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ABSTRACT

Dilution of turbulent circular wall jets discharging perpendicular to crossflow

ambients has not received much atiention compared o studies on free turbulent jets in

enhancing dilution of waste discharges from both industrial and municipa! weatment
plants under river conditions. The outfall is located at / or near the bed in order to

utilize the whole flow depth in mixing and therefore this increases the efficiency of

characteristics of a circular wall jet in river-like crossflows and its comparison with
the free jet discharging perpendicularly from the bed. The location of the jet takes into
account the limited depths available for mixing in most shallow rivers.

This thesis presents the results of an experimental study on the dilution
wall jets were explored for dilutions up to 100:1 for downstream distance x up to
by first performing a similarity analysis on the 3-dimensional concentration
distributions. Non-dimensional concentration profiles were found to be similar both in
the axial distance of the jet for the flow regimes defined by the momentum dominated
oquation was developed to describe the minimum dilution in the mixing region. The
correlation was found 10 be of similar magnitude with the results of the free jets. The
growth rate of the jet, both in the vertical and the transverse directions was also




investigated. The results indicated that - ta- < th - the deflected jet is about
twice that in the vertical direction ‘- ara c2ristic of wall jets takes
advantage of the available mixing spa . sincC i 1 rvce have widths several times

larger than the flow depth, and consewss - . increaw she effluent dilution.

Effect of the flow depths om #* s dilwtion was also studicd. The results
indicated significant reduction in trae+ .\ . for freestream flow depths less than
10 times the jet nozzle diameter. Tws problem prevails for effluent discharged into

shallow rivers due to early surfacing.
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1.0 INTRODUCTION
1.1 General

A circular jet discharging at an angle into a moving free stream is of practical
interest in the developments associated with waste disposal into rivers, lakes and into
the atmosphere. The wastes which result from increased urbanization and
industrialization have continuously increased the pollutant loadings of both the
hydrosphere and the atmosphere. Examples of waste disposal issuing as a jet at an
angle to the moving ambient fluid include the emission of industrial smoke into the
wind, treated municipal waste and other industrial wasies into rivers. The aim of these
jet discharges is 1o produce significant mixing in a relatively shon distance.

The present study investigates the dilution of a circular wall jet in crossflow.
The jet induced turbulence provides the initial mixing and the subsequent dilution of
which occurs in a jet discharging normal (o the sireamflow enhances the mixing
process and results in high dilutions compared 10 jets in stagnant or co-flowing
mbients. Sufficient knowledge of pollutant concentration distributions withia this
reach of the river where the outfall is located is important. Outfall design would
involve taking into considerations the shallow nature of natural streams and the
poliutant control standards imposed (0 protect against indiscriminatory disposal of
toxic effluents into rivers.




utilize the whole depth of flow in the river to diffuse the unpleasant color
before surfacing.
IL. effluent iemperatures are normally slightly higher than that of the receiving

waters ( about 19C - 5 © C difference ) due to the biological processes in the
relention ponds before release into the river. Effluents therefore tend to

float in a stratified manner in the river flow and this could be minimized by
locating the jet diffuser near the bed.

A possible disadvantage is the possible erosion of the river bed in the vicinity
of the outfall. To minimize the problem, provision of protection works would be
necessary, such as consm&nj a concrete apron or stone piiching the sections that

and currently in use was designed by N. Rajaratnam and A. Charbannou for the
Cariboo Pulp mill in Quesnel, in northern British Columbia which discharges into the

Initial concentration of efMuents at the outfall may be much higher than the
dilution occurs in a relatively short distance, normally referred 10 as the initial dilution
or mixing zome. Gowda ( 1984 ) describod this zone as a limited use 20ne because the
mpm;heﬂHMHﬁﬁﬁmﬂuwhmﬂ
is discharped upwards into the free stream from a submerged owtfall embedded in the




middle of the crossflow ( Wright, 1977; Hodgson and Rajaratnam, 1992 ). To use the
limited flow depth in crossflows such as shallow rivers, it is preferable to delay the
effluents from surfacing by locating the jet on or near the bed and discharging normal
to the freestream as a wall ( bed ) jet. It is assumed that the ratio of the stream flow
depth (D ) to the jet diameter ( d ) is large enough to minimize disturbance of the free
surface in the stream by the jet. Therefore, the parameter ( D / d ) will be considercd
not important in this analysis of the circular wall jet in crossflows. ( It should be
mentioned that in our case, the wall jets should be called bed jets but following the
gencral practice in Fluid Mechanics, they are referred to as wall jets, where all

The work of Hodgson and Rajaratnam ( 1988 ) broadly classificd decp water
and shallow water jets based on the parameter @ d/ D, where a is the ratio of the jet
velocity, U, to the free stream velocity, U. A photographic study of circular jets
discharging into river-like shallow flows showed that the critical value for the
parameter @ d / D is about 0.34. Larger values of this parameter correspond to
shallow water jets and smaller values (0 decp waier jets. In the present work, values of
ad/D are as large as 1.2, and the jet showed no surface effects indicating that it
behaved as a decp water jet. Use of the same parameter (0 calcgorize wall jets is
therefore not applicable because the growth towards the surface is only through
diffusion and the jet momentum is not in the direction of the freesiream depth.

Simple axisymmetric circular turbulent jets ¢ ing int0 a large quicscent
along the axis of a simple jet is approximated by the expression ( Rajarateam, 1983 ):

&-k.% (11)




where C, and C, are respectively the concentrations at the jet nozzle of diameter d,
and maximum concentration at an axial distance of x downstream of the nozzle and
k, is an empirical constant determined through experiments. The work of Hodgson
and Rajaratnam ( 1989 ) found that k; is approximately equal to 0.19.

Several studies have been conducted on the mixing of circular jets in
crossflows of large extent ( Rajaratnam, 1976 ). One of the more significant studies in
this area is the work of Wright ( 1977 ). Recently, Hodgson and Rajaratnam studied
the dilutions of circular jets in rivers, including shallow flows ( Hodgson and

Rajaratnam, 1992 ).

