t o  equi l ibra te  w i t h  the

a i r  temperature.  By e l iminat ing  surface  heat exchange ot ’I’ect. s , t he

scope of study was maintained wirile reducing t h e  complexity . When

des t r a ti f i c a t i o n  is tested in tire I ’i e l d , meteorological e f f e c t s  should

be included in the analysi:; of a system .

Experimental Methods and Procedure

15. The e f f e c t- s  ol’ the size of a r ec tangu la r  reservoir and its

part icular  densi ty  s t r a t i f i c a t i on  ott the requirements  for de st .r a t i f l ca—

tion were Invest iga ted  by varying the flume length and water depth , the

11
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thickness amid volume of the hypollmnlon and e p i li m ni o n , arid the dens i ty

d i f f e rence  between the epi l imnion  and hypo llmriion.  Five Variables were

used to desc r ibe the flume conditions for each test: the Initial den-

sity difference between the bottom and surface waters, ~
p ; the total

water Volume in the flume or laboratory reservoir , VR ; the ratio of

the volume or thickness ( for a rectangular flume ) of the hypol imnion to

total flume volum e or depth , ~ ; the total flume or reservoir depth ,

and the length of the flum e , LB . *

16. The amount of stratification was measured throughout each test

so that changes caused by the destratifying system could be determined .

Stability has long been used by limnologists as a measure of the Inten-

sity of’ stratification and is calculated according to the following

definition : the energy required to lift the weight of the entire body

of’ water the vertical distance between water mass center of gravity when

homogeneous and the mass center of gravity when the impoundment is

stratified 17 Stability may also be thought of as the minimum ener~j

r”'quired to completely mix a stratified body of water. The equation t’or

stabil i ty,  S , is written as

S = ‘y~~V~~( H  — Y) ( i )

where is the specific weight of’ water , is the total reservoir

volume, and H and Y are the water mass centers of gravity when the

reservoir is homogeneous and stratified , respectively . The center of

gravity for a stratified condition was computed from density—versus—

depth profiles obtained by traverses with the density probe. To avoid

strong density fluctuations that would result with turbulent mixing , the

probe was positioned away from the diffuser. When the diffuser was

located at one end of’ the flume, the density probe was stationed at halt’

the length of’ the flume. When the diffuser was located at half the

flume length, the probe was positioned at one end. An Initial density

* For convenience , symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).

12
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pr’s t ’i Is’ was taken prior to pumping.  Throughout each t est , dei r ; ; i ty

profile;; and elapsed pumping time were recorded . Each density profile

was used to compute the corresponding stability so that changes In

stability could be used as a measure of the degr’ce ol ’ d e s t r a ti f i c r it  ion

achieved with respect to time . The degree of destratificnttloni was ex-

pressed a;; the percent mixed , or ( f ~. — s )/ s~ ~ 100 , where S . — S

was the di t’ference in tire initial st ab i l i ty and t h e  s t a b i l i t y  at :; orne

t ime after pumping began.

i7. The e f f e c t  of’ d i ft ’ u ser—i nr take  o r l e n tat i s i t  on hydr ’au l ic  d e st r a t —

it ’ication was inves t iga ted .  Specif’Ically , hypo l imunet - ic  withdrawal  arid

epi Imnet Ic di f t’us ion were compared to ep Ii imnet to vi t-hdraw stl and hype—

l imnetie d i f f us i o n . Addi t iona l ly , h o r i z o n t a l l y  and ver t ical ly  d i re c t e d

j et;; were compared. To achieve t ,Ito ; ;e compari son is , four :;eries of t ost s

were conducted.  The four’ test Ser b ;; are ca tegor’ i ’.~ed as tueth-sds l— t t  and

are schematically described  in F igure  14 .  Method 1 co n t s i st e d  Cl’ with-

drawal from the hypol innn ion and hor I :ton t .aI disc har’ge i n t l  o the’ ep i l l  r u n t ion

Method 0 war ; or ien ted such that water was w i t h d r a w n  from the e p i l i tun i on

and discharged vertically upward into the hypolimnion . For ’ method 3 ,

water  was withdrawn from the epi l imnion and discharged h o r i s o n tt a l l y

into  the hypolimnion. Method 14 consisted of’ wi thdr awal  from the hypo—

limnion and vert ical  discharge downward in the ep i l imn i on .  The intake

and dl ft’use’r’ were positioned its close to the sur face  or bo t tom a;; p0 ::—

si bit ’ for all tests . This was done to inaximi :~e the dent s  i ty ~i I t ’fe n’ enrce

and depth between the Intake and di t’t’user and to eliminate airy et’t’ect.s

that migh t result if the vertical position ot’ the d i ffu se r  or in tak e

were varied within the water column.

l~ . To provide a variation in port voloc I t-y for a given flow rat  e ,

three diffusers with different port diameters were used In  the h,vdr’aul Ic

destrat i fication investigation . Detail;; ot ’ the di f t’users rt r’e shown in

Figure 5 . To m in i i i t i -~e the number ’ ot ’ variables , t h e  diffuser’ ports were

uniformly di st r ibuted nrc ro::;; the width of’ t ir e f lume , and t l i t ’ numi ’er or ’

ports and spac i ng were held con;; t ant t . It i t ;  real i ~ed that. the ni  lut .  I omi

character is t i c s 01’ mu it .  I pot’ t. d it ’ t’us er’s .1 a s tudy In it. sell’ an5l Stis’ hr air

effort- was not vi t h i n  t h i s ’ :;cope of lii it ; s tudy  . However , mu it I pen’

13
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Figure ‘ . 1)1 t’fuse r ds ’t a l l  s

di t’t’user’s were used to he r ’epr esenrt. at lye  ot ’ :;y St ent;:; ant ic i piit.ed t’on~
destr ’at I t’icat ion tsf large imporuidmenits .

1Q. By d i f f use r  ;;~~‘ lo o t  I on arid d i s cha rge  regu I st  j o n~ It w;ss

s ible to test. a v a r i e t y  ot ’ p~mrp ing conid it.  I on;; for  en ‘ii d i  f~’user ’ — i n tak e

or i entat ion . The discharge rate was held eon;; t ant  throughout. t he  dur ’s—

t ion of any one part i cu ’t at’ t os t . The average port. ~~ icc I t  y was coruput ed

by dividin g the discharge rate by the t ot .a I por t  area sI ’ t h e  mul t iport.

di t’fuser.  The pum p and supply l ine  des igni and los;;os wore nrot con—

s Idered in the analyses. The pump and supply 1 tue losses are’ referred
to as internal losses and affect the internal per’t’ermanco. The effec t

that  the jet ted discharge has on mixing is referr ed to its e x t e r n a l  r°~’—
formance. This study considered only external pet ’fci ’manrce for two rea-

sons: comparison of dest-rat I fi  ca t ion  t e;;t r ’esul t S i s  much imp 1 or when
only external  performance is e’oil;; i der ’ed and int-ernia I de;; igni  t’eat.ur ’es

are beyond the  scope of t h i s  ;;t.udy

L — -



‘0. hi~~ an;; e I nt l em it s I i t  t ie to :; :;eS We n’s’ riot cotis I ds’rt’d • t he I r rpu t

si ’ power’ of a h y d r an t !  I c  ~t r ’ :; I rat  i t’t s ’ ; r t  t o r t  :;y ~ t tilt I hnt t b-am ! : t ’r onn ‘ i r n ’

I’nupera t un’e t’~ -~- I on ci’ a 1 ntkn ’ t n t 1 o I he other’ Wa ::  dt. 1’ 1 ned it : :  I he t’Cwt’ n ’
I nipu t  ds’ I I vered to tire wit I I ’m ’ , }‘W ft — 1!’ : ;n’ ~’ , wht e’t ’ e’

