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~ SECTION I. INTRODUC~ON

The disposal of effluents from desalination plants has been studied
for~several years by The Dow Chemical Company under contract to
the Office of Saline Water, with Texas A. and H. University as
a sup-contractor. Results leading to hhe model studies of out-
falls are reviewed belcw.

Desalination plants employing variations of the multiple-effect,
falling film or multiple-stage, flash distillation processes
result in a wastewater stream that is a mixture of brkue blowdown
and cooling~water. Other processes such as reverse osmosis or
freezing produce a.brine waste stream of a salt concentration
depending on the recovery ratio of the process. The chemical
composition, and physical properties, of desalination plants
efflmmts and the a~sessment of the general problems to be en-
countered in dispersing the. wastes and the prediction of the
types of marine life likely to be affected by the effluents are
detailed-ln two early OSW Research and Development Reports,
(Dow 19~7 and 1968). It was concluded that a mixture of brine
blowdown and cooling water, under almost all c~nblnatlons of
temperature and salinity, would have a negative bucyancy and
would sink to the ocean floor.

At coastal and estuarlne locations, an obvious means of disposal
of desalination, plant effluents is through a properly designed out-
fall located offshore or ~t a location in the estuary that mini-
mizes the effeihs of the cbmbinations Of higher salinity, tempera-
ture and coppernoncentratlon on the bottom organisms.

The proper ~sign~of an outfall system is based on the degree of
the initial Jet dii~ution of the effluent to meet a predetermined
water quality criteria. ~e mechanism of dilution foz the dis-
charge of e single ~et into a homogeneous medium of hi~herdensi-

tYal studles,has been ~iS(RawnSUb~ectet.al. ,of1960,most’ ~rt~n~h~i~r~e~XlP~ent-
Fan, 1967., and Hirst, 1971). Fordeslgn purposes, formulas have
been developed to predict with accuracy the initial dilution in a~i~ suchJet atastheeucouuteredsurface ofwherethe recelvingheated waterWateror (Burchettsewage effluentset.al.,

are disposed into offshore waters.

When the dense effluent from a desalination plant is dischargod
from one .or many ports of a diffuser, it is i~medlately subjected
to a negative buoyancy force proportional to the difference in
density between the effluent and the lighter receiving~water.

¯ The kinetic energy due to the velocity through the port is dis-
sipated In the turbulent mixing of the Set, while the negative
bouyancy force drives the effluent tQward the floor of the re-
ceiving stream, which then moves with the ocean currents or Is
flushed a~,ay by tidal currents in case of an enclosed bay or an
estuary. ,~ ~ ~

1



SECTION I. INTHODUCTION

The experimental study of dense Jets, that would be encountered
in the disposal of desallnatlon.plan~ effluents, was carried out
in laboratory models using still fluid as the receiving environ-
ment, by The Dew Chemical Company, Texas Division under contract
to the Office of Saline ~ter. Frofessor R, 0, Reid of Texas A,
and M, University as a subcontractor performed hhe theoretical
and numerical analyses of the experimental data.

The prelimlnary results, (Dew, 1969), established the proportion-
ality of the average height of an upwardly projected dense Jet

. to the flow conditions and density differences and proved the
reliability of Tumor’s Formula (~rner, 1966), under the exper-
imental conditions. An approximate analytical solution of the,
differential equaSions governing the flo~ and density dlstvlbu-

Sionls glvenOf sU~hby: a(~)t~,~d~9 ~ ~rage height of the Jet

The measured distribution of dye concentration across these Jets
was found ~o be Gaussian, with two distinctly different slopes
identifying a middle region of upward flow, ~urrounded by an outer
re~ion of downward flow. The dilution along the vertical axis
of She Jet was found to level off to a constant value at a height
about two-thlrds ~he ceiling level of the Jet, This constant con-
centration could ~e explained by a negative entrainme~ zone~ as
suggested by Abr~m (1967), at which the inner core of the Jet 
entraining the outer ring of the Jet of the same concentration.
It was thus concluded that vertical submerged dense Jet~ produce
only limited dilution of the effluent due to the negative entrain-
ment resulting from the Jet folding on i~self.

Ii the laboratory experimental model, other modes of Jet injection
st~d were: vertical reaching the surface, and inclined at
angles of 30~, 45Oand 60° from the horizontal, (Dow,~1970).
Dense JeSs having sufficient momentum to reach the surface of the
receiving water and spread laterally were found to cover a larger
area than comparable completel~ submerged Jets. At the surface
the lateral sp~eadlng resulted in more dilution of the e~t
before the Jets started sinking. The surface spreading was f6und
to be oscillatory in nature and mathematically undeterminable.
F~er quantitative analysis of dense Jets reaching ~he surface
was not carried out, since it is not though t to be practial to
design a diffuser able to operate in the ~resence of an s~



Nczzels arranged at an angle of 60 ° from the horizont~l pro-
duced a m~.ximum effluent traJector# and consequently resultted
in the maxlmt~m dilution under the same conditions of initial
flow.

In the application of the entrainment theory to the inclined
dense ~ets dlschergin~ into a still fluid, it was found that
the gene~sllzed,form of the Taylor hypothesis made possible
a closer agreement oetween theory and experiment. This form
[S g~ven by: (Fez, 1969),

The best fit to the experimental data was obtained for ~ =
0.7 and B = -1.O. Both the trajectory data obtained by
~hotographlc measurements and the dilution data obtained by
dye concentration measurements lead to the same value of
= , the entrainment eoefficient~

The solutions obtained by numerical computations indicate
that the ms.xlmum height Of inclined Jets is prdpor~onal
to Froude n~nber at ~e nozzle raised to s power ~,9 i.i.

Zm/D ~ F ~" ~

Line~r correlations o~ the inclined Jet dimensions and the
diiut~:~% foun~ ~t t~ to 9 of the jet, as a f~tlon of the
Froude numOers, are ~Iven In.Table I-I. The error intro-
duced by s linear correlation ss compared to the exponent
correlation predicted b~ theory is negligible in the range
of the Froude numbers used in the design of 41ffuser systems.

Diffum~r design cherts were developed for desalination plants
procuedi~g 2, 5, IO, and 50 million gallons per-de y of fresh
wster. These charts are plots of the ~aximu~ height of a
60 °sngle ~et versus Froude number at the diffuser ports for
different port diameters and initial velocities through the
ports. The number of pcrts for each choice of vsriables and
the flow rate of effluent from a desalination plant, is in-,
dicated on the chart ~nd is related to the degree o~d~lutlon
required.

Conceptual designs were made for the four~esallnatlon plants.
The outfall pipelines and diffusers were designed to convey the
effluent from a point 800 feet inland to s point outside the

nature of the marine environment. Gravity flow, rather than pumped



SECTION I. INTRODUCTION

~E l-I

PROPERTIES ~ ~ DENSE JETS
~SC~RG~G INTO A S~IL ~UID

Initial Angle
of Jet

60°

45°

~0°

’Z m = Maximum height of the top boundary

Xm = Msximum horizontal spread of det ~

Vo
F = Froude N~ber =

~ Eo~

Eo = P°’Pe~e , Uo = velocity ~rou~ nozzle

D = Diameter of nozzle ~ ~

So = Dilution at the top of the Jet



TABLE I-II

CAPITAL AND 0P~TING COSTS FOR DIFFUSER-0UTFALLS (1),

PLANT SIZE CONSTRUCTION
(MGD; COST

2 730 ~OO0

5 ~ 766, O00

i0 857,o0o

50 i, ~O ,000

ANaL 0~ COSTS

6~o~

62,630

69;550

108,870

(i) DOW, 1970

C0ST/~000 OL
(~)

9.1

0.66

5~



flow was recommended for all systems. Steal pipe was Selected
for the 2-, 5-, and I0- MGD plants, and prestressed concrete pipe
was selected for the 50-MGD plant. A summary of the cost estimate
for the four different sizes of desalination plants .is given in
Table I-If.