1.3 The Present Investigation

Most of the research work on circular turbulent jets in crossflow have
cmphasized the momentum characteristics compared to the concentration
measurements. The present work emphasizes the practical importance of the jet
dilution issuing as a wall jet in crossflows as applied in hydraulics.

characteristics of circular wall jet in ambient flows normal 10 the jet discharge and to
comparc with the existing work for the momentum dominated regimes of the free jet.
To understand the problem, general mixing cl istics of turbulent jets in




the free jet conditions investigated by Wright ( 1977 ) and Hodgson and Rajaratnam
(1992).



2.0 LITERATURE REVIEW

2.1 General

Circular jets in crossflows have attracted the attention of researchers because
of their practical importance in several fields. List ( 1982 ) indicated that the earliest
work on the subject of jets was by Young ( 1800 ) who recognized that the angle of
cxpansion of turbulent jets was not a function of the jet velocity. A simple
axisymmetric jet discharging into a stagnant ambient is well understood, but
significant differences occur with complex wrbulent shear flows when the ambient is
changed to a crossflow. The earliest published work on jets in crossflow was carried
out by Ruggeri ct al, 1949 ( sec Rajaratnam, 1976 ) who investigated jet penetration in
a wind tunnel. Hodgson (1991) tabulated a comprehensive summary of the previous
experimental work on jet discharges in crossflows but none of the 33 references dealt
with a wall jet.

To achicve a significant degree of mixing in the immediate vicinity of the
outfall, effluent discharges into the environment, especially in rivers, need to be
momentum dominated and because of the shallow nature of the rivers the outfalls need
to be located near the bed. Such arrangements will maximize the mixing process
widﬁnthedepthofdwﬁmmdddaythemfacingofﬂwdi&hmbﬂmionsww
30 : 1 in the initial dilution zone, have been reported when a jet diffuser is used
compared 10 an outfall which relies solely on the river turbulence as in the case of
passive plumes ( Hodgson, 1991 ).

Tomummu.mmhhm.

mwmuuwmmmmmmu
mwhmm.mamummpmm.



stagnant ambient will be described and compared with a wall jet of similar conditions.
This will be followed by the description of the basic components of free circular jet
discharges in crossflow. The knowledge on the free jet will be uscd as s hasis for
understanding the conditions of a wall jet with similar discharges in crossflow.

2.2 Description of Circular Turbulent Jets

The characteristics of the circular jet in crossflow can be better understood by
first describing the simple free jet issuing into a stagnant ambient and then moving
the ambient as a crossflow. In this section existing experimental obscrvations on
simple axisymmetric wall jets will be discussed. This will be later applied when
discussing the effects of the wall on dilution of circular jets in crossflow. Free
turbulent jets discharge into a stagnant ambient with boundaries sufficiently far
away, while the wall jet discharges tangentially and grows along a wall (Abramovich,
1963). It is useful to note that if the Reynolds number R of the jei, defined as
R = U, d/ v where v is the kinematic viscosity of the fluid, is greater than about

1000, the jet becomes turbulent fairly quickly ( Fischer et al, 1979 ),

2.2.1 Simple Axisymmetric Jot

Consider a circular jet of diameter d and discharging with a uaiform velocity
Uo imam-mmjahdivﬂediuomwm(ﬁg.lll
The region near the jet nozzie with undiminishod discharge velocity U, is known as
NMMammm&kmhﬂwhmY
potential with little or a0 turbulonce and extends 10 sbowt 6 d ( Abraham, 1960:



Rajaratnam, 1976 ). The end of the potential flow occurs when the turbulence
gencraied by the shear at the boundarics spreads to the axis of the jet.

The next zone, known as the fully developed flow region, occurs beyond the
end of the potential core. The mean velocity ug, along the conterline decays with the
axial distance x . Rajaratnam ( 1983 ) found that the velocity and concentration
scalcs decay inversely with the distance along the jet axis and are described by the
following equations:

n
» O
| s
|
—
!,a‘
—
s

P SF
Iz

U, is the initial velocity of the jet at the nozzle

Uy, is the maximum jet velocity at any section

x is the axial distance from the jet nozzle 10 that section
d is the diameter of the jet nozzie

Co is the initial concentration in the jet

Cm is the maximum concentr

w=epl-ln2(g)] (23)

%-m(-hz(én (24)



where:

u is the velocity at a point at a section

r is the radial distance to the point from the jet axis

b is the length scale ( distance 10 the point where us12ug)

b, is the length scale ( distance 10 the point where C = 1/2 Cy, ) and
C is the concentration at a point,

The variation of the length scale b used in the velocity distribution for the
circular turbulent jets has been found to be a lincar function of the axial distance x
from the nozzle, given by:

b =0.096 x (2.5)

Similarly, the growth of the concentration length scale b, was found 10 be a
Hﬁgfumimﬂlhelxidﬂmhnﬂm:mﬂmmhﬂmn

b, = 0.096 k x (26)
where k is an empirical coefficient.

The work of Rajaratnam ( 1983 ) found the diffusion coefficient ratio k 10 have a

The work of Sforza and his associses ( 1966 ) and that of Rajerainam and
Pani ( 1974 ) considered throe-dimes al turbulent wall jets. The shape of the
nozzies weed in the studies included a square, lcheh-dlm;kwhﬂqnl
rﬂhﬂﬂhﬂymmmeﬂhﬂﬂhh, Hy-dev




The results on the three-dimensional wall jet indicated that the center plane

velocity distributions in the vertical diroction were reasonably similar along the

classical wall jet similarity curve ( plane turbulent wall jet issuing tangentially o a
smooth wall, surrounded by a

length scales indicaled that both the vertical and the horizontal scales were lincar
functions of the longitudinal distance downstream of the nozzle. From the length
scales, it was found that the lateral scale grows about 4 t0 S times faster than the
vertical scale. The wall shear coefficient was also found to increase 10 a constant value
beyond the downstream distance equal 10 50 times the square root of the nozzle croes -
soctional area. By ncglecting the shear on the wall, these suthors considered the
problem could be analyaed in a manner similar 10 that of theee jonal f

When a moving ambient perpendicular to the jet discharge is introduced 10
replace the stagnant conditions in the axisymmetric jet, the set is described as a

( Abramovich, 1963 ) and do not influence the growth of the jet in the momontum
dominsted region.

clecular jot of diameter ¢ discharging with an initial velocity Uy perpendiculer 10 s
moving free stream of velocity U ( Figure 2.2 ). The jet would initially ponetrate ot
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right angles to the ambient flow but eventually be deformed by the crossflow and
deflected from its original course (0 approximately the ambient flow direction.
Rajaratnam and Gangadhariah ( 1980 ) indicated the cause of the jet deflection as the
result of the pressure fleld exeried near the jet nozzle by the froe stream as well as the
entrainment of the ambient fluid. Deflecied jets experience three zones of flow, as
opposed to two for the simple jet.