h’W = 
~~~~ ‘~ t ’

nerd 
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-

sr” —’ I t ’ Ic  We letS ot’ vat en ’ • 1’ .’ . ~ 11’ 
‘t’t

~ ias v (It s I oii i t  I i t  Oct’  I n’r’ntt. to rt , ~ , ‘ , .‘ ft  ; ;n ’~’’

~ t o t  i t t  ~h i ~~t t ; t ~ go m’ i tt . n’ , ft

V : rve : ’ ;sgn ’ t’ o: t ye boo it y , ft /sec

Power’ i rtpu t. di ’ ii vt - rest b~ a pnts ’unnrns t l s ’ ‘it ’ : I Vat  I t ’ I o n s  I i ott  ::y st  em i s  do I ’ I nnn ’~t

i i i  a ;; i i;; I l ;n r  i n t a n t i i n ’ n ’  w I t t ’n ’ s ’
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‘

~ ~ w~

am id

-s S~~’ e ’ s ’ I t’i ~‘ W I -  I chi t  01’ ;s I r’ a t  st ns r ntn r’~t I eintps’n’at tire ‘t in t b’ n - n ’~~S i n t ’ s
- 0,0 ‘ i- i ’ Ii’ t’t -

~

; t V n~~’agt ’ p or t  t- -l oc  i t~ t ’t ~ i l l  t’ , ft a’s’

ii = ~tept i t  o t ’ ;r ii’ dl t’t’usn’n ’ be low W~t t  or sin ’ f:r~’ -  • ft

L t o  Iunrt’ 1’! ow vu t n ’  o t ’ air’ , sot’s

Wi lit I its’ iLt-drnu .I Ic ; ; ,~ : :  I r;,t t i ts ’ t ’i t e i ’g,V t ’ t ’sl t i  I i ’Oni t o  ptrinnp :t ~~, :t I n i s t  t h i n S
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‘ r ’ ea t n’d by

detr;; It y d it ’ t ’e r en t s ’ e:; orri ~ and Is  t hi s ’ Vt ’ t’~ l’ s’ tieg b i g I 1’! t’ . l towev or’ t ’ot ’ t hi n ’

piiettinrnit Ic syst t’tir , a i t ’  n i t : :  I be t’or’~ t’d t o  t ir e hot t out t o  i ndu c t ’ ;:i i \ t r i g .

‘rhs’t’e f o n t ’ , t .h n ’ s’ile rg~v t ’eslU I tjed o 5 ’vs ’r con;;s ’ t i t s ’ Ii ~v~i n’ ~’:: t a t Is’ jtn’~~::’:\r1~~ mit: :  I

bt ’ cotta idt ’red . I”or ~ I ’ i5s ’ I I cal app i i  o t t  t I o t t : :  , t h i s ’ t o t  oc i t  y trs ’a~I 01’ 1 t ie ’

t ’ts )W i nrg a l t ’  w i l l  Its’ tt nitu 11 W i  Iii i ’o : :tt es ’ I to th in ’ hl ..Vsi i’ s ’;~ I a I Ic P n ’ n ’; ; ; ’- t i t ’ e’ .
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Ibi s’ pnre unnnn t. I c do:; t rut. It’ I cat I on t e;; t s wen ’e conduct e’si wit ii d l  f~
t ’i1 : ;e ’r  jr ( F Ig u r e ‘) and nut ninluar’ I unr— t ype , pon’ous ~i I f fua s ’r S I otis’ . The

di  t’t’uss’r w;t: ; posit lonred on the hot 1 cm ci’ t h e  f lum e nit hal t’ the  t’lum e

l eng th  w i t h  the  nu n- d i f f used  ven ’t  i~~it l  by up (F igu re  ‘~~~ . several a i r  flow

i’ at s-s were t es t ed . The pneuniiat I L’ des t. rat  if Ic  at  i on; t ci; t co ird i t t  ons are

ed in Table 1.

For t h e  pneumat . 1 ~‘ and h,vd rtsul Ic des ( r a t !  f i cat ion t e’:; 1:: , cacti

tes t  could be characterized by the reservoir conditions (V
1~, ~~~~~ , ~~~,

dR .  LR ).  For hydraulic dest ra t i f i ca t ion , pumping conditions consfsts’d
o 1’ the t l i t ’ t’U 55’ t’ ;; e A B , s ’ i’ C ) ; t lit’ pum p I ng n’ : I - Q this ’ :nvs ’ rage

por t  t ’eloc I t  y V ; amid t h -  di t’t’u;;er— I r~t ake o r I e n t  at  ion . yost t e at s

were coni duc t s’d tart i 1 stibst :tr - t t  lab or’ t o t  :u I dest  ra t  i t ’ teat ion was ach ieve d

The t est . s prolongs’sl by a sm:t 1 1 ptuitpi ng rats ’ and pon’t velocity wet ’s’

usually hal t e~i shrort o I’ t ot al dost rat ii ’! ca t ion l ’ocaut :a ’ 01’ m on i t o r ’ ! t ig

di  l’t’i s’U I t  lea ass-o5’ I ;st ed w i t  it long t s’s t i rig i no .  Co n t~i i t  i on ; :~ t ost  ed :tn i

resu]. t s c t - t n t  in s ’tl vi t t; h,vd r’:sui i~’ des t  rat  i t’lcat. ion nti ~e p n’e ::c t i l e d  i i i

Table: ;  .‘— “ .

.~ ~~. A ;’- : t n’s’sit It ci’ th is ’ enei’g~- di ssi pat b i t  ot’ a r’ is i t ig at n’—w;it oi-

~
‘ I arts ’ o r a ,j e t t e~l wnt.t’ r d I ;; s’ha n ’g~’ :~ ;;l’ l ent . wat er’ i s pal 1 e~l t ow :t i’d an5!

BUBBLES 
S

— DIFFUS ER—~~

Ft gure t~ . I’netunrat .l c- dost . rn t  I I ’ io n  I I cit
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mix ed w I t h  t h i s ’ t l  U r I s ’ on’  d i  :- t ’ b i : t i e t . Th i s I i ’ SU ’ s’ss I s  r’ s’I ’s - r - t - od I ’  as

t ’iit ra I nunn ’ii t . 1 1 s -o :n ;i s n 01’ t ’i t  I i~ n t  i i i t t t s ’it t , inn I mtduc  i ’d vat  s’ i. 1’ U t~~ - r ’eSU it :: that

0 al t t ’ t ’ much Ins  i g e  r’ t lt ~u n i t s ’ a i r  f t  OW r~~t e’ 01 this’ Wa I en’ pump i n ig  :‘at e . At

v a n ’  I oil :; I imes slur ’ t r i g  I its’ t n ’s t I h g ,  1V 0 5’t’ iUfl • i t  t.a: :~~ is ’ ’.; ; n - i t t -  I s ’ 1 o o l -t  a i t t  an

s ’:; t inn ate ci ’ I h i t ’  out r’ ns i n u ns-n i t  ~‘ t ra r ac  t or’ is t ~~5’ :; 
~
‘ rs’nt ( s~si by a pa n’t I OLI 1 it i ’

1tlJ~fl 1t j t ig  0 c m l  i t  I cit .  b; t ’ ‘
~
‘ ol suite’ t’ 1 ow t~at s’:~ 0 1 ’ t h e  I itd t tc t ’d can’ t’e’nit 5 • as

~‘ompan’ s ’5t 1 s ’ t ti e i i i  i t  I a I punni p I ntg m t t  e • a i t ~ a d i rn - 5’ t I rid I c-i  I ion ot ’ t his ’

;u~;ol n n i t  ot ’ ent r’nt I inns -n t  . I s - L-s~’ I t  y pn ’of i  ls’s W O r e ’ u;;s’st t o  dot s’rilrii ie t u e

f t  w i’ns t 0 cI’ th u ’ss’ cur ’ r’s’n I. s. l’s’ rt  i cal vet  ‘o i l  ~l i 5 t t ’  I but . ion: ; W O r n ’ ol’ —

tnt i nod by d rol l - t u g  ~Iy s p ar t  i 5 ’ ho : ;  l i i i  o t its’ t’i ;nt;;e ansi n’e~’~’r~h I rig w i t  ii v I~ioo

e~ u I pmi n en ;t t his ’ si i sp lacenns ’ni t o t ’ t h i s ’  r e s u l t  l ug  dye  : : I i’s’ntk s . 1 nit s’gr’;st i cit

ci ’ t i n s ’ v o l  cc i t  v pr .c I’ l i e  t ’i’o:n thi s’ stir t’ac o 1 o t his ’ hot I cnn y i e  I ~h s ’~b a air i t

d i  ::~‘br u r~ s’. A : :siw ; int o an I t’oi’tn t’i ow lnst .eral lv , t h i s ’  art i t . d i so I :t i ’g s ’ wn t t ; c on ;—
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PAIIT III : EXPERIMENTAL RESULTS

Descrip.tion of Mix ing

~t - . both  of the destratification methods , hydraulic and pneumatic ,

created s i m i l a r  m i x i n g  cha rac t e r i s t i c s .  Flow cond i t ions  w i t h i n  the lab-

oratory f].uxne are considered to be representative of what would happen in

the field . The flow conditi ons basically can be divided into two parts:

(a)  turbulent mixing zone near the diff’user ; and (b)  gravity-driven den-

sity currents, induced entrainment flow, and withdrawal flow in the far

fiel d. After encountering entrainment and turbulent mixing near the di f-

fuser , the kinetic energy of’ the jet is significantly reduced and the

di luted 5 l i scha rce  seeks a neutral ly buoyant level in the water column .

n~ -~ - i c h i e v i r i c  neutral  buoyancy, the flow is dominated by gravity and

spreads as an intermediate densi ty  current or interfiow , which means it
CI vs w i t h i n  the intermediate  depths sO ’ the pool.  The energy of the

r i c i n g  air—water plume and o t ’ the hydraulic jets causes an induced

entrainment flow . This induced current , reverse to the di r e c t io n  of

the i nt e r f l ow  and -it a d i f f e r en t  level of the water column , moves

t cw tr .. is the  d i f fu s e r  and is entrained by the water jets  or a i r—water

plume Leaving the diffuser . This current is referred to  as the  entrain-

ment current . Add itionally , withdrawal of water by tl~e pump intake

creates a sr ;:ILl withdrawal current . Examples of flow regimes for the
hydraulic pumping cont’igurations tested are shown in Figure ii . The

pneumatic des t r a tif i ca t ion  system produced flow regimes similar to that

of method 2 , Figure 1i.

27. Away from the turbulent mix ing  zone , three dist inct  s t rat i f i -
cation regions exist : the epilimnion , hypolinrnion , and zone of inter—

flow . The zone of interf ’low increases wi th  pumping time and eventually

a completely mixed state is reached. Water density w i t h i n  the  in ter fiow

zone approaches a homogeneous state with respect to pumping time . This

phenomenon was observed for all test conditions and diffuser—intake

orientations investigated . Mixing with respect to time can best be

described by comparing density profiles as shown in Figure ~~~, As

20
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shown by the plot s , mixing at the surface and bottom occurs more slowly .

It was difficult to reach a completely mixed state at the surface and

bottom . However , in the field the diurnal heat exchange and wind would

help mix the surface water .

28. It is important to note that the induced entrainment flow and

the flow rat e of the interfiow can be significantly larger than the

pumping rate. Because of the induced flow , a destr at i f icat ion rat e

occ urs that can be considerably higher than that which would occur due
to the pumping rate only . Some tests indicated that the entrainment
current and interfiow can be as great as 20 times the pumping rate.

Comparison of Hydraulic and Pneumatic Destratification

29. Probably one of the more pressing questions concerning destrat-

ification raised by planners and designers is which destratification
system is more effective, hydraulic or pneumatic? During this research

effort , tests were conducted to determine which system, under laboratory
conditions , is more efficient from the standpoint of energy expended

within the lake during mixing.
30. It is useful to discuss some of the results found by others