The developed conceptual designs (Dow, 1970) are based on the~r~g~ inltlai in a stilJletreceivind gIlutiOn °/luida .denSAel thouge hffluenJhi~nJectes dituatioant a

does not exist in actual streams, it is thought to represent a
limiting worst condition, and therefore the presence of currents
would increase the dilution over the design value. This criteria
needed to be verified in a system where ocean currents or tidal
currents could be applied. Such facilities were available at th~
United States A~my Engineer~Waterwa?s Experiment sta$ion at
Vicksburg, Mississippi. ~.

A Joint effort between The Bow Chemical Company, Texas A. and M.
University and the Waterways Experiment Station was arranged by
the Office of Saline Water for the conduction of model studies and
the analyses o~ the results.

The proposed tasks under the contractual arrangement for The Dow
Chemical Company and Texas A. and M. University were:

A. Assist in the design of the experiments to be carried on in
the flume model and in the m6del bays at Vicksburg in order to ap-
proach realistic modeling of e~d outfall c~s.

B2 Coordinate th~deta reduction and a6sist in the interpretation
Of the obta~ mixing data to determine whether any modifications
to the conceptual outfall designs being tested will be desirable or
economically ~s~. ~

C. Program ~d carry on a series of numerical experiments to cover
a wide range of Froude ~s, and a~i~t current speeds to eval-
uate the dispersal of ~uent under the influence Of currents past
the source.

D. Develop alternate ~si~s for outfalls for sma~ desalting
operations ~r which the previousl M developed c~c~t~l ~si~s
are not readily economicall Z suitable. ~

Experiments at the U. S. ~r~ ~ Waterways Experiment Station
were C~c~d in two areas: .

i. Tests of single- and multiple-port ~ at an undistorte~
scale of 1:20 in a flume having a~level bottom and conveying uni-

6



SECTION I. INTRODUCTION !~

2. Tests of multlple-port diffusers in three distorted estuary
models. These models were of San Diego Bay, Galveston Bay, and
Del~ware River. The objectives of these tests ~ere to determine
dispersion rates of the brine wast~ and to define the d~namic
equilibrium distribution of the waste after the plant being simu-
lated had been in operation for some time. The results of these

testsEffluenthaveDispersionbeen publlshedin SeleotedaS PartEstuaryII of ~l~or~."~s~j~

1971)

The coordination of the work conducted by the three parties was
achieved during several meetings at,the W~e~s E~t
Station at Vicksburg. The results of the flume model experiments,
that is concerned with the initial mixing of the dense effluents
with the receiving water in the near field, and could affect the
design of the diffusers, were used in the numerical si~t~n
studies. This part of the re~rt ~es~ ~e numerical ~-
tlon ~d the design considerations r~sultldg from the modeling of
diffusers in presence of an a~ current.



SECTION II. SUMMARY AND CONCLUSIONS

Although 8t coaztal Icc~tiona, ~he aallne dcnsc effluent
from a desalination plant is potentially harmful to the
marine orgsnlsms, the environmental effects csn be min-
imized or eliminated if the effluent is properly mixed
with snd diluted by the receiving water.

!
Conceptual designs of outfall diffuaer systems wer~ pre-
viously developed (Dow, 1970) on the basis of leb0~atory
tests of the initial Jet dilution of a denae effluent
injected st a 60 ° s~gle in a still receiving fluid.

The experimental verifleetlon of the conceptual designs
in the presence of an ambient current bythe United States
Army Corps of Engineers were published a~ Psr%s X and II
of this report: "Flume Study of the Mixing Char~cteris-

tles.Tests°fofDenSeEffluentJets DisperslonDischarged inInt°selecteda Fl°wlngEstuar)Fluld~dels.,and

respectively.

The data obtained in the flume study were used tO cal-
ibrate several pertinent existing models for the Jet
regime. The model chosen gives a reasonable slmuls-
tlon of the geometry of the Jet ~is and of the dilution

"at the peak of the Jet, but was found to overestimate
the lateral spresdln~ factor. A far-field plume model
was also developed and applied to the prediction of
the plume size and the dilution downstream from the

¯ diffuser.

A summary of .t! ~ correlations developed to estimate
the ~et ~eometry snd dilution in the presence of an am-
blent current is given below:

Maximum height of upper
boundary of Jet:

Distance downstresm Where
Jet falls ~o bottom:

Lateral Spread at Xo:

Dilution at thi axis of
the Jet at its peak:

Minimum Dilution in the
Pl~e :

Zm = 3.4 x lO"°’1~8 Fe (Do FD)

Xo = 9.6e Zmlog-(2 e)

Wo = 1.51 Zm log (4.91 Fe)

S = 18 eO"8 Fe

,oOo 
The definitions of the terms a~e given in the Appendix.



SECTION If. SUMMARY AND CONLv~USIONS

The application of these equations to the design of
diffusers required by variously sized desalination
plants and in the presence of various ambient currents
is outlined in Section IV. The dilutions obtsined in
the presence of currents as low as O.1 knots were found
to be higher than those calculated for a 60° angled
Jet in a still fluid. ~

It ’is concluded that, the design concepts developed for
a still receiving fluid represent a limitin~ worst
condition, end that th~ presence of currents increases
the dilution over the design value. ~

It i~ thus recommended that the conceptual design meth-
ods previously developed for a still receiving fluid,
be used to represent that limiting condition. For
more s~curate prediction of the pl~me size end actual
dilutions under known ambient conditions the equ~tlcns
presented in this report are more satisfactory.

Tha cost of the diffuser is a small pazt of the total
~cost of an outfall system designed to convey the effluent
to a point outside the violent surf zone. For mnall
Size desalination plants, less than 5 MGD, the disper-
sion of the effluents near the shore~ inside the surf ~

ozf°n~heSeemn Seart~horb ee thse~ctio° nnly owfaYthte° ~t~y~ml~ig~h~°st ~

removal of copper from the effluent before it is dispersed
into the surf zone may be found~to be necessary if the
fl~hing of the effluent is inhibited by the geomorpholoo ~
gy of the location. ~ ~



A. _Introduction

; ~-/~ ~

:theoretical modelO sur efforts during otfhedensP east yeaj rets dischargeh dave been t~erticalle yXplore.variouin Sto

a homogeneous steady stream in the attempt to simulate the
/ flume experiments concerning the same problem which have been
/ carried out at the Waterways Experiment Station (WES). The

latter experiments include measurements of Jet geometry and
of dilution for a wide range of densimetrlc Froude number and

+’ .’ ;:~ thr eati° °t fes~sP°rw terevel°citc Yarrled outt° ambienf tor a singlS etreamcirculaV rel°eltY~ortM~StTh°ef

’% analysis reported here is confined to this situation.~ More-
over it is assumed that the amblen,t fluid is uniform in
density and uniform in horizontal speed.

One can distinguish essentially two different regimes of the
dense effluent based upon geometry and character of the flow

thW eithiJxlal velocitt yhe effluent~f thTIe~e effluenf first is ~tcar~e~J~ch
that qf the a~nt fluid ~d in which a similarity of axial
velocity amd effluent distribution exists at all sections
transverse to ~e jet axis. Essentially this regime is con-
fined to the region upstream of the po~t where the arcing
axis of the ~et strikes the flume baseJ ~~ this
regime the influence of ~avi~ on th9 dense effluent is to
produce s downward acceleration of the fluld,~ thus placing
a limit ~ss~g the fluid is ~f~ci~y~eep) on the
maximum height of the initially ve~tically directed J&t.