The cone-shaped potential core forms the central region of the jet ncar the

nozzle characterized by the shear free flow and undiminished total pressure
( Rajaratnam, 1976 ). Siudies by Pratic and Baines ( 1967 ), Keffer and Baincs

been achieved yet. Hodgson ( 1991 ) analyzed the measurements from the above
mentioned studies and found that this length varies from | 10 4 times the jet diametcr
for velocity ratios @ greater than 10. Other approximations have comsidered
extrapolating backwards the centerline velocity profile on a log-log plot 10 the point
where uy, = U, This method was iound by Hodgson ( 1991 ) to overestimate the
leagth when data from Keffer and Baines ( 1963 ) for velocity ratios o= 4, 6 and §
were used. According 1o Rajaratnam ( 1976 ), the end of the potestial core is located
on the jet centerline for @ > 4 . Platien and Keffer ( 1971 ) noted a downwind
displacement of the core leagth by the crossflow for weak jots with velocity ratios a
< 2

the second flow region known as the zone of maximum deflection and the jot axis heve
changes orientation from the originel normal direction t0 almost paraliel with the fres



stream flow . Turbulent mixing causes the outer layers of the jet 10 lose some of their
momentum through entrainment of free stream fluid and become susceptible to the
deflection of the crossflow. In this region therefore, the cross-section of the jet is
deformod from the original circular 1 a kidney shape ( Abramovich, 1963 ), which
houses two counter-rotating vortices. As the jet continues interacting with the
crossflow, it entrains more ambicnt fluid. This results in a growth in size and strength
of the vortex pair and increascs the total flow of the jot. Some docay of maximum
velocity and hence the concentration in this region occurs along the curvilinear axis of
the jet. According to Hodgson ( 1991 ) the maximum deflection zone extends (o an
axial distance (§ ) of about 15 10 20 times the jet diameter.

The third flow region is referred 10 as the voriex zone and occurs when the
cross-section of the jet is almost completely occupied by the voriex pair. Further
entraintment increases the siac of the vortices and both the jet velocity and direction
approach those of the ambicnt crossflow. Pratte and Baines ( 1967 ) and Fearmn and
Wesion ( 1979 ) noted in their investigations the presence of the vortices at distances
ssncaras x=]0d andasfaras x = 1000 d downstream of the jet nozzle. The
strength of the vortices decrease with distance downstream of the jet.

223 Diffusien of Circular Jots in Cremfiow

Several investigations have beea carriod out examining the structure of the
mummaumhm(mum.nm).m
studics were conducted in air medium and waing pitot tubss 10 measure the total and
lnni:mhdnhtejuhsuhdhjuwhbuﬁbyhphaf
mm(MIMLMWMme
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Gordier ( 1959 ) using water instead of air, (0 measure the distribution of the total
pressure in the jet in a water duct. Gordier found that the results were similar 10 those
of the air jet.

The introduction of the Hot - Wire Anemometry ( HWA ) in the early 1960's
and the Laser Doppler Anemometry ( LDA ) in the mid 1970's improved the
understanding of the jet discharges. Both instruments were able 10 measure the
velocity profiles, jet axis trajectory, the wrbulence and the vortex structures of the
deformed jet.

Rajarstnam and Gangadharish ( 1980 ) swdicd experimentally the behaviour of
circular jet in crossflow for four different discharges of velocity ratios o = 2.73, 4.52,
1.03 and 23, in a water flume. The velocity and piezometric pressure distribution in
the full cross-section of the deflectod jet were measured using the pitot tube. The
results predicted the shape of the deformed jet. the centerline trajectory, the velocity
distribution, and the mass and momentum fluxes of the jet discharges.

Photographic investigations were also used in a number of studics 10 locate the
jet axis trajoctory and jet boundaries. Gordier ( 1959 ) located the jet penciration
( ower boundary ) and the width from photographs of a deformed jet in 8 water flume.
Pratic and Baines ( 1967 ) used photographs 10 locate the jet axis trajectory, the width
and thickness of a jet marked by oil acrosol discharging in aa air crossflow. Similar
photographic stedies were carriod out by Crowe and Riescbicter ( 1967 ) using amoke,
while Margason ( 1968 ) used water vapour for the observations. Wright ( 1977 )
photographed extensively 60 different defiected jet discharges of dye for the velocity
ratio @ betwesn 0.8 and 116 for s downstweam distance extending 10 & maximum of
x/d = 113. Wright considesed both the buoyant and non-buoyant jets in wniform and
siratified crossflow and used his photographic trajectory plots (0 define the distinct
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flow regimes which occurred in the deflocted jet. Wright also defined a momentum
length scale 1y, = M2/ U as a criteria for separating the flow regimes.

3.2.4 Dilution of Circular Jets in Crossflow

Investigations of dilution characteristics of circular jets in crossflow are not as
numerous as the studies of the diffusion. Studies using temperature and other
conscrvative tracers have added significant knowledge 10 the understanding of dilution
of wrbulent jet discharges. The following section summarizes the published

Patrick ( 1967 ) investigated both the velocity and concentration distributions
ﬂjelﬁthhcmﬁwmgdmmm(ﬂt}z)ugmﬁe eriments
were carried ot in an air medium for 23 different jet nozzle disch pes and velocity
ratio @ between 8.5 and S4. Sampling was casried out using the pitot tube. The
results indicated that the jet centerline dilution was a function of the axial distance
(§) of the jet. Centerline dilutions of up 10 100 : 1 for the downstream distance of
§/d =30 were reponed.