studying air bubble systems . The flow produced by air bubbles r is ing

in a water column shows similari t ies to the flow produced by a water

jet discharged vertically upwards. The air discharge induces water

flow . The ratio of the water volume flux to the air discharge rate

was shown analytically and experimentally by Kobusl8 to be directly pro-

portional to the depth of release and inversely proportional to the air
flow rate. Brainard’s~

’9 experimental results demonstrated that the mix-

ing time required. to reach a desired percent mixed state decreased with

increased air flow rate. Kobus and Brainard , respectively, showed that

the ratio of induced water flow to air flow and the destratification
efficiency decreases with increased air flow rate. Similar results were

found in this study as indicated by Figure 9. Brainard’ s results in-

dicated that the mixing time, which is inversely proportional to the

induced water flow, decreased with air diffuser depth but the

22
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is l i s t ;  water to l~s- en t ra ined . W i t h  ninali power Input, lest; entrainment

0~’L’UX’;t and t in s’ n’at s’ of’ mixIng 1;; mors’ dependent S en the pump ing rat e

rut her than the  induced or en t ra ined  fl ow . Am ; a r em-ui  t. m l x i  rig w i t h
low 1~ower i nput. Tilid rno t imod 1 occ Urs fast  s’r for a s i s O l ’  (‘ph Imnlon t han

t’on ’ a shi-.l low opi 11mm I on ; l’eeausc there  is  it’ ;; hypolimnion w a ter  I hat

must. l’s’ pumped . Punmp i ng of epi 1 inn lo in waten ’ and ent ra inment  of I;yj - 1 inn —

n ion  water occur;; w i t - i n  nmte ’th od ~~. Theret’ore , t lie reve rse of’ the al’~ v-

di S il t S i oi; is trite • tints exp lai ti l ing the t n’end in  I~1 gurs’ I.’. It ii ;

empham; .1 zod t l i n t  t h u n t s ’ resu]-t.t; we re o~’tai med in  a ;‘ect mu ;gul ar  tank where ’

= d~/d~ = V l1 /V
1~ 

; d~ and V 11 are’ t ii~s v e r t i c a l  t i i i  ck i ; s - s t t  and vol unt o

of t i n e hypo I i  ni t i o n . li i  a t rue irnpoundxnennt • volume wit iii n a ~ I v en t

1110 rs’nien 1 s ’  f dept -li  dcc i’eases with elevation , h~o t~ in i ght have iner t’

ms’a n i n g  i f  i t  ws’i’ - def ined  as V
~

/V
R 

rather than d
11 /d~ .
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test results. For both methods , ~ had no significant effect on the

mat .’ ot’ mixing cxsept with  very low power input where l i t t le induced

mix ing  was experienced . With ei ther of these two methods , entrainment

of bottom and surface waters occurs .  For example , wi th  method 2 the

Init ini jet momentum induces entrainment 01’ hypolinmnion water , which

increases the density oh ’ t h e  vertically r i s ing  plume , The jet momentum

carr ies the plume to a maximum r i se  height  in the ep ilimnion which  is

~f loss density . As the p lum e falls to a level of neutral buoyancy ,

epilimniomi water is entrained. This dual entrainment of water from the

upper and lower layers ot ’ the pooi causes a faster rate of mixing than

that p o s s ibl e  wi th  methods 1 ‘r 3 for time snunt e power input . Figur e

- . -mpntr’ es m, - t . lmod  2 wi t h mn~- t b m c d s  1 and 3 for two val ues of power input .

i te c e  r . -su I indicate tlmn t nn . -t hc ds  2 and it are more e f f i c i en t  than

mi. -thods 1 and 3.

~~I .  Oocause ‘f a e s the t i c  reasons , method 2 is reconimende~h - ‘\ -ei -

n t .  t hi - -d - -  C. -i’ 1’ 1 e l I  app is a ti on. l I t ;  e oh ’ met hod 14 c oul l i’esu .l t in the
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inc r eas ing F1) fo r a given percent mixed stat e. However , test Iflit ,
whi - ’h had -~ sm~ 11er F.~ ai-nd PW and a l arger Q compared to te st  B in ,
e\;~s’i’ lease-I n-m i x i r I mm c~pIi~’riI cat  t~~ I ~- t t (  h i  ~~~. ‘l’he percent si’ mixed  s ta t e

for’ mu i m I von  t * Is  pT ’oj ’o;’t lonal to PW and F p .  , but these parameters
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Iii. Tl ;ro u~m li ’ut the literature it is suggested that the mixing rate
i nn direct - ly proportional t- ‘ the mn i ’nn ;cnt unnn flux s . A similar trend L
‘1St: ; t’-u ;n151 i n ;  I Ii1~; tn t ; ;d ~~, i i ’w c v e r , parameters describing the lalce

~~l ; m i r ’ aot  erist tI 5’~t (v~ • L1, . d~ , -\~‘ 
) i~-ere nit; - found t o  be imn np -rt mint

u\ nou l I m-n cns I on n i 1 ma ; ram -m et e ; ’  tx-mn i — s  oi~~ht- that ~‘c’uld Include t lme  n nm - -n - mon t unnn

flux innS iaJce am ; mm ; m n n i ’ t - or tn ;dmiie d e n ,’ri l-:i n~ the rat e ol ’ mn d x i n1 1: . A lo~ i cmi i

t i .  -n nU m ien; ~u 5 -ni m il s ommll - t i n t  t 5 -i - -t ’ as rn~niot or I n  i~~ in f -mid t h a t  sits soon  ñU~~
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the des t ra t i fy ing  energy Input  rate  must be iir ’n le ens-u - I t  t- - ovorr  -us

the  at r a t i f ’y t l r m : ef f ec t  of the thermal energy input  rate  f’ or d e s t r a t i fi—

cation to occur . L

~~5. As mentioned previously , the number u1 d i s sh a r t ~e ports tes ted

in th is  study were held constant at eleven It is p o in t e d  out that  :‘or

Equat iun  114 D .E .  is not dependent on the  number -if -l i scharge  ports , it . -

However , f ’ u- Equation 12, di schar ge vel oci ty ,  V , is dependert or~ rm , 
-

sur-sesting that power input  and J o s tr n ;t i f i c a t i on  eCC i c i e n c y  are depen—

dent on n . This present con t r ad ic t  l i n  in n due to the lack of’ consi  Ici- —

at ion of the e f f e c t  of n in the stu l y , It is likely that vari at ions .1
in n could have a f fec ted  the out ín- ,m e of the lata plotted in Fir- —

ures 16 and 17. The effect of the number of ports and the  sp a r - i n ’

is not known at the present , but addit ional  research on t h i s  subject

is planned. To calculate V for p lann ing  purposes , the number of -~

ports should probably be set the same as that used in th i s  study

in order to apply the techniques presented here , To provide ef fec— - I
tive entrainment , the ports should be spaced far enough apart that I I
the jets do not intersect  each other.  If total des t ra t i f ica t ion  is

desired , the d i f f u s e r  should be located at the posi t ion of maximum F’
depth.

LI

N

Si

36

_ -~~~~~~—~~~~~~~~~ ~ --_ --~~ --
- - ----



i’Ai~ I’ IV : ,\ I ’ l ’ i , l  CAl’ I ON i~l’ i I t IL ’j’ lI

Pla; u n i r~~~Prot t ~-1n- Pon t tj j Lt . _ i I’ I sat I on; liyu t sn r t :;

- . 1 1  u c i a - u  n u n I t  t u p r s-mti -;i I i’s! i n ;  t i ;  i t t  i’ , ’~ ’ sn ’ t ann’ u n I t e  I~; ; S t’s i ’  t n I  I ir iat .  j u p ’

I I t s  i’ 51t 5 t i t t i s S i t  t ~% i~~~It ’1Ui l t O  s i i - t t j  l’ilt i t j  s’m i t 1 s f l  m t v : t t . . ’ r t i  f~s n’ j ’I  ann I n ng

t i ; n ~~~~., ’:t . IC - m e  w - r ’ k  I : :  noed& ’il t o  p n’ ’v j i i~ t ’ t n i d t n n e o  t -h ;n t  sar i i’s’ t n : m s - .i

l i l S i l i f  t i n t ’ C i n ;~ I sIt ’ : t i g r i  m t  : n g o :t . Ann oxtun ip no I hew l i i i ’ t .os’i ;i n i i j ; i o : m  i ’e—

- n ’t h - - I  i ion’o ~ t i  .‘n i i i  1 - -  u ; t m , ’d l’.’n ’ p1 ILnn n n  I n ng  i t t  -i; t I I nie sl WI tin in n t-h I:; It s ’5 I is;;.

i~
’ . A : t t : u ; n n u . - I lin t- iiv ~ir’a;n1 I s  slt ’t ;t  u nit iI ’i k - a t  is ’n l l t t  l I t ’ i n i g  j ’ l a n n n n - i

mn t sy p- -t  i ns- I  i s a !  .‘~~ j o t  j u g  n’ , - : m , - n ’ v - i n u  0 ! i t i i ’ t i s t  oi ’ i : 0 - i 5 - :; s ’t ’ the n’ettervs s; I’

t i n -  1 m 1 - s - , - i  C i  I - _ i  i l - l w :

Ott j - t n ~’ i t  V m it tnv .‘n’ m n 1 n i ’ t ;lnmr inor ’ pee I ~Ou ’ .000 nero— Ct

l i t n x i n i n n u r ;  .i. pI h m i t  t l v o i ’ m n s n e  t t t n n i ; n n l o r  peel . h) i t  ft

s\ p I - t ’ x I l m u : n t  i - I en;g t in nit nn v , - m t l g,- : m l n r r n n r n o r  jo ’s - I  20 m u  l ou

m t t U . l . I m , _ It h :n :m i - . - i ’~; .1. - .’ i s i o s i  that - t in e  i o m t t - r ’ t i t  I t’isat.is ’mn :tyutsn nn w i l l  be

- - 1 , -u n it .- .i .s n i  ly  d u n  r ig i t s t - i ’ tmu rn u nn et ’ ( Au;~n tnt tt wh en th us ’ in yp s - h u m ;  i o u ;  bost ’n nic t t

n i t i : n . ’ r ’ s t ’  I s ’ . l’ i’ovj, ’i nt ; r’ s ’se n’ s i::  j i l s i  i s : n t  . - I l i m i t  t -err ;j ’i ’n’ t n t ;n n ’e  : m t  r’ t n t  i t ’ i s : i t  Is ’ii

• dun’  m u g  A ;n~t nn: ; t -  I t ;  t ;us l i  I l u s t  tn  ~ionn ; ;  i t  y d i  t’t’ot’enns ’e , . \~ , ~‘l ’ t ii - ’t ;t

~) , s l i t ’ ’ ’ ~t t i I O X i t ;  I :; t’n’ ,sun tine t ; i ; r’  Case  I — - l e t  t ut u , ,\ I It o  : : l n i s I s _ s m t s ’ It i ;tn :m

bh ’onn n’oc5 - t n~itt s -r i di ’ii that.  t h e  l ’ nunj s  I r i g i - i -n ’  1o~l n’ oi~in i re~I I - . nn ; l x I - i ns ’  r’ i ’:t o i ’vs ’ in

t b  - u i l  d r u t  .‘xs. -e si  ~0 d;iyt; . 1- -n’ pi’s,c t . I ~‘tn I pnu’p .s:te :m tine n’o:ts’i’V. s i n ’  in

w s i  I n n n i x s ’~l tn t f~t pi -r’ s’i ’n it . IflI X Osi , t i u u n : m  t . 5~~,, ~0 ilui. \’ :t

, A I pILt’IUIlOIOI’ :; h j t t s ’t nt ; m~’,j t~~- I I t  ~
‘
~~~~~