D~ns~m from the point of contact of t~e axls. of the ~t
wi~ the fl~e bed, the effluent ~s no longer b~Ing

accelerated ~w~ as a body/ h~ev~, ~e C~b~n
of gravity and the distrlbutio~ of effluent p~oduce a tyans-

: tends to be nearly t~t of ~he ambient s~ream~ We will

~refet rhe nea~O fielt dhlS regima erclnga;ehh4 far ~ie~’ RIu~4~, contrast with

M°Sa tstreaP mreVi°Uh Save beee nXperiment~c lonflnedStudiet So eithe~f ~i/~!~s~g~ ~£



SECTION III. N~I~L SI~T~N OF THE ~SP~ OF A
DEFUSE EF~U~T DISC~RGE IN~ A HOMOGENOUS
STeM ~exas A. and M. University)

which is nominally &t rest. However for z moving fluid there
is an important qualitative dlfferenc~ in the ~et reglme whlch
influences the degree of entrainment for ~e positive versus
the negative buoyancy cases. ~

It is well known that for~a neutral Jet discharged into a
cross-stream the influence of the ambient flow is to produce
vortices as shown schematically in Figure III-1. Moreover,
the concentration and axial velocity distribution is distorted
from circular form to a kidn4y shape ~bramovlch. 1963). This
internal circulation tends to enhance the entrainment process.

On the other hand for a dense Jet whose axis is parallel to
the ambient flow (i.e., near the peak of an arcing Jet) the
action of gravity and non-uniform density produces a trans-

verseFigureCirculati°nIII-1 (see ~t~"~m~i~tc~t, el~st~tc~nl~O).
The reverse would be true for a positively buoyant Jet.
Thus the denslty-lnduced clre~ulation in a dense plume tends
to cancel out the cross-stream induced circulation, while
it is enhanced in the case of the buoyant plume. The fact
that the WES ~ilutlon data shows nearly circular contours
in the ~et regime beyond ~he peak height is indirect e@idence
of this. In view o~hese~ualltative dlffer’ences in the
physics, i~/is not s’~r~rlsin~ that the final similarity model

for neutral or buoyant Jets. .~

The main effort has been in connection with the simulation

all°WSeconomicalf°r i~respectin~ernal gravitYto computerwave phen°menattme is suggestedbut is morehere’

but real time limitations have no.t allowed an adequatecom-
parlson of thls scheme with the WES data.

The presentation which follows includes: a comparison of
pertinent existing models for the Jet regime; the model
chosen for this study; the non-~mension~ working fo~
for the model; an analysis of ~e ES ~om~ data and of
the dilution data in fo~ suitable for calibration of the
chosen ~i~ cal~ra~on of ~e Jet reg~e model; pre-!Z
dictions of the model compared with data not used in th~
ca~ion; .and finally a ~scus~. o~ a far field p~e
model ~.~ .iilustrat~ of its application.

’~ ii





SECTION IIi~ N~ERICAL SIMUIATION OF THE DISPERSION OF A
DENSE EFFLUENT DISCHARGE INTO A HOMOGENEOUS
STREAM (Texas A. and M. University)

B. Comparison of Some Existin~ Models for the Jet Resime in
a ~Cross-Stream

We will confine attention to effluent which is discharged
vertically into a uniform stream so that the Jet axis is a
curve in a vertical plane parallel to the ambient stream.
We will take the coordinate x downstream and z vertically
upwards, the orgigin being taken at the nozzle opening,
which in general is st a displacement D above the floor of
the flume (Figure III-2). In the case of the WES tests 
is the supply pipe diameter, while DO is the diameter of the
vertically directed port. The angle between the axial
velocity of the Jet and the horizontal for some point P on
the Jet axis is designated e (Figure III-2). The ambient
current is U.

All of the axially s~nmetric similarity models for Jets
assume that the concentration of effluent, say C, has the
~rm ~

C = E f (r/b)

where E and b are functions of arc length s from the orifice
andI thenr IsE reDresentsradial dlstancethe axialfrom valuethe aXiSof concentrationOf the Jet. Ifc./(O)The=

quantity b i~ a !~teral scale parameter. In the case of the
so-called "top ~t" profiie, b is the outer boundary of the
concentration, in the case of a Gaussian distribution we.
will rega~ b as the st~lard deviation (i.e., for the
Gausslan case /(r/b) = exp (-r~/2b~)).

The departure of the Jet velocity from the local parallel
component of ambi4nt velocity (U cos 8)is also assumed to 
of a form similar to that-for C.

Under these conditions one can obtain laterall~ integrated
versions of the equatiohs of conse~’vation 6f mass and momen-
tum of the form (see for example Hirst, 1971, which contains
a very tho~qu~h analysis).-

~d~ . (VbmE) = 



Figure III-2

~chematic of jet geometry in a vertical
plane parallel to the amblen~ flow.



SECTION III. NUMER~AL SIMULATION OF THE D!SFER~ON OF A
DE~E EFFLUENT ~SC~EGE IN~ A HOMOGENEOUS
STRUM (Texas A. and M. University)

~(Vab a) = qeu cos 8 -~gEb 2 sin 8, (3)

dS,_ -/n - ~gEb2 cos 8
ds (Vb)~

(4)

where V is an effective axial conveyance velocity, qe is the
volume of entrainment per unit arc length per unit time, g
is gravity, ~ is a non-dimenslonal coefficient which theo-
retically depends upon the form of the dlstrubtlon profile
f (r/b), and .fn is an effective lateral force per unit length
acting normal to the axis of the jet (see Figure III-2). For
a non-neutral Jet

Dm - De
E =- ~ (5)oe

~e~eO~nvi~r~e~id~%~[ atForthetheaxiSdense °f Jet the EJet> O"and De

Essentially all of the existing similarity models in the
literature are of the form (1) to @), provided that 
velocity and concentration have the same scale parameter b.
If one allows for a different lateral scale for velocity and
concentration then the effective conveyauce velocity for E
in ~) is slightly ~ifferent from V (see for example Hirst,
1971).

The main difference among %he various mohels concerns the
form of the entrainment flux qe, the form of th~normal
~r~r~ef~l~ andC~osen.fn,forit Is~. per~InentBefore dlscusslngto point theout

a general property of the above set of equations ,for the case
of a neutral ~et. In this case, an initially vertlc~l Jet

appr°acheSwithout limita c°nstantlwe see thatm°re°VerV w~llsinceapproachVbm u,tend~as mustt° gr°Wult~
mately be the case in the far field. Indeed any other £orm
for the entrainment term for momentum in (3) relative to the
volume entrainment t~rm in (I) woul~ be untenable~.",~ ; 
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With regard to the specific form for .fn there are essentially
two which have been employed in previous studies. The first
form is based on the concept of form drag as occurs for flo~
normal to a rigid cylinder, namely

.fn = CdbU~Isin @I sin 8, ~)

upon the sign of @. Thus it can be negative after the Jet
reaches its peak and is in the descent stage. This property
is also true of the alternate form ~).

The second form for ~n treats this effective trust per unit ¯
length as a rate of entrainment of lateral momentum. In
this case

¯ fn = v qeU sin 8,

where v is a non-dimensional constant.

The model of Fan (1967) employs the drag force form ~). Also
the experimental relations obtained by Keffer and Balnas (1963)
for a neutral Jet yield a curvature consistent with ~).

On the other hand, the analysis of Pratte and Bslnes (1967~
and that of Hirst (1971) imply and/or make use of the form

In regard to relations for the entrainment rate, qe, .the
~ow~g forms have been employed:

Morton (1,%11

Keffer ~d Baines ~3)

qe = a ~ - U)b 

¸16
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SECTION Ill.