The work of Fan ( 1967 ) considered the dilution of buoyant jet discharges in
manmm:pmmmm: were between
Mmmq:mgxmﬁmm
Wpto x/d =250. Fan concluded from his results that the enhanced mixing was dus 10
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Ramscy and Goldstcin ( 1971 ) investigated the distribution of emperature for
weak air jet discharges in crossflow, and velocity ratios a =0.1, 0.5, 1.0 and 2.0.
They used both the hot-wire anemometry and a thermocouple t0 measure the
lemperature profiles. Their measurements covered a downsiream distance of
x/d = 10. The results indicated that the weak jets (a = 0.1 and 0.5 ) remained
attached to the wall, while the stronger jets (=1 and 2) were clearly scparaicd
from the wall. Similar investigations were carried out by Kamotani and Greber
( 1972) for high velocity ratios, @ = 3.9 and 7.7. Their results indicated that the
voricx structure was not csiablished for the weaker jet discharge (o = 3.9 ), while the
stronger jet discharge (@ = 7.7 ) had a developed twin vortex structure typical of jet
discharges in crossflow. The decay of the centreline temperature was found (o be a
function of the axial distance (§). Initially the iemperature decay was slower for the
stronger jet but the dilution was found 10 be about the same beyond an axial distance
of §/d=170.

Chu and Goldberg ( 1974 ) carried out both the theoretical and experimental
investigation on the location and dilution of buoyant jet discharges in crossflow. The
experiments were carried out in & waler medium for 8 different jet discharges of
velocity ratios @ between 6.3 and 44. Dyed salt solution was used as a tracer and
both the measurements of salinity and the photography were used 10 interpret the
results. Their conclusion indicated that the jet dilution was a feaction of the
downstream distance and described by the two-thirds power law. It will be realined
later the two-third power normally describes the dilution of the momentum dominsted
region of pure jots. The selatively high velocity ratics (@ > 3.5 ) weed by the authors
in most of their tests explains the similarity of their results 10 those expected for the
non-buoyant jess.

13



Wright ( 1977 ) investigated extensively the whole range of buoyant and no-

dimensional considerations, photographic analysis and dilution measurements using
Rhodamine B Exindyeguﬁeer.ﬂgjetmwgmgneoﬂmnuglaeity
discharging into a stagnant smbient in a flume. Concentration measurements were
carried out for 20 non-buoyant jet discharges into unstratified crossflows and
velocity ratios a  between 20 and 38. Relative concentration of samples along the jet
trajectory were analyzed using a G.K. Turner Associates Mode! 111 fluorometer.

along the jet centerline. The experimental results agreed with the theoretical
formulations and indicated that distinct transitions occur between the various flow
regimes of the jet. For the non-buoyant jets discharging into a uniform crossflow,
Wright used both the dilution and tr ectory plots 1o define the two slopes of the
lh:mxlmpmdzxnhedhyﬁemmﬁdopgume 2 dominated far
ahont 20 % higher than the centerline derived from the photographic analysis.

with a similar approach 10 that of Wright ( 1977 ) and compared these results with
estigations in rivers. He considered flow velocity ratios & betweea 1.46
10 simulatc more closely the actual field sitations for downstream distances ia the
range l.1<ax/d <990 The sesults were well represcated by a power law relation.
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3.0 LABORATORY INVESTIGATIONS
3.1 General

The laboratory study on the dilution of a wall jet in crossflows was carried out
to simulate the prototype river conditions by introducing a freestream flow in the
channcl ( here referved to as crossflow ) with a flow depth ( D ) 10 jet diameter (d )
ratio of similar magnitude to the actual ficld situation. The bed of the channel would
not represent the true conditions prevailing in the river but assumed the effect is
minimal on the model experimental results. The channel flow was from the laboratory
sump water refilled from the regular city water. Temperatures remained constant at
the ambient laboratory conditions of about 20 (£ 0.5) degrees Celsius throughout

Detailed discussion of the experimental procedure is presented in the following
sections under three categories, namely: the experimental arrangement, calibeation of

The experiments were carried out in a rectangular chaanel 0.91 m wide, 0.77 m
decp and 36.5 m long ( Plate 3.1 ) in the University of Alberta’s T. Blench Hydraulics
freestream flow was provided by a pump located in the laboratory sump. The



scale ( reading to 2 decimal points ) and calibrated for 1.0 VC unit to be equivalent to
0.015 m¥s. The mean velocity in the channel section of the experiment was calculated
velocity was also measured for 3 locations across the flume at distances of 80 mm,
220 mm and 450 mm ( center of the flume ) from the side wall using Prandtl-type
pitoi-static tube and transducers. The velocity profiles shown in Figure 3.1 clearly
indicate that the wall effect extends as far as 80 mm into the freestream flow.

3.2.2 Jet Arvangement

Well-designed nozzles of diameters equal (0 6.35 mm and 12.7 mm were used
mmm:cmmm“mdmmhnﬂnnmghhmuﬂﬂm)
of the flume with the botiom of the intemnal diameter at sbout the same level as the
channcl bed ( Plate 3.2 ). The jet flows were gencrated by a 173 horsepower Jacuzzi
model SP125/B pump fitted with a bypass line and connected 10 a constant bead tank
by a nalgene 800 tubing of 25.4 mm ( l-inch ID ) internal diameter and 3 mm wall
ﬁtﬂnﬁkhﬁm@dgm::mhﬁemtmdymmimm;
900 litres tank conmected to the pumping unit near its base, and received both the
bmhMM&uHMfmnmﬂWmmrwm&m
mmﬂhhﬂp-ﬁu(ﬁﬁﬂ)-ﬂmwh@pﬂmm
on the bypass line and the other on the linc connecting 10 the constant head tank and



the jet nozz.e. The calibration of the rotameter was also checked by volumetric
measurement.