‘ have l-, ’ei n t ;p es ’ l i l t ’ s! . A

t - , - n t : u , s m n a h  It , p~Uiij j~; :;V :1 toni :tiiett Id  ni~’W ho :tc 1 ia’t-i’d . An: ;unie I h i s  I a pu nn n p—

I n ig p.- tnt — ru I- hn i t pr’  -v i ,h’ t t  -00 s t ’s ~‘ t n r t  iso - i-I ni l  neil :it a pm ’ i s’i’ w .i t.h I ni  t . h ; i ’
4

1 in n  I t t ;  s - i ’ m i I t j ’ , ’ , ’ I ( ‘ I t ’d i ’niilgt ’t  . Vito .11 t t s’ i n t t l ’ pt h’  V i ’  I ‘s its’ r’ i’sltl I i’esh t -5 - nn ; i x

t h u s  n ’ , - t m , - r ’  v - i n ’  t s t ins ’  u t  m it . - 
~-t
’ 110 pei’s’~~nt  mi ni x ed i n n  5 - i~ ,h n iv :t (‘em’ Q =

1’:: s ’ i tn l  r i . -w l ’s ’ s’e t n t p t n t . od t’l’sM n ; -I d u n t i t  i e n n  12 .  i ’ er ’  t i n s ’ ps i - t en t . , t in e V u u i n l o

s I ’ ni i t s  I -isa I. - ni I , ’ t t i ueu  I d  1st ’ t m i ’t m i t I i  C - ; ‘  t in e  n’ s ’a:n ’nn d i  :t5 ’ m ; m : t ; e l I n n

1 - mi - n i — i - n i l - li 1~~, . t i l l s m m  I It tnt I nig vms I iu’:t w i 1_h t - i ;i ’ u n i t  m m et ’ t ’s’et arid :t o son i s l t t

I n ;t s 1 s i l n tnt. i - ’n I -
, g I vc: m

- . -‘-~~ 
. 
- 
_
~~~~~zI_



V = 
\ l i t ’ 

~ i .  ~~t ’ ‘ ~~~~~~~~ ~~~~~~~~~ (0.0O2 \ t ~)L~.
1.

~~~~ 
~ it • . ’ 

( ‘ .oo ) 5 • 5) 
~ ~ . o .  ~ .io ” )~ ’° 

( ‘ , n’ ~ I O ~~~ 
- -

I = . ‘ I . ~

y i l l ;  I h ; i ’t m e v m s  I so:; ot ’ ~ ;s n ;d V , t b no ~o.~n; I n’t’nnen ;t 5 of ( lie i— u xr ; i— np . t n t  i - m i  - I
‘- - u I !  l’s del c i ’mn t i rut - h .  i r , ’n nu I- p u n t  I i~ - r i  I I t h u t ’ m n i ’ i ’ r ’ . - x  i r r ; t s t  o .1 Itu rit ’t on’ o1 t his

I i  1m _ ’ t u m i  r ’ .’ j s~ ’n ’ t  It  .- t t u i  t—o 1. —I .-r ’i nn inned I v I r u t t I’ = I ,i ’ ’— t~t . h- -n ’ I P o t t s ’

vs  I ; ;e :m - I~ s , V , a r id I’ • t i n s ’  I n i t  em il! I I .‘m m m . - m ~ :t i ;s ’h ; n i t  p 1 i’ i ’l l i i i ’ . p t t t t i ~- 
‘

u n t i l  i ’X i t  1-~- r - t  I e: t tt i - tt - ‘n u n be , - v n n  1 to nI i’h . 01’ s ’ , sun ’ I t i ’ , thu. - 
~‘l

pi -l in ns ’ I - t t t n . - n t

w - - i u l - i  ,h i ’p i ’n i d  - t i  t h e  d !n u nu s -t em’ ttr ;.1 I i ’n ;gt hi of i’ ii ’i’, w l u  i s tn t ’- hi , ’u ; l ,l l’s :m I Si ’I

I -  n’ .- l u u s t - l - t n : t s - t t  w i n i  h i ’ .‘ StIO i d cu ’ i n ; g s’ : t t  .

\~ 11 . 1; m n n ; .- :mt ins t e of tint’ s ’x I et’nial j’owc!’ t ’ s’sl I n  I t’ s’ti is ’ n n t  t C dot s r . —

mm i i r;o~1 ~m rn i -~~i ;tn I i t - i n  -
‘ I l ’s ’ InfO hip nnn ; 51 flu’ i n t . s ’ n’u i n u  1 1 5 ’: t m ti ’m; t i n t ’ t - ( n i l

I’- ” ~~ 
n’ s— -lu i ni ’n n ;t ’u ; t  :t m i i i . !  m n : t m t ’s j u t  oct s ’po ;’ni t h u g  ~‘ ‘m ; t  m m c iii .1 l’i’ O t t  I n n i m n l  - n  -

S’hi ’ - - i - c - n - t n t  i i i - ’ s, -: ; t :;~~~ sv t ’i’  t h e  i ’x p i - s’ I c ’ !  I I I ’.- ~s t ~ t hut ’ p t n r n p  t m y -.t I i -t nt tin s! I h i t -

t n  I n i l  I t O  i o n ;  0,, t u t  t t  g I  ‘- . ‘ :n t 5 — t n i l  s ’ , ’t t l  , Is l i m i t  h i n n m t  l’ i ’c nt si h n _ ’ i i t t t t i ’ .h ( inn ; : :  C m i i ’

i n n t l i i  m m . - x t i m n m m ’  I . — i : ;  I h i , - ¶~i n’ :;t et ’ nn m. ’r’ I s’s e I’ I t . ’r’ ts t 1, — n :: . l int ’ r i . x I  m u I

would be t e 5 h ;, ’s at o  n n u n o t  bi t ’t’ d i  nsnhnu u ’g sn nit e, dt’t-orni I ni t ’ t iii ’ d i  :t s ’i ; ;n n ’ i-t i ’