Hirst

N~4ERICAL SIMULATYON OF THE DISPERSION OF A
DENSE EFFLUENT DISCHARGE INTO A HOMOGENEOUS
STREAM (Texa~ A. and M. University)

(i~i)

= ~i - a2 ~ sin @)qe
V-U cos S1 b

(ii)

In ti~ first thre~ of these relations the coefficient a is
not necessarily the same ~or is ~e sane notation emp~d
in the cited paper). The more complicated form given by

second term in effect allows ~r turbulence within the
ambient fluid.

It iS noteworthy that Keller and B~Ines (I~3) ~s well 
Fan (i~7) fo~d that in order to fit the a~ data, 
must be an increasing function of U~o where ~’ is the port
velocity of the Jet. In ~d~i~, Keller ~d Baines found

It is also pertinent to note that the relations of Morton
(1961), Fan (1967) and Hirst (1971L assert that qe can 

positive even if V falls below U cos 8. In fact, the Hirst
relation asserts that qe > o when V = U cos 9.

In regard to the coefficient k in
value~ have been employed:

Morton (1961) 

(3) and ~), the following

Fan (i~"and Hirst (1971)

~=~.

~ese values are based up~ "top hat" ~d G~SsI~ ~~,
reps eetlvely.

Hirst (I~I) used = ~ ~r .~e’ c~ se wh ere b is ~e s~e for
velocity and concentration.

17



SECTION III. NUMERICAL SIMULATION OF THE DISPERSION OF A
DENSE EFFLUENT DISCHARGE INT0 A HOMOGENEOUS
STREAM (Texas A. and M. University)

C. Model Chosen for the_Present Study of the Dense Jet Re6im,.

About five different models were experimented with in the~e~ slmulatemod~l,a themodelWESslmilarflUme data.to Fan,sTheSebut allowinglnCluded forthe

different lateral scales for density and velocity distribu-
tion, and two models very similar to that of Hirst (1971).
None of these were satisfactory for both geome%ry and
dilution data.

The final model chosen makes use of (1) through ~) with

and

~ = Cd Umbls~ @Isln 8. (13)

The relation (12) allows for entrainment even if V falls 
~e value U cos @, Just as does the Hirst relation (ll).
The main ~st~ n be~een the c~sen model and t~se of
Fan, Hirst and others is that both ~ and k are allowed to be
f~ct~ns of the port densimetric Froude n~ber and a Froude
n~ber based on the ambient flow. ~ be specific, we define
these two Froude numbers as ~ows:

Vo ,

Thus in the present model we consider: -5
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D~ ~ ~SC~E ~ A ~GENEOUS
STRUM ~exas A. ~d M. Oniversity)

a = a(F D, Fe)

~ =~(FD. ~e)-

(16)

The functional form is determined empirically by fitting
the predictions of the model at the position Xam (see
Figure III-~) to the data for this position. This fitting
process will be described in later sections.

~ppropriate ~o the ~t ~eome~ry:

(17)

In addition we take as boundary conditions at s = o:

where Do, Vo and Eo are as previously defined.

D. ~on-Dimenslonal ~rm of t~ ~del ’

It iS convenient in the n~ integration to ~t the
differential equations of the model to ~di~l ~.
We define a non-dlmensional ~lume ~ux and ~ fl~ as

(19)

(eo)

19
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DE~E EFFLU~T DISC~E IN~ A ~0US
STRUM ~exas A. and M. University)

where bo = Do/2. Moreover let

Eqs. (i), {3), (~) and (17) are then converted 

~ = ~/~
~

c

Eq.

~ sin@.

~) with the boundary c6nditions takes the~form

which is a measure of the dilution relative to the source.
Morebver from definitions (19) and ~0) we get-



SECTION III. NUME~CAL SI~ OF T~ ~SP~ OF A
DENSE EF~UENT ~SC~E IN~ A ~~S
STRUM (Texas A. and M. University)

The boundary conditions are as follows:

M=J=l h

@~ == ~°~ = o I at ~ = o

Numerical iutegration of ~2) through ~6) was carried out
using a Run~e-Kutta scheme with unifonn increments of C.
In the initial work AC was taken as O.lO; however, it was
found that an increment of loO0 yielded nearly comparable
accuracy and afforded a considerable saving of machine time.

E. Anal~sis of the WES Flume Data on Jet Geometry and Dilution

As remarked earlier the calibration of the model (i.e., the
evaluation of a and k vs. FD and Fe) was carried out by fitting
the model to the WES data appropriate to the peak position of
the axis of th~ Jet (i.e., at x = Xam; Figure III-2~.

ValUeSestimated°f axlsxam’ ~’t~ ~et(FigureprofilesllI-2)givenWereinreadthefr°mAppendicesthe

C and D of Part I of the WES report. Zam is adjusted so as
to represent height above the port rater than the flume
floor. A total of 309 sets of such values were obtained;
this includes ll5 sets from the ll5 tests for the 3 inch
port, 1~9 sets out of the 166 ie@~s for the 6 inch port and
%5 sets out of the 80 tests fo?~th6 9 inch port. From these
sets of data, the following non-dimenslonal quantities were
computed :

=. 6 Xm* = DO’ FDXamFe 1/~ C30)

* Zam
-- x lO0"l~SFeZm - Do FD

Relation (31) is based on the empirical equation for the
maximum height for the upper boundary given in the WES report,
Part I. For the axis we expect a similar relation but with.
a smaller constant of proportionality (Z~). ~

21



SECTION IIl. NU~alCAL SIMbqATION OF THE D~P~ON OF A
DENSE EFF~ENT DISCHARGE INTO A ~GENEOUS
STREAM (Texas A. and M. University)

Eact ho tes°t f ~u~e~u~ ~h~ beinVa grieSn~and°mla Ypparen~r°J~stematit ceStvariatiOan nd standar~f deviationt sheSe quantitieo sf eac~itohf ~eO~b~ ~an~Th ~e mean valUea gre

listed ~ Table III-I. This shows a reasonable consistency
among the tests for the three separate port sizes.

The values of dilution as measured on ~e Jet axis in the

following empi~c~ relation fit this diluti~ data quite
well:

s 18 ,

independent of FD-

Also from the dilution data within the Jet r~gime where the
dilution contours in a plane normal to the axis are reasonably
circular, values of the scale factor b were estimated by
fitting a Gaussian relation to the contour data..This was
done as follows. The area (A) enclosed by a given dilution
contour (~) was evaluated by planlmeter and properly scaled
to prototype conditions. The equivalent r~d~us r for a true
circular contour was evaluated from the relation ~r ~ = A.
A plot of log ¢ versus r z, including the axial value ~min
at r =0, was constructed for each cross-section for which
dilution measurements were made in the Jet regime. From the
slope of the straight line of best fit, the value of b~
could be estimated corresponding to the relation

~nin _ e_ra/gb = .

The resulting values of b along with other pertlnent quantities
are shown in Table III-II.

A normalized composite pi0t of relative concentration versus
r/b based upon the WES dilution data for the Jet regime is
preseDted in Figure III~3. This shows that the lateral
distribution is very nearly Gaussian, the deviations being
essentially random.
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¸Do

6"

TABLE III-I

EMPIRICAL NON-DIMENSIONAL GEOMETRY PARAMETERS
AT T~E PF~ OF THE "JET AXIS

n Xm* ~

115 mean 1.720 2.233
Std. Dev. 0.753 0.511

149
meanStd. Dev. 0.6531"729 0.4262.287 ~[~

45 mean 2.O91 2.511 0.853 .
Std. Dev. 0.783 0.339 0.1~2

Overall 309 mean~ 1.778 2.300 0.9~2
Std. Dev. 0.723 0.457 O.325"





0 0 0 0 .