The velocity at the jet nozzle was calculated from the rotameter discharge
reading and the jet nozzle diameter. Velocity at the nozzle was maintained constant by

3.3 Calibration of the

ﬁ&&mpbfmmhmm‘iﬁmeﬂ:ﬂmﬁmmh
on a double scale from 010 10 on the upper scale or 0 10 3.16 on the lower scale and
both scales are related 10 each other by a factor of 3.16. For convenience with the
decimal points, the upper scale was used throughout the present work. The
fluorometer was calibrated using diluicd standards of the Rhodamine dye ( original
market concentration of 20 % by weight of the dye and specific gravity of 1.19 )
solution corresponding 0 its range of 0.01 ppb t0 55 ppb in order 1o derive the relstion
fammmgdwnluwemmﬂundﬂ:ﬂmdycmh_ﬁﬁm
reading and the calibration indicated that the dye fluorescence is a linear function of
the tracer concentration ( Figure 3.2 ). The calibration best fit linc ( 12 = 0.999 ) was
expressed by the following relation:

(3.1)
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The multiplier was cither 1 or 100, while the range of sensitivity was 1, 3.16, 10 or
31.6 and the larger figures indicate low concentration levels of the tracer in the
sampled fluid. The multiplier of 1 was constantly used throughout the analysis but the
range was varied through all the sensitivities depending on the tracer concentration.
The concentrations higher than the maximum reading of the fluorometer could be
analyzcd by making standard solutions of the dye. The initial concentration ( C)at
the jet nozzle ranged from about 15 ppb 10 20 ppb depending on the initial mixing of
the dye in the 900 litres tank for the different jet discharges.

Consistency of the fluoromeier calibration was checked by taking the readings
of the standard solutions before and after the analysis of the samples. It was also
necessary (o turn on the fluorometer for about 20 minutes before carrying out the
analysis of the fluid samples. The fluorometer is capable of measuring the
fluorescence intensity of any chemical solution by simply installing the right kind of

filer necessary for the particular solution and carrying out similar calibration

procedure for the concentrations. The fluorometer could also be equipped with a

Amn(hpddmn:hm“;mwmmﬁ
concentration measuwrements using Rhodamine WT as a tracer in the jet fluid. Fluid



with the Euls ( centerline trajectory ) of the jet. The %sni; at a section was
determined from the photographic trajectory plots of the centerline ( Appendix 111 )
lﬂdﬂbyﬂninjeeuonofuiefocdeolordyemmmpimﬂemdye.’lﬁmjlz
of the jet deflection from its original perpendicular direction was measured by a
protractor, attached (o the top of the sampling rake.

The sampling rake shown in Plate 3.5 was made up of L-shaped brass tubes sct
at a spacing of 30 mm and held in position by a wooden bracket which was kept out of
the water surface at all times during the experiments, The spacing between the tubes
wundjumbledewndm;oﬁuzpodﬁmdlhﬂmﬁm;mdhwﬂhﬂhjﬂ A
minimum of 10 mm spacing was used near the jet nozzie and a maximum of 40 mm
wuuﬂhﬁmgmnw:yfmd:muhwﬁ:hlmﬂmmm

transverse 1\-axis limulumuly. starting from the bed level and the first tube was

The tracer samples were collected for different levels st a spacing of S mm in
the z-axis until the level which marks the outer boundary of the jet growth in the
vertical elevation. To be able 10 sample across the jet in the N)-axis, a sccond set of
mmmmmmmnm:mmﬁm
withdrawa con rreaily by a similar probe located upstream but acer the jet nozade,
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A siphoning sysiem of vinyl nalgene promium tubings of 3.175 mm (1/8-inch
ID) internal diameter and 2.0 m long was used 1o discharge the tracer samples and

probes. The collection bottles were set up and contained in 8 wooden sample rack ( see
Plaic 3.6 ) positioned at an appropriate level 10 create a sampling velocity at the probe
nozzle approximately equal to the main channel flow velocity and a continuous free

sufficient duration was allowed 1o eliminate the adsorption or desorption of the dye
onto the delivery tubings. To minimize the loss of the dye fluorescence due to light,

samples was completed.

comperison with the mean value wsed in the presest study. Pigure ( 3.2 ) gives the
profiles for the 3 locations across the flume at the soction of the jot nozzie ( mean
channel flow velocity U = 0.60 /s ) which indicate that the mean velocity used is



( Appendix I11 ). Adjustments of the centerline axis were made independently for each

In addition 10 the observations in the flume, the jet discharge was timed 10
empty the 900 litres tank in order to evaluate the length of the tracer sampling time
mmmnummmm;mmuammgmmmmm
the tank was obscrved to be negligible and assumed constant ( as the initial nozzle
concentration, C,, ) during the actual sampling. It was found that the dye solution in

(mnﬂ!njfaubom:!hnm’i)iFﬂmwgﬁmﬂmgitmfmmwﬁmdﬂh
nozzle concentration depends on the amount of the dye mixed in the tank and
lhgﬂmenmmﬂymfmﬁmmofhktﬁuﬂfynm
considered with reference 0 the initial nozzle value (i.e. C/C,).

The present study involved a total of 9 experiments, including five jet
discharges (a = 2,4, 6, 8 and 12 ), two jet nozzies of diameters ( d ) 6.35 mm and
12.7 mm, and theee flow depth ratios ( D/ d ) of 20, 10 and S. The summary of the

solutions of the Rhodamine dye ( original market concemtration is 20 % by weight ).
A standardised working solution of 1.0 * 105 ppb ( pans-per-billion ) was mede from
the original solution and kept in o derk 4 litre bottle for wee throwghowt the



withdrawn with the help of a pipetie and mixed thoroughly in the 900 litres tank.
Tracer mixture in the tank was checked for uniformity by measuring the
concentrations at different levels ( surface, center and bottom ) of the tank. A constant
value of the concentration passing through the bypass line of the pumping unit and the
overflow line of the constant head tank was usod as the initial jet nozzle concentration
(Cy ) because these flow lines were connected to the nozzle. The nozzle concentration
was also checked afier every sampling for any fluctuations which might have
occurred. Also the iemperature of the dye mixture was recorded before and after
completing sampling each scction of the jet. While the dye mixing was being carried
out, a constant discharge was established in the flume.