V t ’ los’ I t v  , nun , ! m n g n n  ii ; out . innn ;nt-e t ins ’ proj oc t I et m i1 s’s s m t t  . Aft . i ’  t s ’ V c i’ t l  S

i t  -u ’t t t I 5’ n n : t  a i s nun n up i mug :p.- -. m t  l ’r;u ( h i n t  min i ni inn ; I t’.e :t s’e :t t  :t c ’s 5 5n is ! h’s’ : t , ’  I t’~~t i ’d

(‘ ‘i’ C n ; r ’ t  hi ’i’ , ‘o t ; mt l d s ’n’ t t t  i~ ’nn . I t  nu t ty  I-. ’ t hn ; n t n n;inui n nmnni r i g  5 ipt ’n ~~t l en t i l  s ’ t t t  :t

5; tr iot’e i rnp5 ’u’ t - tu t t -  t - h n t t n u  mit i n n  I n n ; i m’. i rig t o t  n i t  t ’ s ’ t t t  m t n t -.; 1 onig tn t I n m t t  i l l  I n i t i ~ni

, ‘ t m t :: .‘nu ; l’s’ kep t  hi’ I , -w a I s t i n I i s ’u l  t im’ Os ’ I i i  r i g . i- .’;’ ti n I :~- s -  I t  i n s t  i ’ m ; , 1

h i ’tt  1gm ; d i  :;c ’li ; nn’gs ’ r u s t s’ shs ’u i i  sI is’ :;t’t - nis I t i ng e  m u : ;  I~~
5 t t ; t  1 h I  i~ I. t ;ee l s m t i ’ t i f t l ’ n l b s I u m t

h i ‘ anti !  ‘ i I i

C, ‘-nrnpa n ’ I :ten; to 1-’ i t ’i d t t u , h l c : t

‘.0. The results obtal m e d  t romrn t-hi :; study were r ippl l t ’d I s t w o

pr ottotyp e dentrat- i t ’ication study on ; t :es , I cake \‘ou’n ;\ ’ in s  - ( s’- ’i ;c iU~’t- Cd