I I I I
0 "~ 1.0 ~ r/~

No~al~ pl~t of relative concentration
of effluent versus r~ wi~lin the jet
re~ime~ circles are from the ~’~S dilution
tests~ full curve is a Gaussian distribution.



SECTION III. NUMERI~L SIMULA~ 09 T~ ~SP~ OF A
D~SE EFFLUENT ~SC~E ~ A ~G~
S~M (Texas A. and M. ~i~i~)

F. Calibration of the Numerical Model for the Jet Regime

The bulk bf the calculations were carried out for %9 pairs

~le~c~e~ea~a~;~e~a~; of(l~)theandranges a5) ~ ofWhiChtheseWer~varlables
in the WES tests, Specifically seven values of each were
chosen as follo~s:

FD = 13.O, 18.0, ~.0, 26.0, 3~.0, 38.0, 5~.0

Fe = O.~O, 0.80, 1.~O, 1.70, ~.30, 3.00, ~.00

These yield a total of ~9 possible combinations each of
whlch_represents about the same frequency of occurrence with
respect to the WES flume tests. ,~.

defined by

(its value being ~o~).

From preliminary test calculations it was found that the

resultswith variations were n°toft°° a ~s~IV~c~r~i~Sw~ ~ ~i~°~d

at ~ value of unity.

In order to find the optimum combination Of a and ~ for

~e~h~ comblnationand Fe a specialof ~ andPrograml whichWaS minimizesCOnstructedthetOerrorSearch

function ~

er =w~(X~ - 1.778) a +w~(Z~ - ~.300) ~ ~

+ - ,
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where wx, w2, ws are positive weighting parameters. ’ These
were taken as l, l, 3, respectively, thus placing more
importance on proper simulation of the dilution data.

The search program starts with an assigned pair of a,~ in
the range 0 to 2 and, with the appropriate logic routine,
marches along that path in the a, ~ diagram (at uniform
increments of a,~) which leads it towards a minimum value
of er. Once the minimum is found, based on the initial
choice of Aa, A~, then the latter intervals are halved and
the search is continued with finer resolution. This is

repeatedo.o125 ofUntilthe tru~the ~sUmf~Xe~.given FD, Fe are within

At each step in the search operation, a numerical inte-
gration of the type discussed above is carried out~ More-
over, 49 such search operations were carried out corres-
ponding to the ~9 selected pairs of test parameter ~D, Fe.

The resultin~ optimum a,A for given FD, Fe are given in
Table III-III along with their error parameter er. Where
no values are given for er, the program failed to converge
to an optimum because the Jet maximum was not reached in
a reasonable number of integration steps. ~Values of a,~
which are in parentheses are interpolated with respect to

The coefficients based upon third degree polynomials are given
in Table III-IV. Contours of a and A, based uponLthe fitted
relations, ar~ shown respectively in Figures III~ and III-5.
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SECTION ~II. NUME~- CAL SIMULATION OF T~ D~P~S~N OF A
D~ Eg’~’L~ ~R~ ~ A ~OIS
S~M ~exas A. ~d M. University)

Aoo = 0.7121160

AIO = -0.03598029

AOI = 0.05137678

A2o = 0.0007635895

All = 0.001~68862

A21 = -0.0000293576

A12 = 0.0003550325

A30 = -0.000005716607

A03 = -0.0007~72655

~)

Boo = -0.00~87~67

BIO = 0.003575079

BO1 = 0.58~3794

520 = 0.000~779123

Bll = -0.02376157

B02 =. 0.04792207

52z = 0.0oo05505273

BI2 = 0.003~771~9

B30 = -0.00000~0185666

B03 = -0.01916188





hO

0
0

~5

20 30

I.I

1.0

40 ~ 50 60

Figure III-5 ~’
Contours of ~ versus FD and Fe
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TABLE III-V

MEAN VALUES AND STANDARD DEV~.TIONS OF PERTINENT GEOMETRICAL
AND DILUTION PARAMETERS AT THE CENTERLINE PEAK

AS CALCULATED FROM TEE NUMERICAL MODEL FOR THE JET REGIME
USING POLYNOMIAL FITTED VALUES OF a and ~

~o)m X~ ~ ,,.(b~i V~ S*

Mean
Values ~.0~i i.~37 ~.~15 0.6760 1.0~30.93~3

Standard ~
Deviations 9.~138 0.5432 0.3099 0.$321 0.0706 0.1613
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Us~g the ~lues of a,i as glen by the third degree poly-
nomlals, the ~I integration ~ to the pe~ of ~
~et axis was again carried out for each of t~ 49 c~i-

given in Table III~.

~~I~ ~~~~ n~ from the

.data~v~saS is ~.t~,scatter Weof note~ ~fr~ thevaluesSt~is less
th~ ~at derived from the observed da~. With regard to

b~with~eitsnOte~~tthat its ~~~~~

to yield a good simulation of dilution at the peak of ~e
~et’(last colu~ of T~le ~II-V). In ~ct, if one e~luates

~~ ~~~} xfr°m= Xm ! ,thethedataresuIt°f
is approxlma~ 17 wi~ a ~an~ ~vi~ion of %. ~Is
mean value is less ~an ~alf of ~e ~lue derived from the
n~er~al model. .~

~n~res~ma~d ~ t~ n~er~al ~del. ~deed ~ ~ec~on
of V~ at the peak of%~ Jet as s~ in Table III~ ~-

¯ i~e~s ~an unity for many ca~e~. ~s~ ~i~ does not
seem possible. H~ever, our pre~m~ar~ tests with all of
the o~er ~e~cal models indicates ~Is s~e ~c~nc~
Āpparently there is still room ~r ~ovement in respect
~ ~e prier ’e~trai~e~t relation, partlcularl~ ~r a
dense ~et discharged into a s~eam.
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As further testing of the numerical model, the latter has
been em.ployed in the attempt to simulate in more detail the
geomatrical configuration and dilution distribution in the
Jet regime for a number of tests ~elected from the WES flume
experiments. The results are summarized in Appendix C.

G. Far Field Numerical Mode]

In ’the region downstream from the point of contact of the
Jet with the flume or sea bed the effluent is no longer in
free fall but instead is forced to spread out laterally.
The basic equations governing the flow and distribution of
effluent are given for example by Crew (1970, Eqs. ~.~.I)
to ~.~.~)). The analysis of these in their general form
is quite complex. In order to simplify the analysis, we
will make the following approximations:

a. The longitudinal K-component) velocity within the
region of the effluent is the same as that of the ambient
stream ~), an approximation also made by Crew;

b. The pressure distribution in the vertical is assumed
to be hydrostatic, vertical acceleration being neglected;

c. The sea surface is assumed to be level and at uniform
atmospheric pressure;

d. Vertical mixing is allowed but ~ateral mixing is
neglected;

e. A similarity hypothesis is employed in respect to
the vertical distribution of concentration and outward -
velocity but not with ree~eet to lateral distribution.

In respect to the last assumption, let C again represent the
density anomaly ~ - ~e)/~e and let v denote the lateral
(y-component) velocity; we assume that

C = co F(z/h)

v = vo F(z 

to virtually ze~ at z 9 N (the sea ~r~). ~Is means
t~t if F is a ~s~ theh the scale ~ram~ h is ’
~ch less ~an the depthS.