The movement of the sampling rake perpendicular 10 the jet axis along the
sctting therefore was limited to two positions aligned with the centerline axis located
by the jet deflection angle ( 8 ) measured from the normal direction to the channel
(%, yc ) at the section, the jet deflection angle ( 0 ) and the sampling probe number
which locates the centerline of the jet.

The sampling rack containing the bottles for collecting the tracer samples was
positioned 1o determine the discharge velocity of the samples. This was carried out by
calculating the discharge velocity ( u, ) from the time taken 10 fill the 60 ml botties
and dividing the discharge by the cross - sectional area ( a ) of the siphoning delivery
tobe (ic. w,=60ml* ] /time®1/a). Repositioning was carried out until the
velocity u, was approximately in the range of the crossflow velocity U aad the
mwmmm‘mumaumﬁﬁ“
This procedure was mecessary 10 avoid the sampling probe acting as & sink in the
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streamflow or causing obstruction to the tracer discharge. Flushing of the bubbles was
carried out whenever they were found.

The jet discharge was allowed (0 stabilize once all the settings were done
before collecting the samples. Sampling was carried out st elevation spacing of 5 mm
(z - axis ) over the whole jet region in order to minimize the chances of missing the
mkmmm(nchmminEmimm)ﬂhg,MMphmmm
manually in the fluorometer and the concentration results were corrected for the
ambient flow fluorescence which fluctuated between 0.05 - 0.10 ppb, depending on
the amount of fresh water fed into the sump.

The most critical error cvaluation was carried out for the concentration
Rhodamine ( dilwied to known conceatrations with distilled water ). The calibration
that the fluorometer scale reading introduces a standard error of 0.01 waits
( oquivalent t0 0.002 ppb ). This resuk compered 10 the lowest recorded reading of

RCORIration measurements was less than 1 %. Manual operation of the fluoromeser
was wsed and hence resulied in minimal errors compercd 10 those obtainod when the
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sutomatic mode was in operation. Concentration errors due to desorption, adsorption,
the bubbles in the tubing and the mixing process of making the standard solutions

Other experimental errors were introduced during the measurements of the
sampling probe co-ordinatcs. The error ia the jet velocity resulied from the nozzle

of 0.5 mm. Table 3.3 gives a summary of the experimental
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INTAL RESULTS AND ANALYSIS

Interpretation of the concentration results in the following sections follows the
objectives of identifying the main characteristics of dilution of circular wall jets in
crossflow and comparing with those of the free jets.

The dilution of circular wall jet in crossflow is a complex three-dimensional
problem and the present analysis considers the maximum concentration ( or minimum
dilution ) to characterize the dilution problem. Since no published investigations exist
on this problem, the present results are compared with those on dilution of the free
circular jet ( Wright, 1977; and Hodgson and Rajaratnam, 1992 ). A generalized form
of the results is suggesied for practical purposes for predicting the minimum dilution
(Cy,/ Cy ) along the non-di | distance @ x/d for each of the flow regimes
carlicr definod as the momentum dominated near and far fields, as well as the passive
plume region at the end.

The growth of the jet both in the vertical ( z - & plane ) and the transverse
comparing the trends of the length scales slong the curvilinear distance ( & ) of the jet.
(D/d) would be considered.

The boundary limits of the momentum dominated flow regimes ideatified from
, cally into the momentum dominsted near ficld, the far field and the passive




wall jet in crossflows.

The mixing process experienced by the effluents discharged into a receiving
stream, from the review of the existing literature is considered to occur in two
mamemumdominiladregim;lhenmﬁeldre;ian(MDNF)wlereyc:ﬂ_m
the far field ( MDFF ) where y. >> Iy, In the MDNF, the jet is displaced by the
crossflow but retins its similarity 10 jets in a stagnant ambient whereas in the MDFF,
the diffusion of the jet is affecied by the moving ambicnt. These two regimes arc
velocity excess in the jet has decayed and the mixing and dilution is due 10 the

limits of the three regimes.

of the 1/2 and the 1/3 slopes on the data plot of y/ |, against x /1, defines the co-
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ordinates of the scparation point between these two regimes. The point is given by
Ye/lm=1.5 and x/ly = 1.0, where L, is the momentum length scale [ = M1/2/ U )
as had carlier been defined. The trajectory relation for the momentum dominated near
ficld flow regime, from dimensional analysis is given by ( Wright, 1977 ):

{f'c'(l!: )2 (4.1)

where C) is the proportionality constant and a function of a.

and substituting for Yc/ Iy becomes:

2

E - ;i]'i

[ %]
L7

(42)

3

distance downsircam of the freestream flow from the jet nozzle is given in a non-
dimensional form as a x/d and, therefore, Equation 4.2 hecomes:

2ad

Xqe j?]r (“.3)

The cocfficient C is derived from the experimental data using the gencral Equation
2.2

Therefore. a plot of @ xe/d against a is given in Fig. 4.1 as the end limit of the
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4.2.2 Momentum Dominated Far Field Regime

Similar analysis was followed to define the upper limit of the momentum dominated
far field region. The centerline trajectory relation derived by Wright ( 1977 ) for this
region is given by:

I = Ca ()" (4.5)

The proportionality constant C; is again found 10 be a function of a. The logarithmic
plot of the coefficient determined from the experimental data was given by the
equation ( Hodgson and Rajaratnam, 1988 ):

C2=089a 1 (46)

mmm{mnmm“ﬂplmdmdefmﬂmlmmEmdcnlhevelacny
ficld of the flow, the end of the MDFF was assumed to occur where the excess
velocity in the jet above that of the ambient falls 0 about 1% of the initial velocity
excess given as (U - U) = 001 (Up - U). From the work of Rajarstnam and
Gangadhariah ( 1980 ), (Ug - U )/ ( Uy - U ) =001 occurs approximaicly when
§/8% =10 where &, is the length acale in the velocity correlation and defined by
the axial distance of the deflocied jet from the virtual origin 10 the end of the potential
core. The length scale is a function of a and fitied by the logarithmic function gives
by:

§e/d=1Sa 048 (4.7)
Pratic and Baines ( 1967 ) plotied the cemerline pesctration of the deflocted jet
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Yo o 63 ( 2y 48)
ad ad

for all the data points beyond the potential core.
above assumption into Equation 4.8 and combining with Equation 4.5 results in the
following relation, for the end limit of the MDFF regime:

xy = $.47 é-z% (49)