tint i.~~~s1~ ) and 11am ’ s i~~icc
L’1

~~~ ~ (oc ’m n dmn ~’t - e~I in 1~)7~~).  A comparison

ot’ pred.ml ot .ed ~-en’ :run: t sThmnervesl results I :; matte I.e gain ss~nniC nIpl’res l o t  i out

ot’ the tii’jil I sot. ii 1 ty ‘ t ’ tine re sin S t m ;  (‘or pro5! I ctsI n~t pr ot .- -t .yps ’ con—

di U c’nn . Alt.inonu~ m u t ine  piunup I mg ami~I dl fI\ i  t ;er t im  n ’nu r iger’ts’rn I t t  for tnh~ t :o

— — —.-—— - —~
_______2,,_~~~~

_
~~

_ -——-.---’ -- —--i---,.. ---— - ——-—— — — _  -—--- --—-—----.--—-—— ---— - —



~w. - sntso tnt ad iou art’ ~ ut  t o  sIt t’t’erent t’roni that r iot !u s i  ,‘) iu :;s-d 1 e e5 ’— 
—

I t s i n n I lit - u ’ h ’m t l ;  I t  t t  s i t - n t 5 ’ m l t  s’sl by Equat i eu 10 and shown in  F i gun’ s - I t  1 1 -n ; ntis ! 1 ,

Pt’ s’o nt ; l ’ ; sn ’ i I t - n i  sh ;, ’ i n I ~ i pn ’5 -vi de some Inn: ; i ’h tt I ~‘wrsrd t hu. - val ldftv -i the

t -eehnn i quo .  F i ci ci re -sn 11 t; , ‘I - t  n i  r ues! iron; 1, - tm t i’ n n l  11’ 1 ,‘tst i o n ;  ( ‘ I t  - r’I  m t us lun g

nnetinstd - ‘ ImmI’ lun g us n ’;’;nnigi ’in ;i ’uu t :; soul ’ !  net l’e I ’ ’n ; uu d  inn I h i t ’ I itomature.

~ .1. . ‘l’ino t - n t l s t n l ; s t  ion b e low p rc n s ’mt t  mu t in e  per t  iru’nuI slata of Vs’tmuv i u;: n

m i d  ilnun ’ :: Lakes; aunt t hi s’ pump in ;g  s’h t t n ; ’ m i s ’t  . - r ’ i u t  j e t ;  ot ’ the  s i . ’ : t t  n - t n t  i I’i cat  l o u t

m v : ;  t i ’fli :n t e1; t t ’.h

V en ;uv i us l ake  h!murl ;t I ,tsics’ - -

Vso I tuu;e , m n . ’ us ’ — l’t I ‘(‘0 Q 
~~.

‘

Max Inutunn 5lept-ln , i’~ ~0 .

Appr~’x i n m a t e l ength ; , urn I i i ’ : ;  I

[ r i f t  ins  I dot im ; i t  y di  t’I’o m’otnOe , g n u  0 . O O A t ’  0 .00 ’’’ 5’

i’;umip sIt m m s’ii;tm’gi ’, S (‘It t’ . Ii -
‘ ~~,

I :t5 - h n nnn’go vs I s ’s’ I ty , C ptm ~h . 14 2.

I’ I tm s ’ln;sn’gs ’ poi’t .1 i ntm ot (‘1’ . I t  1 ‘

1 ~n uun p i m g  dti t ’nt t .  I c ’nt , s l t l y  :t 11 . ~ I ’~. I

‘I’he ~ 0 m : U V  111 mm t’unni P l ung ;u’ m’ning emoun t s’OU 1.sl be s I nn ; :t i t ’ i’d m i t t

n iuot - ims td  I . The : ;y tmtem t u : ; i ’sI t n t  iltun ‘ Lake s’en;:t i t t  I esi of a low s’m ;orgp .-  v e i l —

i hat - I rug (‘ann subnnet’gesi in t.iit’ op i i inn I ‘ ‘ni . Tine fa in forced su n’ l’s so w tnt i ’m

1 - -w n-nw ;nrsl i n n I.e the by ps’ 1 imni I s u in .  Fn’ s’mun t ine h arm ‘ Lake sin tin I t eon Is! he

sIs’ term iris’s! at what i’~’ 
I n u t  the lake  a t t  t i  f r i ed  ~ O ps’i’c’t’n nt m i x es !  . Frs uu mn t Iii ’

Ves;uv I us stat -nt  t ine t. into n’equi ret ! t -o n’ s.’aeh ~i0 penc ’emn t ml  x ed s’s ’i; 1 d u ; ’t . be

s lo t  i ’r’ilI I rued , bunt t lii’ l ake w at t  n il nmes t t o t - n t  I I y n i l  xs~ I t i l ’t en’ 11 . ~
‘ clay: ;

‘I’inen’ot’sur(’ • t he assumunpt . ion was; mmiasle tha t  nun 110 po rt ’ emit mixes! stnnt-o was

n ’eas’i ieii in  11 . sbn,\ t - ‘Pint ’ Pros! 1st-ed 01’ t’ii l s~t il  unt ed ~! inert ;;  l s’tl let ;:; t ins’ s’i’

j’en’s’ i - ni t . e t’ lake vs I time puflupecl t . 5 ‘ l’s’int’ in I~O pen’ s’ emi t  miii XosI I * sh u . ’ , w mu ;

son l.s’;i latest t’c ’r I- his’ two t u.Iy s’ S ma’:; u ; : t  i ng slat a i i ;  the  ni l ’ , -v i ’ I nul’;i I at- I on ;

and Equat i ou ; t i 5) arid 1 0. The on ; it’ii i t s  t - i’d arid s ‘i n n.’ r~- i ’d v r n I n ns ’ : ;  for I *
s 0.-

are shown be low .

t*

Cal su n I ate, ! 
~~‘ih ’i ’YY~~

Vi ’m ;unv I i i ; ;  l ake 0 . 1 ’ ’ 0 . 1 1

!imn.n n ‘ s l ake 0. 10 0. ‘‘1”

1’)

— -~ — in ~s-r-T nnr -m



5 1. ‘l’his sonnpar’ i ssu m;  is osunnpllcated by il.ystn’s’ 15 ’giL’ni l Sun s! metos ’m’ , - I

I on 1 e I’t’s’~~t s arid by the sti t’t’en’enc e inn  punm ;p I rig sir u’angement s . It is leg i —

sa l  t h at , the ~~~~~ enileti lutes! for Ilani ’ s Lake would he isuwer than tha t

s’bseu’ves! . ‘I’he I s u W en ergy pump I’crs’es op i 1 imnnioni water through the  thertuno—

clime. some ot ’ the kinetic ener~~r ci’ the discharge is expended in over-

co unt  i ri g !‘ ;n ’v nu iu t .  t’om’ s’e m-r w i t h  i n n  th u s’ I h ;ou ’nn m , ‘ci inc n’ather tharn generat- lu g  en ;—

t oaf ninnut ’;nt s ’t ’ !i ~ ’~~’s ’ I 1m m ; 1 or; Winter, ‘I’hu~ • t lie s’ t ’t ’es t i v e u a - s;u  ot ’ t h i s  pufinp iu ng

meth od j~; exps’~’tes1 t o  hue less ( l i n t ; ;  that-  et ’ mi ’t his ’,! 2. ~n i m u s e  t h i s  s tu dy

shows’s! pum p lun g with; r ni s ’t -  hod -
_ t.~ - t’i ’ more et ’fi c ienn t - t i ;n u ;  w i t - h n uu ;e t . in c us! I

it Ws’U is! l’s’ i ’ x I ’ ’~’ t s ’d t hi n t  the c n i l - s a l  nit ed vu lao o 1’ t~ , win f o b  appi I ott

~‘ not !io~l ~
‘ , woul sI l’e 1 ott ; ;  t ho u ;  t h is t s ‘I ’ It s’l’VCsi n i t  l a k e  V e :tuv j ut ; (when’ s’ 

S -

ni ’; h;Os! I wino, uso~i )  h i -  Wt ’V t ’i’ , ,~ 
in ; I th;s~ ‘j’~~ 5 ’t t  I t s ’ w n ; ; ;  t’ounn si . The obt ;s ’;’vs ’ci

valu e  o I ’ ta,, wRS ii gut ly h i ’s:; t !n ; smu that  cais ’u I n ;  t i ’s!. l i s uwever , thi l  In

nn;ay hi’ at  t n’ i but s’d t - t h u s ’  I ’m ss I . t I n s t  t i n s ’ Ve suv ins t i ’s I was ,.‘onduot. est i n ;

t h e  unu5 ’ n n t h n  0 t’ ;i ep t on nul ~en’ w in en ;  t h i e r e  wms: t  .‘t . decline in the s t - n i l ’  i I I t y  ci’ a

miean’l ’y c , ’ n i t -  l ’s’! lake . ‘i’m I t ;  sies ’ L i  no i n n  s t - a b i l i t y  m ’ os;s; I t .  lug from a s’ i n ; m n u g s ’

in ;;s ’m n l t e u u  ws ’u n l d  lie i i’ u n ix  I l ie lake , th ;un s  g i v i ng  ii  lower t~ vt t  l i i i ’ t h n n i n i

in; ighnt l’s’ exis t’s’ I i’d. 1-Ivoin a t ’t et’ the linuittit- I s ’li:t t i m e  S c O u t ;  I sieved the s’onmn—

pan t m em ; s  are n’eao,5un ialu 1 e ansi provide encoun ’ n n g s— un ient  t ’su r t .hi t ’ use e I ’ t i n e

t cohn I qile I ’s’ i’ s’tt t m int I u ;~ I dent n’at it ’ feat i su n system sb ;; 1gm; requi  reunnen tn

[‘here rim e l i m i t a t i o ns  t o  Equati on 10 and the te cmn ;ui ques presen t s ’s !  in

t i n t s  rep~’rt , wh ic i n  Ind ica te  the neesi t’ot ’ fu t u r e  work tt ;; res’ct n-nmmens lesl i n n

lie next Si ’s ’ t. 2 on ; .

h it

_ _ _ _ _ _ _ _ _ _  
- —~~~~~~~

-- ‘

_ _ _ _ _ _  -- ~~~~~~~~~~~~ — . . L~~~~~~~~



h i P  PI ’ s • s ’M~’~ N P A  ‘1 5 ’N~
’- AN~ h’I .,\N~

’ ~“1~}1 h”11’l’l t ilF . - --0

‘Po . - x p n s n ; s! I hi’ nsj ’I’l i s - n i l - i l  i t V of t ins ’ t o sh nu i~~nu- l s n ’ ,’n n, ’;; i i  j i i

l i i i It  l 5 ’ i s ’ u - I , ni Ph i t  I o r; ; ; 1 1 1 s;d I c n n  I i ; n v ’  - been ; ~- l  n n n n u n s ’ d  ~t;;,t t ni ’ s ’ s ’ i u g s  - iu n g W~~i h i  in

‘Is:nk 1 1 1 I i . I L~ 
(‘ t Ps’ F n u v  I ro rn n n ui ’n nt usl tim;’! W ni I or O ul ni I lt y ~‘p’ m n I i - r u n s  I i~ t u~i 1 . - n t

1 h’e:t s ’t t i ’ , ’ h u  l ’ rs ’su’ t i z n m .  I l u i ’n’ e t i n ” -  I w, - ntn m i 1 ’n ’ ; i l S ’ t t n t  oC :;t usty I b;~~t w i  I I

i’t ’s’C l v i - m m m i i ’s! I t O  e mit t  t’~;t I e n ; :  ( ; i  ‘I thus ’ ‘ ‘ C l ’s — - I  ~~f u’ i ’ n t i - u ’v , - I  n ’ tnus ’n ’ ;- 1i5 s 1 5 - 1 a-

m i i i; ; n : m  l t ’n g t  i i , s!s ’~st i n . W l i t  h , i’’I sinus , arid : u u u ’ i ’n n s s ’ t i m ’ s - t i  • en mi ni x l u g  I inns

n i -ccItt t i-c t’i’t t on ’ ,!s ’t ’j  n i t - c ! ;  n un, !  ( b) t ins ’ s’l ’I’s -st s’t ’ t hue n u u n m n i - s -r  • :m I ~ i ’ , n it ;,!

n t ~~ m ( s ’ I m u g s C I Ii, - ~h i C :‘;u: s ’ n’ j ’s’!’I s -mu unu l x l u n g  t i unit - mut t  ( l’s ’ s l O t S  urn ; i n ;s ’,l . 11 cc — n it; , -

t i n s’ ri ’m m o u ’ vL s l  n ’ w i 5 t t  i n w t s tm h i s - i d  ~‘on;:;t nin it Iii I lii: ; :tt ;nly , 1 1;.’ ‘I ’ 1’i ’ s ’ t  of

l’OnI Ot ’Vc ’ i n ’  gt’s’flls’t u’ ,V sri nun ; xi uu g t i ntis ’ w nn n m rus t s’sons’ 1 u ; t t  I i-ely ho ii rue,!. - ‘ju t tire

u.’,’i— k ;;lnun n t I i t s ’ l u c ! s  m i v tnn ’ i : iI i~ on i n n  rs ’mt( ’rv c s i  i’ — s - ,’;t m s ’I n’y . I n n  t i s lc ! I I i - s ri I~~

I inv s ’:t I I emi t I us I b i t ’ i ’ I ’ I ’os ’ I ;t c ii  d i  t’fns: ;s ’r ds ’ mt j Sil , a Sn ’ i ’ ; i l  s’r u’sungo ol’ l’uun i ’
s i t  nn ,’ Iu min ’ sIi ’ c5utn,j j I ion;:; i;nnt~t i s ~ t i n t l ~-d t o :;uh: ;t n u i t  i nO t ’ t i n t ’;;. ’ -Ic i - ~~t

t i ’,’!u n u is 1uot ; Cs ’;’ b u ’on s~ler t s p ;- i i s’ n n t .  I s ’it . ~‘h i ” n ’ .’ I t t  et Pet’ ,is ’:;t n ’ t i t  i C I  s m n l  I or ;

w ’n ’k p1 turned wit h int I - IEc 1 s ’~~. ‘PIn e s’nipal ’ l i i i  y n nuu u n:t I s ’ ls ’v~’1s uj’i’s1 1 ~ ‘ tnn m ,- s- -.m t m I
t his ’ e f t ’e5’ 1 01’ by c!t’s ’fiut ’t s’o;’s’ log l e n s  I s~u m ; ~1 i t  I ,‘ni n t  en ; t h i s ’ - s - n’ I ’, - n-:n: m l n u s  - 01’

p n uu’ t  i s u n i n s u ’  5i em t I u’;tt i (‘1 s~n st ion ; n v  m l  t ’mnn i, ’m m i gnu;; . ‘I’h n I ; ;  5 m n I ’ S l ’  l i i i  V n O t , ‘it I I

nil l ow t t  I i n ; n ; l t i t  i o n ;  o t ’ this ’ I nn _ k s ’ h ; t ’ni t I ’ n u , I , ’ct tn _ n c! n t  n ’ t i l  1 I’j s ’ m n t  i on  v i  t i n  t hus ’

pnnmnnp ::V t I i ’rn s ’I’i -u ’ :n t lu n g :m 5’ t Ins t  m V  : t t  , ‘rnm ;t wh i l ob ; :;t a r t  in I x i  ; u ,~ I nu t m , ’ : 1 
~

5 ; ’  r u g

w i t h  c - s O i l  i l l tLs ’un t ot’ l i n t  s ’n ’ m t l i t - t - s ’ n n l  s il’ t’m nnt 15 ’nu cnn_r i l’s mm j :5 ’ s! tu; , ! I s ’ n n t  i~s i .  ‘l’iis’

e x t  s ’nnt . 01’ gs:t t :ui l t i ’mn : ,-i t ;nr m il I sri w i l l  li i’ eva I u n n s t  .-d mit ex i tI lu ng i’t ’ ,’,i s s ’I

hu n i t t sr ”- n u t :  m u g  i’ rm i ’ n un u t n t  i s  ds ’t :t  r at  I t’j 5’;tt ion ;. It v i i i  a l t O  l’s’ u t , - , - , - n n n n : n  n - v  t o

s’va I un it s ’ t h e  eunv I ro nn mn noun t-ntl s’!’t ’s’s ’t  :: oI ’ 1 n ib s ’ , I , mm I u ’ m i l  i n ’ i ,‘tst I on; j- u’ I ~‘n’ I ’

m mi i’ I t’mn;s’nn I’ at I onn •

n 1 

~.‘_—“——-- -~~ . _&_ .—- ~~~
.--. - -  -. 



----
~~~

PAR T VI : SUMMARY

55,  Artificial destratif ’ication is one of several alternatives

that can be used to enhance in—reservoir and release water quality.
Destratification is accomplished by inputing sufficient work to over— —

come the- energy (stability) of density stratification . Circulation and

the reduction in stratification allows the transport of oxygen from the

atmosphere throughout the reservoir. It is intended that the results

reported herein provide a basis for planning destratification systems
and estimating pumping requirements.