SECTION III. NUMERICAL SIMULATION OF T~E DISPERSION OF A
DENSE EFFLUENT DISCHARGE INTO A HOMOGENEOUS
STREAM (Texas A. and M. University)

The vertically integrated equations of motion and continuity
can be shown to take the following form:

where K is a vertical turbulent exchange coefficient ~
~imensions of length x velocity) and NI, N2, Ns and N4 are
non-dimensional numbers which depend upon the form of the
function F~), where ~ = z/h. In particular

o 0

= d:
0 0

Moreover the ~g~l distributions of v~ CO ~d h are ~ken
as follows : ~ ~,:.
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Co = Ex exp(-~) (42)

~ < x~). The relation ~e~ b and h~ at x = x{ is silly

~e exchange coefficient K is assume~ $o be given by

where ~ is a non~ens~n~ coefficient which plays a role
similar to a in the Jet entralnme~ model.

In order to illustrate this far field numerical model, the

i ft. Figure i11-6 sho~s the contour C = 0.2 x i0 "~ at
different displacements downstream from x~. Figure III-7
shows three different contours of C all at a distance of
89 ft. from x~. The flattening and lateral spreading of the
contours is quite similar to the dlstrlbutlons.found in the
WES tests for the far field. This illustration shows the ~
importance of gravity in the spreading process even for very
smal~ density anomaly.
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SECTION IV. DESIGN CONSIDE~ITIONS

culated for varying conditions of the performsnce ratio (B),andthe ~s~c~t~i~x~t~f~; whlchln Flgurels a functlon~V-i is shOWnof

performance ratio only. ~For an ambient temperature of 65~F
and s 20~F temperature rise for the cooling wster, the mixed
effluent has a higher density than the receiving water for
performsnce r~tlos above 6.

The criteria used for the design of a diffuser ~ystem was
based on the dilution of the copper’concentrstion to a value

bel°w0.65 mg/lit~rg/liter’0"O~ of copperASSumingin the ~brlneaVerageblowdo~C°ncentrati°nsnd 0.06 mg/~O~ ~.

liter In the coolln~ water discharae, the copper concentra-
tion can then be estimated In the mixed effluent and the

fo~ance ratio ~nd the concentratEon r~io of a dlstaill~tlon
~lent.

Similar plots can be produced for ~he dil~tion of the salin~
ity of the effluent to within 5 percent of the receiving
water and the temperature to 3~F above smblent. Sslinlty
~d temperature were found to require less dilution than
that required for copper. The initial copper dilution in
the vicinity of the outfall, S~(Cu) was therefore chosen
as the criterion for the diffuser desi6n.

A. Diffuser Desi~ Based on Analysis of Inclined Dense
Jets In Absence of Amblent Curren~ ~Dow~ 1970~

Diffusers were designed to handle the effluents from e; 5, ~
i0, and 50 MGD desalln~tion plants. FOT each value of

~I~ro~’5:h~o~i~:~ ~oWerefeetdesIKnedper ~e~ond,f°r Inltltalwith di~e~rvel~c"
of ports of 0.25, 0.5 end 1.0 feet. For each case, s
Froude n~ber was calc~ated and the mex~-helght of a
60~ angle Jet computed. The n~ber of ports required for
each size of plant was then calculated,

of a D-line with a Uo-line represent~ a particular n~ber
of ports (n). ’ "~ ’
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The relationships of these values derived from the results
of the dispersion of angled Jsts in a still fluid are:

U°2 = 2.04 (E°g) FD zm (45)

n = 4(2.04)~ 5/~ Qo ~2 (Eog~%-~2 (46)

If ports of other d~me~rs or with other initial port

vel°citleSand the n~ber are ~~f~-d)~s~e~o~o~~
tlon: ,~

4 Qo
n = (4~)

~ UoD2

So = ~/1.8 i (48)
This is the experimental value of ~l~n at the top of
a 60~ angled Jet, This ~m~ value of FD is represented
by a vertical line in Figure ~-3. Any point on the ri~t
of this line will be an acceptable design meeting the cop-
per dilution criterion,

The lateral spreading of the 60~ an~ed,Jets at its max-
im~ height was used to space the ~orts in the d~f~er:

Spacing = 0.8~ ~ x D (49)Port.

This spacing may result in an overlap of the multiple Sets

inreached.their downward path after the required dilution has;~een

Details of these calculations and the engineering~of out-
fall systems for different size desalination plant.have
been published in the Office of Saline.Water R & iDReport
No. 550 (Dow, 1970). :
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B~ Analyses of Dense Jets Discharged Upwards Into a
Flowing Fluid

The flume study of the mixing characteristics of dense
jets discharged vertically through a single and multiple
port diffuser into a flowing fluid was carried out at
the U. S. Army Corp of Engineer Waterways Experiment Sta-
tion at Vicksburg, Mississippi. The results of this study
have been published as Office of Saline Water R & D Report
No: 714 and are compared with the numerical model developed.
in Section III.

{gt Geometry

The maximum height of the 9pper boundary of a Jet, Zm, wa~ .
given by:

¯ Zm = 3.4 x l0 "O’1~8 Fe x Do FD (50)

~e~eZ~l~r~ the height above the port ~ra~er than

Correlations of the lateral plume width with downstream
distance led to the following equations for prediction of
pl~e spread:

where

X =
XO =
W =
WO =

and

R =

~stance ~resm from d~ffuser, ft.
distance at which plume falls to bottom, ft
total plume width, ft.
plume width at X = Xo, ft.

3"0~0.61 1Og,~x ~’~(g F~)Fe fo rfOr XX >~ XOxo !~I

The quantities Xo and Wo can be predicted by: .. I~ ~

~cer~o~r~a~n~i~f e~e.~nt s he (~f~u~P~5) T~el~[~
-~o valueslhigher than 1.0 inside the lo~arit~n sign, wh±eh
corresponds to Fe values hi~her than 0.2~!.
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SECTION l’V. DESIGN CONSIDERATIONS

The calibration of the model (Section III, E, ) was carried

Zam = 2.3 x lO "0’148 Fe x Do FD (56)

AZ = 0.922 Zam

since

then

Zm = Zam + (57)

= 1.461 Zam

Zm = 3.56 x i0 -0"148 Fe x Do FD (58)

This result is identical to the correlation expressed in
equstlon (49). Either equation (49) or (57) could 
used to calculate Zhe maximum height of the upper boundary
of a submerged dense Jet discharged upwards into a flowing
Cluld.

The distance at which the Jet reaches its m~xtmum height
is given by equation (30) which can be rewritten 
follows :

Xm ~ Xam = 1.778 Do FD Fe1/2 (59)

Equations (55) and (54) are used to calculate the distance
at which the Jet falls to bottom in the direction of the
current and the pl~me width at that point, respeetlvely.

~et Dilation

The correlation of the ~n~ dilation at downstreem stations

wlthbe a ~c[~v~tF~~e~jetParametersbefore andWaS afterf°Und t°

falling to ~e bottom of the fl~e. This relationship is
expressed as:

0.68

~m = 31 x 100.4 Fe ~3 (60)~
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w~ere

X = dist~hce downstream from diffuser
Xo = distance at which plume falls to bottom
~m = minimum observed dilution

Fe = VoU x FD

The dilution as measured on the J~t axis at the position

S = 18 e0"8 Fe (33)

C. ~Iffuser Desion for Desalination Plants

Examples of desalination plants of different sizes with
varyin~ concentration end performance" reZios, chosen to

dem°nstrateced~re, are glventhe practicalbelow: a~a~)of the ~esign ~ro-

~ MGD Plant:

Concentration Ratio, Xc
Performance Ratio, R
Mixed Effluent Flow Rate

Specific Gravity of Effluent

=1.5

==9.8612 cu.~./sec.
= ~5 gs~ons/m~.
= ~. 02998

5 MGD Plant:

I0 M~

Concentration Ratlo, Xc
Performance Ratio, R
Mixed Effluent Flow Rate

Specific Gravity of Effluent

Plant

== l~e’° %

= 19.94 cu.ft./sec.