Aplotof axy/d against @ is given in Figure 4.1. The figure indicates the three
distinct regions delineated by the Equations 4.3 and 4.9 as the momentum dominsied
near ficld regime, momentum dominated far ficld regime and the passive plume

MWﬁmﬁﬁhmMﬁ:mmw

wider soction of the jet 10 easure that the peak concentration point was samgled. The




investigated for cach of the 5 jet discharges covering downstream distances as far as x

ijﬁna;zlgatdimegﬂonSSmmm!2.7mmmugdfwdgr§np
of velocity ratios & of 2,4, 6,8 and 12, The ratio of the freestream flow depth (D )
and the jet nozzle diameter ( d ) was maintained constant at 20 throughout the
measurements, except for & = 6 where cases with D / d = 10 and $ were also

4.3.2 Presentation of the Results

The concentration data were corrected (0 climinate the ambient fluonescence
and wabulated in Appendix 1. Concentration measurements in all the sections were
taken perpendicular to the jet axis. A similar procedure was used by Fan ( 1967 )
while Wright ( 1977 ) and Hodgson ( 1991 ) considered vertical cross-sections
(paralic] 10 y-axis ) for the frec jet. The data for the different transverse ( 1) - & planc )
sketch given in Figure 4.2 defines the planes conside d in the presentation of the
results. The unit for the tracer concentration is parts per billion ( ppb ).
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4.4 Analysis

441

Transverse concentration profiles (n - § plane ) were plotied for all the
sections investigated. Sample plots for the velocity ratio & = 4 at locations in the near
field (x =S mm ) and the far field region ( x = 100 mm and 285 mm ) are given in
FigJB(:)(e)MnMofmmmnammmm
layer effect. The maximum concentration ( Cy, ) occurs at a distance 3 measured from
the bed 10 the elevation of maximum concentration, then decreases to a constant value
of the ambient fluorescence. It was also interesting to note the shift of the
concentration peak for profiles ncar the bed, lowards the outer part of the jet, and the
of the jet. The shift for profiles ncar the bed is a result of the low boundary layer

Double peaked tion profiles appeared for the sections investigated in
the maximum deflection zonc. The possible explanation could be as a resukt of the
voricx formation which could oaly be further investigated by plotting the comtour

diminished 10 ambicat flow conditions.




4.42 Minimum Dilution

Dilution of the tracer concentration at a section is explored by considering
characteristic minimum value which occurs at the location of maximum concentration
in the jet. Minimum dilution is therefore given by the ratio of the initial concentration
(Co ) at the jet nozzle to that of the characteristic maximum concentration ( C,, ).
Both the vertical and the transverse planes containing the characteristic value are
considered for the similarity test and the growth of the jet half-width ( where the
instantaneous concentration is one half the maximum value, or C =172 Cw ) length

scales. The main features of the various flow regimes would be identified by
prescating the analysis based on the momentum dominated near field, momentum
dominated far field and the passive plume regions.

The vertical ( z - § plane ) concentration profiles were considered by plotting
the maximum value of C/C, against the elevation z( mm ) for all the sections and
for each of the five jet discharges as given in Figures 4.4 - 4.8. The results clearly
indicate the distributions assume the wall jet shape quickly and the profiles are not
symmetrical along the maximum value as expected for the simple jet. This is because
the jet growth is restricted near the bed. The plots also indicate that listle dilution ( less
than 2 : 1 ) occurs near the jet nozzle where the jet penctrates the ambient flow with its
flow depth.

Similarity of the concentration profiles was testod by plotting non-dimen
valuesof C/Cg wz/g(mqkummmnm

whese C=1/2Cy, ), for all the flow discharges. Plots for the differont flow rogimes
are givea for each of the five jet discharges in Figures 4.9 - 4.14. The plots indicate
reasonsbly similar concontration distributions on the owter odge of the jot bmt
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noticeable scatter exists near the bed due to the boundary layer effects. Considering
the data points away from the wall ( bed ), the concentration distributions for the
sections in the momentum dominated near field all collapse into a single curve with
minimal scatier. The jet dominates the flow in this region and is least affected by the
crossflow ambient, and therefore the mixing processes are similar to those in the
simple axisymmetric jet. As similarity trend is also shown by the data in the
momentum dominated far ficld. However, some scatter is displayed by the data points
on the outside periphery of the jet. This might be due to the effects of non-uniform
velocity distribution of the crossflow.

The distributions for the passive plume region show a lot of scatier over the
whole depth of the flow. This indicates that the characteristics of the flow regime are
different from those of the momentum dominated regimes. Some trend. however,
exists formouofthcdaupoimsmglecdn;llmenarﬂlewall.'l'hejetmixinginﬂne
region has grown to the free surface and consequently the dilution is constrained.

Concentration distributions in the transverse ( 1 - & plane ) direction were
investigated by plotting C / C,, against the lateral distance 1 measured on both sides
from the axis of the maximum concentration as the origin. The plots are given in
Figures 4.15 - 4.19 for each of the five jet discharges. The profiles are fairly
symmetrical and can be approximated to the Gaussian distribution, espccially beyond
the maximum deflection zone of the jet when the profiles become more uniform.
Concentration profiles for the sections at downstream distance of about $=504d
show minimum dilution of sbowt 20 : 1 for cach of the jet discharges. The spread of
the jet growth 1o the inner wall occurred faster for the weaker jet discharge of @ = 2
mdmmmumnumwum
ambicat compared to the relatively stronger jets of a = 4, 6, 8 and 12.



Similarity plots of the transverse concentration profiles were obtained by
ploting C/Cy against n /b, ( where the jet half-width, b, is the transverse
distance measured from the axis of the maximum tracer concentration to the position
where concentration is one-half the maximum value, or C = 1/2 C,, ). The plots for
the momentum dominated regime are presented in Figures 4.19 - 4.24 for each of the
five jet discharges and the combined distributions given in Figure 4.25. The
distributions indicate similarity for the momentum dominated flow regimes. Limited
scatier occurs for data points sampled near the inner wall boundary, which is expected
because of the uneven distribution of the freestream velocity near the walls ( see cross-
section velocity distributions, Figure 3.1).