56. There are basically two methods of generating mixing in a

reservoir: bubbling air (pneumatic) and pumping or moving water

mechanically (hydraulic), Both methods were investigated in a labora—

tory flume. These studies indicated that hydraulic destratification is

potentially more effective than pneumatic. Based on these results and

other considerations as discussed in paragraph 9, the study concen-
trated on the aspects of hydraulic destratification.

57. From the hydraulic destratification flume studies , it was

determined that a particular intake—diffuser pumping orientation

(method 2 or 14) was more effective than two other arrangements. The

increased effectiveness was attributed to dual entrainment that occurred

with a successively rising and falling plume. Although methods 2 and 14
gave similar results, method 2 is recommended for aesthetic reasons

(paragraph 37).
58. A dimensionless description of the mixing phenomena observed

in the laboratory studies with the method 2 pumping arrangement was
developed . From this an equation was developed for the purpose of

estimating the averag e velocity required to mix a given reservoir to

the state of 80 percent mixed ( almost totally mixed for practical

purposes) in a specified time period for a given pumping rate. The

effect of the number and spacing of diffuser ports was not evaluated ,

but will be addressed in later work. With a specified rate of dis—

charge and the calculated port velocity required to mix a reservoir ,

the port diameters and the power input for the reservoir can be
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est imat ed. Required input power is reduced and destratificatiorn
ef fi c i ency  is promoted by increasing the pumping rate, which decreases

the average port velocity required to mix a reservoir in a given period ,

Of course , the pumping rate can be increased only within the limit of

practical and economical constraints. Extending the pumping time

restraint f-ar mixing a given reservoir can also increase the destrat— h
ification effici’mcy. However , the effect of surface heat exchange

over long pumping periods could be quite significant and must be taken

into consideration in order to provide an effective system.

59. The results obtained from this study and presented herein

can be used in the planning and preliminary design of a hydraulic

system for destratification of a reservoir. Additional results from

site—specific and generalized laboratory research will extend the

app licabili ty of these techniques for more comprehensive use.

I
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B 0.17 6. 246 0.00315 0.39 3n-’ 1240.24 1. 4 0 14.~~ S
721 :.88 ;L
3824 ‘.“i 24:

124140 i. lo n-- -n--

Ai. A 1.° 11.2, 0.002452 0.3~’ 36 118.8 1.1 0 24.,-o 0
13 J’. 4n -- 2 4 -
25 1.8 i  ‘n3
24.- 1.3t - t~~
;-Q 0.t’. 5n-
07 0.2 7 oL

A ’-’ A 1 .2 11 .24  0.00706 0.68 3t’ ii8.8 1.1 0 5.13 C’
14 1, ~ ,3o iC.
724 1. 4 3 ~2483 0.83 8~

Atm A 0.8 7.62 0.00372, 0.32 36 118.8 1.1 0 3.n-”) 0
138 2,9 1, 0
,‘s33 2.C~ 24~14 39  1.18 n--8
n~3-T 0.t- t- 3:
r88 0.3n- ’ 00 k

AT A 0.8 7.62 0.002475 0.68 36 ii8.8 1.1 0 3.S2,
20 2 . ’n - 7 ,“-

24: 1.70 l,~
71 0.31 77

100 0.3-1 89

A8 A 0.5 24.76 0.00360 0.32 36 118.8 1.1 0 3,c14
241 3.14 1~’
101 2.n--li
188 1.82 24ci k
271 1.3C n-’4
424n - - 0. 02 71,

A9 A 0 .5  24 .76 0.00261 o.68 3t’ 118.8 1.1 0 1. 14 Cl
4’~ 1. ’.’) 17
n-8 1.141
120 1.03 lit-
124~ 0.7.’ n’4
i8c 0.’-.~ 73

(Continued)
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Table 2 (Con luded )

Te s t Q V Ai) T ft V ft3 i’er cent
No. Diffuser ~~~~~ ,j~~~ ,, ~icc ,J_, ‘R _______ ~~~~ t . mm n m - C b  M ixed , %

*10 P 0.245 17.1 0.002402, 0.39 36 1240.24 1.3 0 24.67 - 0
70 24 .38 6

1249 2.78 240
198 2.11 55
333 0.21 95

All B 0. 1,5 17.1 0.00105 0.39 36 1240.1, 1.3 0 1.29 0
141k 0.62 52
91 0.55 81

i2424 0.16 87

A12 B 0.145 17.1 0.003148 0.65 36 i 24o.24 1.3 0 L ,:L 0
22 3.58 it-
65 2. 13 “0
103 1.30 t~-°183 0. 141 90

A13 B 0.145 17.1 0.00359 0.27 36 ~~~~ 1.3 0 24.sL 0
24 6 3.09 27
122 1.19 12
166 0.83 60

A1~ B 0.245 17.1 0.00313 0.88 36 1140.14 1.3 0 1.53 0
148 0.76 50
107 0.15 ‘)O

A15 B 0. 1,5 17.1 0.00378 0.52 36 1240.1, 1.3 0 5 . 1 3  0
36 24 .1: 114

1024 2.7~
it-I 1.58 n---)
2~ 7 o. co 83

A16 B 0,245 17.1 0.00289 0.27 36 1240.14 1.3 0 3.1i3 0
58 2. 242 30 - -

120 i.2~ t-3
185 0.50 8-

AlT C 0 . 14 5  1.07 0.00358 0.39 36 1240.24 1.3  0 24.85 0
120 24 .33 11
180 3.48 18
255 4,24’) s8
300 3 .ln - 35

1230 0.3~ 03

A18 C 1.2 2.8 5 0.00 324 0 0.39 36 124 0 .24 1.3 0 L i-I 0
107 2 .241 148
200 0.77

A19 C 0.145 1.07 0.00328 0.65 36 1140.1, 1.3 0 3.00 0
175 3, 24 0 13
24 2t- 2 . u - Q  31
‘~L8 :.38 39

11,1,’- 0.24 7 88

A20 C 1.2 2.85 0.00275 0.65 36 12 ,0 . 14  1.3 0 3.20 0
39 2.77 Ii’
88 i , o’- 241
18o o ,t ’~ 77
~tm24 0 .33  02

- ‘  -- - -



Tatmle

r~~n .1 i ~ Dcst ratit ’ic’at n-cn

Me thod

,
~ 

V L ~ , ~~~~~
“ ~~~~~~ J1 ~~~~~~~~~~~~~ ~~~~~~ — _____ —

P1 B ,‘.L~ 1 ’ . 1 0.2 ’l’ - 0.1 i  it  . 1 . 1 1 .3  0 ~~~~~~ C

1 . 31
u- S ‘ . . .  -I ’

P 5. 1 -  17. 1 2 . : C 4 t - 3 0,n - - ’- 0- 112, 1 . 0 L , ’-7 0
, - ,: .- , -;1 it -

t -S 2 . .~5 - It -

0 1’. ’ :.$‘- ,~~2 2 i i ~ 0 , 3 - )  ii- 1L:,L 1. 3 0 4 . ’ .’ Cl
32 2 . 11 1’)

n - - S C’ . ’-
-40 0.0.’ 122

B14 0 1. 2 .~.$ ‘ -  s’.-S53~ 1 C . t - ’- ; t - :12 , 1 1. 4 o L .t- t 0
20 ~, 4-
‘2 1.81. n - - I

B’ A 2.8 7. 5-2 0,2033’) 2 .  i-I 3t’ 112. 1 1. 3 0 I .~~~ C’

:, . - 
~~~~~

n--C ’ ‘ ,. ‘O

Bt- A 2 . 8  ~. t’2 2 . 0 C 3~’8 0 . t — ’ -  ; t -  ~~-. . .. 1. L ..’~ C
5, 4 , ’

‘-0 :. - : 5$
2 .2$

C’ 2. 24’- 1. -5’ 2 . 50 4. ’$ 2 , 4 ’ )  n-- 112. 24 1 . 3  0 24 . 1,’ 0
t -0 3 , -45 ~~,

‘

1 .8c
30-C ’ 1. i:

~s ’2 2 . $ t -

P8 2’ 2’ . 1’- 1.2~ 0 .00 33 24 5. n - - ’ 35- 112. C. 1.3 0- — ..‘i 5

P0 A 2 , 1’ - 1a .,)5 0 , 2 2 1 0 - 4  5. l-t  In ’ 11~c, C. 1.3 o ‘-.1:
1,- j L . i. i
‘15 ,‘ , i ’  ‘ - 4

13” 1 .‘-t- 71
132 2.8.’ 3’-
22” ‘.0’) 08

P12  A i~ . 1’ - 1~, 3 2 . 2 2 1 1 ’ - _‘.n - - ”  ut - ~24,’. ~. 1. 4 
- 

:-
~ ~

00 2. - cc
1 4 -  1.11 32

~8c ,- .,‘o

i C, n - t t s;ts’,i

_ _ _ _ _ _  

- -~~~~~~ -
— ~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Table (Contirmed )

Test Q V 
~ ~ V t’t3 f t  2 Percent - 

-

No. Diffuser ,,,~~~~~~ ._~~~~!_ 
glee _

~
___ 

~~~ t 
~~
. 