Concentration Ratio, Xc~
Performance Ratio, R
Mixed Efflue~t~Flow Rate

Specific Gravity of Effluent ~ - -

Plant ~
%

Concentration Ratio, Xc
Performance Ratio, R

=2.5
= 16~
= 3~.85 cu.ft./sec.
= i%,7#$ gallons/min.
= I~03395

=
= 18



SECTIONIV. DESIGN CONSIDERATIONS

Mixed Effluen~ Flow Rate

Specific Gravity of Effluent

= 136.8 ~.ft./sec.

Ambient design conditions of the seawater are taken as:

Concentration Ratld = 1.O (3,~5~00 ppm

Temperature = 65°F

The temperatures of the product water, brine blowdown,
and cooling water discharge are all chosen to be 85°F...
20°F higher than embient.

The design of the diffuser for a i0 MGD plant, based on
the 60~ angled Jet in a still fluid, is shown in Figure IV-3.
With a port dismeter, Do, of 0.52 feet and an initial vel-
ocity through the port, Vo of l0 feet/second, the Froude

~eb~tF~z~ =26.~28 feet)and thewilldilutiOnbe at the maximum height of
FD

Sc = ~ = i~.7 ~"
1.8

Fo~ these s~e conditions, and in the presence of an 8~i~t

~~’(~)~~ and. equation equations f°r(33)a verticalare used
to calculate the geometry of the Jet and the dilution down-
stre~ from the diffuser. The results of rinse calculations
are given in Table ~-I and plotted in Figures IV-%, 5, and
6.

The dimensions of the Sets, as a function of the ambient
current, may be calculated using the developed equations as
listed below:

Zm

S
am at Xo and ~

equati°nequatloneqUati°neqUs’ti°nequati°neqUati°neqUati°n ill andOr (~8)(~)

In the absence of current (U= o) the maximum height 
a 60~ angled Jet, Zm, and the dilution at that point, S,
were calculated usin~ equations (~) end (~8) respectivel~,
while the lateral spread of the Jet at its maximum height

~9~ bm calculated, using the port spacing from equation
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JET ~0~Y AND D~N IN T~ P~E OF AN
AMBIENT ~RRE~ FOR ~E i0 M~ ~ANT

Amble~ Current
U

Knots

0

0.i

0.2

0.3

0.4

Vo

0

O. 892

i. 338’ 29.6

1. 785 25.4

0.5 2. 231 21.8

0.6 2.67~ [8.?

PO - ~e = O. ~88
~e

0.52 feet

lO feet/second

26. ~

Zm ! Xm
ft. ft.

28 --

~6.3

23.1

28.2

32.6

36.5i

39.9

Xo

83.2

121.7

~35-o

136.2

131. o

2o.6

33.3

36.5

36.1

34. ~

31.6

11.5

3.5

5.0

8.3

12.0

15.3

s at
X =Xm

14.7

~5.7

36.7

52.5

75. I

.o7.3

153.2

46.8

~.5

106.3

160.5

242.0

365.0

29.5 ~o

39.3
~

61. 

98.8 ~o

162.6



~e IV-4

¯ MENgON$ OF JETS INJECTED UPWARDS INTO A FLO~NG
FLUID FOR A ~-MGD DESAUNA~ON PLANT
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SECTION IV. DESIGN CONSIDERATIONS

The predicted dilutions in the presence of sn ambient cur-
rent are higher than the design vsSue of 14.7 obtained from
the analysis of a 60° angled Jet in s still fluid. The
width of the Jet at its maximum height, to be used as the
minimum port spacing, Wm, is less than or equal to the design
value for ambient currents up to 0.5 knots.

The diffuser designs for 2, 5, I0, and 50 MGD distillation
desalination plants, are summarized in Table IV-II% along
with the Jet geometry and Jet dilution calculated in the
presence of sn ambient currenh of 0.2 knots.

The design procedure, developed from the analysis of 60°
angled Jets in still fluid, represents an extreme condition,
and thus may be considered to be a conservative design.
Since the cost of the diffuser is a minor part of the out-
fall pipe line, no appreciable savings could be accomplished
by reducing the diffuser length or the number of ports.



- ~nt
Size
MGD

2

5

i0

TABLE IV-II

JET GEOME’fMZ AND DILUTION IN PRESENCE OF AN AMBIENT CURRENT
OF O. 2 KNOTS FOR DIFFERENT SIZE DESALINATION PLANTS

Effluent Properties"

Flow
cu.ft./sec

9.86

19.95

3e. 85

136.8

Po-Pe
Eo = Pe

o. 0048

o. 0067

o. oo88

O. 0110

Diffuser Design

Do Vo (no. nor
ft. ft/sec ports)

O. 25 i0 20

O. 37 lO 19

0.5O lO 16

O. 75 i0 26

Jet
~l~n

70 148

40 80

D7 71

31 57
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SECTION vll. APPENDIX A~

C

Cd

D

Do

E

Eo

fn

g

h

qe

r

S

S

X~

LIST OF SYMBOLS

lateral scale parsmeter

concentration of effluent, (~ - ~e)/~e

drag coefficient

port displacement above the flume floor

port diameter

axial value for effluent concentration

effluent concentration at the port

denslmetrlc Fr~ude number at the port

Froude number based on the smbient flow

effective lateral force per unit length
acting normal to the Jet axis

acceleration due to gravity

vertical scale parameter (far field model)

non-dimensional momentum flux

vertical exchange coefficient

non-dimensional volume flux

volume of entrainment per unit arc length
per unit time

radial distance from the Jet axis

non-dlmenslonal axial dilution ~unctlon

arc length along the Jet axis

ambient current

effective axial conveyance velocity

Jet velocity at the port

lateral (y-component) velocity

x coordinate corresponding to the peak of
" the experimental Jets
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SECTION VII,

non-dimensional quantity associated
with the x coordlna~e of the experimental
Jet axis pack

downstream coordinate

lateral coordinate

maximum z coordinate (above ~he port)
of the experimental Jet axes

non-dimensional quantity associated
with the z coordinate of the experlmenta~
Jet axis peak

vertical coordinate, positive upwards

non-dimensional entrainment coefficient

non-dlmenslonal exchange coef~iclent,
Eq. (43)

non-dlmensional constant

width of the experimental Jets, vertlcal~
direction

non-dimenslonal quantity associated with
the width of ’the experimental Jets

incremental arc length used in numerical
integration

effluent dilution at any point in the Jet

minimum dilution (~xial) at a given Jet
cross-sectlon

non-dlmenslonal arc length along the Jet
axis

non-dlmenslonal coordinate in the z
direction
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SECTION \qI. APPENDIX A. LIST OF SYMBOLS

angle between a tangent to the Jet
axis and the horizontal

non-dlmensional coefficient - depends
upon the fcrm of the distribution
profile

non-dimenslonal coordinate in the x
direction

environmental density

local axial density of the Jet

initial density of the effluent at
the port



SE~I~ VII. AP~ B, C~C~RISTIC FO~ FOR T~
MR FlEW MOD~

following Characteristic form:

along ~x = Z~(Vo - Q) ~’ (B-~)

and

where

Q= (~gCo ~)

L = in Co (B-4)

For the Gaussian profile in the ~ertical, N~ - i/ ~ and
N~ = i/ ~.

versus y at a new position, x + ~x, downstream from the
distribution versus y at x. The variables Co and h are
easily evaluated from L and Q using (B-~).
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SECTION VII. APPENDIX C. COMPARISON OF T,VE NUMERICAL
MODEL WITH THE WES FLUME EkPERIMENTS

To test the ability of tim numerical model to accurately
predict the geomtrical couflguration and dilution distri-
butions in the Set regime, the model was run to simulate

thoef testr seSUltJgeometr° yf s°mean°df ~ut~i~nT~P~pS~u~n~’th~°~o~hc~s
sisted of the appropriate values of Do, FD, and Fe. The
required values of a and k were calculated using the third
degree polynomial mentioned earlier.