______ t~ mm !‘t-ii ’ M ixed~~I

Bil B 0.20 7.60 0.00353 0.39 36 114o. In 1.3 0 14 .58 0
6o 3.91 15
120 i.86 59 I -

180 0.95 79

B12 B 0.20 7.60  0.00317 o.65 36 i14o.24 1.3 0 24 .02 0
8o 2.82 30
160 1.141 65
2140 o.6o 85
320 0.08 98 - -

B13 C 0.80 1.90 0.00310 0.39 36 1140.14 1.3 0 14.C ’(- 0
30 2.95 31
60 1.37 68
90 1.05 75

Phi C o.8o 1.90 0.00282 o.6i 36 1140.24 1.3 0 3.79 0
30 2.88 214
6o 1.66 ‘16
90 0.75 80

315 C 0.20 .I~8 0.00298 0.39 36 1140 .14 1.3 0 1-4.00 0
120 24.00 3
2240 3.70 8
360 3.’) 12
1480 3.09 23

B16 C 0.20 .2,8 0.00269 0.61 36 i14o.24 1.3 0 3.58 0
60 3 .1414 14
120 3.27 9
180 3.12 13
2240 S . C - I  27
360 i- .’ 20
1480 2 , 3 2 4  4 ’ ,
6o0 2. 1- -  240 - -m
66o 2 .0 1  143

BiT B 0.20 7.6 0.00306 0.39 36 1140.2, 1.3  0 2 4 . o ’ m 0
60 3.t,8
120 1.01 55-
180 2 . I C )  243
21i0 :‘. 0’) 248
300 1.14 14
360 0,’)l 78

B18 ~ 0.20 7.6 0.00258 0.65 36 i14o.2 ,  1.3 0 3.15 0
60 ,‘.68 1’-
120 .‘.i1 32
180 1.14’
2240 1.19
100 1 .01 t-8 —

41 -0 0.1- ’- 50

B19 B 0.20 7.(’ 0.00311 0.60 36 1924.24 1.8 0 r.8o 0
2 c  ( . 1 ’ )
10 - .50 It-

l i -  u- ,245 17
180 5 .00 4 4
555 L, ’~
2~~I) 1. 20 50
41 ’ - 4 . t -5
lu -s 5.71 u- ’

(Coin Inue d )
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Table 14

Hydraulic De strati fication Tests

Me thod ~

Test Q V A p 
ft V ft

1 ft  2 Percent
No. Diftu~er ~~~~ ~~~~ glee J_ , 1’R ’ B’ t . mth ru -it- Mixed~ ~

Cl iu 0.145 17.1 0.00287 0.39 36 1140.14 1.3 0 3.88 0
60 5 , 91-4 ,‘14

120 5 .0’- 24 7
180 1.1-I
2140 1.13 71
300 0.58 8c
360 0.5.’ 914

0.145 17.1 0.00263 0.61 36 1140.24 1.3 0 3.24,’ 0
60 2.72 21
120 5.10 39 C
180 1. 2414 58
2140 0.09 724

03 A 0.80 7.62 0.00305 0.39 36 i14o.14 1 . 3  0 14 . i ’ - 0
60 2 .  40 1~s
120 0.87 7°
180 0.13 97

Cli A 0.80 7.62 0.00312 0.61 36 ilio.14 1.3 0 3. 00 0
60 2,140 8
120 1.15 72
i8o 0 .5- 5 814

C5 C 0.245 1.07 0.00265 0.39 35- 124O.24 1.3 0 3.”l 0
60 3.1’- 1’

120 3 , 145 4
180 “.07

C C 0.245 1.07 0.00295 0.61 36 i24o.24 1.3 0 3.88 0
120 4 ..’) 17
253 5. ’-’)
388 1.79 “14
“ .‘ 4  1.08 7,’ 

~~~~~~~ -~~ 
- .

~~~~~~~~~~
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Table 5

Hydraulic Destratification Tests

Method 14

Test Q V Ap L ft v ft 2 Percent
No , Diffuser ~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~ 

,J,, ,, B’ B’ d.fi . t. mm i — C t  Mixed , S

Dl B 0.145 17.1 0.003024 0.39 36 12,0.14 1.3 0 24.10 0
30 2.1- ui lii
70 0.81 80
115 0.26 91-u

D2 B 0.145 17.1 0.002148 0.61 Ii’ ilio.li 1.3 0 5.39 0
18 2.28 58
55 1 .17 78

115 0.18 97

D3 A 0.80 7.62 0.00232 0.39 36 ili o .24 1 .3  0 3 .05  0
25 1.2 1u 59
60 0.33 89

Dlu A 0.80 7.62 0.00316 0.61 36 1140,24 1.3 0 3.99 0
20 2.248 38
58 0.39 00

D5 C 0.245 1.07 0.00317 0.39 36 1240.14 1.3 0 lu .1t- 0
1u8 3.76 10
95 3.38 19
180 2.33 2424
275 1.3’- 68

D6 C 0.245 1.07 0.00293 o.6i 36 1240.14 1.3 0 3.82 0 r
60 3.19 1,-
120 2. ”) 12
195 1.80 “1
23’-- 1.72 51-u

D7 C 0.1-45 1.07 0.0033 0.61 36 1140.24 1.3  0 14.21 0
60 3. 24,’ 10

i . o  .‘.87 45
l8o 1.’-u 5 - 3
2240 1.’-’) i-C’

D8 C 1.2 2.85 0.00295 0 .39  36 1240.14 1.3 0 4.Qt- 0
30 1.37 6t-
60 0.53 87
90 0.3t’ 91

D9 C 1.2 2.85 0.00335 0.65 36 ilio.li 1.3 0 14 .o8 0
60 Ii - ’- 6o
120 o.l~6 89

L 
- --



- -

APP EN DIX A : NOTATION

A Total port area of the dI ffuser , ft 2

D Individual diameter of diffuser ports , ft

D.E. Destratification efficiency , percent

Ve r t ical th ickness of hypoli~nnion

Total water depth of flume or reservoir , ft

FD Densimetric Froude number of the diffuser jets
j

F Densimetric Froude number of the flume or reservoirDR
F~ Froude number of the diffuser jets

g Acceleration due to gravity’, 32.2 ft/sec
2

H Water mass center of gravity when the flume or reservoir is
homogeneous , ft

h Hydrostatic head, or depth of water on the diffuser , ft

L Length of flume or reservoir , ftR 4
n Number of d i f f u s e r  ports

PW Power delivered to water, ft-].b/sec; power input, hp

~ Water pumping or total discharge rate, cTh

Volume t’ lo w rate of air , seth or scfs

S Reservoir or f lum e s tab i l i ty  resulting from s t ra t i f ica t ion,
ft—li’

in i t ial rese rv o i r  or flum e s tabi l i ty  prior to pumping , ft—lb

t Hapi eul operating ‘su’ pumping time , mm

t 80% E l utp: ;n’ l pump ing t i me to reach 80% mixed state

t~ Dimensionless t ime or percent of total reservoir  water volume
pumped

t*80% Dimensionless time at an 80 percent mixed state

Al

_ 
— —— - -  — - - - .~~ —- ~~~~~~-~~~~~ — - — —
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V A V t ’u’t1 5 t ’ port  v e ioo  i t y  ,

V 11 
Volume ~‘t ’ hypolimriion watei’ , f t

Total vo iwno o t’ wtn - 1- or in flumo or m’,’ttt ’ rV ’ I r , ft  t o  1 - - t i  1 n - ’ n- ’t m , ’u ’  —

vo i r  voituuut ’ , a~s rn-’— ft

V Mass oeriter ot’ g r a v i t y  whe n the flume or r ’o t to u ’vo i r  is t;t,)’at I—

t’ied, ft

~ R a t io  o 1- ’ h~~ oliunn ion volume to total  water vol~nute

AE Energy expended in rt ’se rVL ’ I r , hp-hr or ft-lb

tip Density di t’t’n-’i’ouiot’ ~ O~~ 1 1 - i n -m n - n - t i  - ‘ut and Ilypol iuuin ion water , -~m mt 1

AS Change 111 stabil:ty during pumping , ft-lb

At Pump ing time , hr k
~a 

Specific weight of air , 0.07t ’t ~ lb/ft 3

:1p o o it ’io weight ot’ water , ~~~~~~~ lb / ft °

p Density of water , g/ml

A. -

-~
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