Values of the lateral scale perimeter, b, the dilution ratio,
Eo/E, and the s, x, and z coordinates of the centerllne were
calculated for the entire Jet regime (from the port to the
polnt~ xc, where the centerline reached the flume floor,
see Figure III-~). The three coordinate values were calcu-
lated in feet .so that the Jet centerline and the dilution
re%los could be compared directly with the experlmental~
results given in ghe Appendix of Part I of the I~ES report.

The experiments chosen for simulation of the geometrical con-
figurations are listed in Table VII-I. Two .different groups
of test conditions were selected: (1) constant e and i n-
creasing FD; (~) constant FD and increasing Fe.

Figures VII-is through Vii-le show the comparison for the

~en~eo~ ang deometrz Ycoordlnatet sests wit~finereaslnt ghe eenterllnF eD (wltp heakCOnstanl tnerease

Witw hlt h increasini gncreaslng FFDD I~ ~u~U~s~x~c~9~e~.sl~ei~ase~

dieted centerllne position is considered reasonably good for
the portion of the ~et from the port to the peak for all five
cases. For the portion of the Jet past the peak, the center-
line position is good in only two of the intermediate eases--
for the low FD the centerllne is too high, while it lles
practically ~ the lower boundary of the Jet for the two
highest values of FD. This good agreement for the risln~ part
of th~ Jet and poor agreement in the falling portion is prob-
ably due in large measure to the fact that the model was ~.~
calibrated using values at the peak, with no conslder~tion -
of the portion of the Se~-past the peak. Part of the prob-
lem may also be due to inaccuracies in sketching the bound-
aries of the experimental Sets. Note particularly in tests
309 (Figure VII-ic) and 311 (Figure VII-id) that the bound-
aries spread very little on the falling portion of the ~et.

Figures VII-~a through VII-~d sura~arlze the geometry com-
parison for the test sequence with increasing Fe (constant FD).
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SECTION VII. APPENDIX C. COMPARISON OF THE NUMERICAL
MODEL WITH THE WES FLU~E EXPERIMENTS

TABLE VII-I

Experiments used for Simulat~on of
the Geometrical Configurations

Test No. Fe FD

307 0. 8879 18.8
308 0.8879 24.5
309 0.8879 29.8
311 0.8879 4 I. 4
313 0.8879 52 ̄  ~

31o o. 9323
317 i. 3763
331 2.1311
345 4.439v

35.5
35-5
35-5
35-5
35-5
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SECTION VII. APPENDIX C, COMPARISON OF T}~ NUMERICAL
MODEL WITH THE WES FLUME EXPERIMENTS

In this sequence, the x coordinate of the centerllne peak
increases with increasing Fe, while the z coordinate de-
creases. The values of xc also increases with increasing
Fe. All of these trends are what one would intuitively
expect and also are what the experiments snow. In this
sequence of tests the position of the centerline is much
better than it was in the case of increasing FD. The
rising portion of the centerline is again particularly
good, while the portion past the peak is much better than
for the previous sequence.

In both sets of geometry tests, it should be noted that
the portion of the centerline past the peak is n-.~rly a
straight llne. It seems that it should be curved more,

and indeed if it were, its position within the Jet bound-
aries would be improved. Also, the centerllne appesrs to
reaeh its peak before the boundaries do, which again causes
its position to be off somewhat.

In comparlngpredicted dilution distributions with those
measured in the WES tests the model was run for all the di-
lution tests reported in Part I of the WES report. Figure
VII-3 is a plot of the observed axial (minimum) dilutions
versus the axial dilutions calculated by the model. The
dotted line represents a one-to-one, or perfect correlation.
Various symbols have’been used in plotting the points to
indicate different distances downstream from the port. From
this figure it can be noted that the calculated dilutions
generally exceed the observed dilutiois, especially for cases
of large x, which are all past the Jet peak. In general,
from this figure it appears that the dilution distributions
(like the geometry configuration) is better for the portion
of the Jet between the port end the peak than it is for the
portion past the peak, and probably for the same reasons
stated previously.

(except tests 308 and 310 are not ~luded in these figures).
The eircle in each of these figures c~rresponds to the center-
line peak. The initial portion of each of these curves is a
straight llne with a slope of 1.0, therefore for this portion
of the~ Jet

Eo
E= i + ~ , (C-l)

where m is a constant.
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Axial dilution of model
plume versus are length
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ditlons of Test No. 30?.

I
IO0~

TO



I00~0

E°E -I

1.0

Figure VII-5

Axial dilution of model
plume versus arc length
along the axis for con~
ditions of Test No. 309.

I I I I
I0.0

I
I00.0

71



I00~0

I0~0

I I I I I
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Axial dilution of model
plume versus arc length
along t~e axis for con-
ditions of Test No. 311.
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plume versus arc length
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ditions of Test No. 304.



I000~t
t I

i ’= I

I I I

1.0
s I0.0 I00.0

75



I0 000.0
I i I I I I

~

,ooo.o- ’~~e ~-lo
/

Axial dilugio£-~f ~edel /
-- plume versus arc ~engtff ~ /

along the axis fo. com- / ~

~00.0



I000C

I00~( Figure VII-!1

Axial dilution of model
plume versus arc length
along the axis for con-
ditions of Test No. 345.

I I
I0.0

I
I0~0



SECTION VII. APPENDIX C. COMPARISON OF THE NUMEKICAL .
MODEL WITH THE WES FLUME EXPERIMENTS

For values of Fe less than 1.0 (and over the range of 18.8
% FD ~ 52.2), the straight line portion of these curves
generally extends to the centerllne peak, so at least

with increasing FD. Sis is to be expected since the en-
~ai~t coefficient, ~, as calculated by (36) decreases
with increasing FD.

~n~I~? sequenct ehr°ugh VIl-lo if testsa,re f°Frorthaegivei nnCreaSlnv galue ~ s,
it can be seen that the dilution increases with increasinz
Fe. This is also to be expected since a increases with
increasing Fe.

From the foregoing ~iscusslon it appears that the relation-
ship for the entralrm~ent coefflclent, ~, and possibly the
relationship for I need to be modified in order to effect
better correlation between the model smd experimental
results. The entrainment relationship needs to be modified
so that when the Jet direction is reversed (after passing
the peak), entralr~le~t is inhibited. This should help
correct the scatter shown in Figure VII-3 especially.for
the points far do~stresm from the port. As h~s been indi-
cated previously, the model overestimates the lateral
spreading factor by a factor ~reater than two. Decreasing
the dilution should help correct this effect also.

The x coordinate of the eenterllne peak, Xam, needs to be
increased in most eases. The z coordinate, Zam appears to
be reasonable. If the relationships for a and ~ can be mod-
ified so that Xam is increased, then the effect of decreased
dilution should help the geometry correlation by increasing

the curvature of the centerllne and causing it to fall more
rapidly.

centerllne already appears to fall too re@idly. For these
cases, decreasing the dilution without increasing Xam would
make the correlation poorer.



SECTIONVII. APPENDIX C. COMPARISON OF THE NUMERICAL
--. ~ MODEL WITH THE WES FLUME EXPERIMENTS

:~ F~r ’~ portion of the Jets past the peak, the combined

~:an~l~e~e~n~i~ ~ ~(2)andinereased x sh°Uldxamlbe
~ (~) increased curvature of the Jet axis. Any future work
: on the dense Jet problem should begin by working on these

rela~ionshlps.
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