Concentration distributions for the passive plume region were not included
because the jet half-width, by could not be obtained due 10 a ncar uniform
concentration profile across the jet flow in the region. This further suppons the
differences of the passive plume region from those dominated by the jet

Next we study the decay of the maximum concentration ( Cy ) along the
downstream distance x by considering the minimum dilution ratio ( Co/Cgq )

distance ( § ) of the deflected jet. Wright ( 1977 ) used dimensional consideration
define the dilution as proportional 10 the vertical distance ( y ) of the cemerline of the
to be a function of a x / d. Similar consi¢ ation is adopied for the present analysis
and the results compared 10 those of the frec jet ( Wright, 1977; Hodeson and
Rajaratnam, 1992 ) for the momentum dominsted regions.
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The power law form of minimum dilution given by Patrick ( 1967 ) is
reduced with the help of the logarithms into a simple correlation with the downstream
distance x . The choice of using the downstream distance x is however limited in
the ficld application where river flow goes through a meandering reach and therefore
prior knowledge of the river reach is necessary to ensure sufficient length of the initial
dilution zone is available before locating the outfall. In the present investigation plots
of the minimum dilution ( C,/ C ) against the downstream non-dimensional
distance (@ x / d ) are given on the double-logarithmic scale for each of the jet
discharges investigated in  Figures 4.26 - 32 which cover the investigated range of
ax/d from 2.0 to S0O00. The data indicate a gencral trend for the characteristic
dilution and is fitied by two slopes of 1/2 and 2/3, respectively. For a free jot in a
crossflow, according to Wright (1977 ), the two flow regimes represent the momentum
dominated near field ( MDNF ) and the momentum dominated far field ( MDFF )
regions of a circular jet in crossfllow. The preseat consideration of a circular wall jet in
crossflow indicates similar slope trends and, therefore, similar flow regimes prevail.
The effect of the wall ( bed ) on ¢ ~ level of dilution would be assessed by comparing
the two forms of the jet. The most significant observation of the two slopes is the
transition limit. Based on the criteria earlier defined for the limits of the MDNF,
MDFF and the PPR regions given in Figure 4.1, the transition for the slopes occur
within 2 orders of magnitude (ax/d < 100 ) for the jet discharges with the velocity
ratios @ = 2 and 4 and fairly close (0 the criteria wsed. However, the transitions for the
stronger jot discharges of velocity ratios & = 6, 8 and 12 ase shiftod mose downstream
and occur between the distance range of 100 < ax/d < 1000. This results suggest
stronger wall jet flows behave as though the ncer ficld regimes are longer then thoss of
the corresponding free jets. Th. extonded loagth of the noer field segime may bs dus
10 the underestimated crossflow velocity acar the bed which is less than the meen



value used. For all the discharges considered, the plots indicate that dilutions less than
2:1 are generally non-linear and occur in the vicinity of the outfall (ax/d < 10).

The weakest jet, (@ = 2 ) shows a more superior dilution as compared to the
other jet discharges and also higher than Wright's near field ( 1/2 slope ). Dilutions of
between 10 : 1 and 20 : 1, normally recommended within the vicinity of a jet diffuser
is achicved by the jet discharge for ax/d < 100 and dilution of upto 100 : | occurs
for ax/d < 1000. The model for Hodgson ( 1991 ) achieved a maximum dilution of
30 : 1 st a downstream distance of @ x/d = 900, which extended only through the
range for the initial dilution ( or mixing ) zone.

The jet discharge with velocity ratio @ = 4 had similar range of dilutions with
those of & = 2. Dilutions of 10: 1 upto 20: | were achicved within the
distances of 100 < ax/d < 200. The initial diluwtion zone requireme
of 50 : 1 was achicved by the jet discharge st a distance of shout & x / d = 7). The
other jet discharges (a = 6, 8 and 12 ) indicated low dilutions ranging gencrally
between 30: 1 and 35 : | within downstream distances ax/d < 1000,
considering D/d =10 and S for @ =6. The results are given in Figures 4.28 (b )
and (¢ ). For D/ d = |0, the results for the momentum dominaicd ncar field
compares well with those of Wright's equation and exiends 10 a downstrcam
of sbowt ax/d =400 for dilutions of approximately 20 : |. The same jet diacharge
and that of D/ d = 20 fined similarly well for the near ficld data for a don
distance of showt ax/d = 300 and dilutions of upto sbowt 20 : |. Purther docrease
of the flow depth ratio 10 D/ d = S, resultod in significant effects on the dilution
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Figurc 4.28 ( ¢ ) assumed an almost constant value of about C, / Co = 1S for
downstream distances (& x / d ) above 100.

The combined results given in Figures 4.31 and 4.32 indicate the lower jet
discharge of & =2 comperes well with the results of Hodgson ( 1991 ) for the near
ficld dilutions but more superior for downstream distances above a x / d = 100, This
may be explained by the change of the flow regime from the momentum dominased 10
the passive plume condition which show higher dilutions. Hodgson's results compare
well with the data for a =4 above a x/d = 100. The higher jet discharges of o =6,

those of Wright's for distances up 1o three orders of magnitude (a x /d = 1000 ),
The dilutions in the far field regime compare approximatel

Therefore, the results in the present investigation suggest that circular wall Jet
dlludmhﬁeﬁrﬁédleﬂnemwwﬂbthﬂmi(lf!ilm)
solution , while for the far ficld regime are predicted by the results of Hodgson ( 0.56

For convenience in estimating the dilutions in a practical situation, the results
thmmdygimin%lllngmwhylmqmdmﬂﬁ:

form:
Co/Cm=0.67 (ax/d )08 (4.10)
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strength of the jet discharge. Dilutions of upto 100 : | are represented by the

443 Length Scale Analysis

The concentration profiles for circular wall jet in crossflow have been shown
to be similar both in the vertical, z - § planc ( depth-wise ) and the transverse, 1) - &
length scales along the curvilinear ( £ ) distance. The jet nozzle diameter d is used as a
length scale to make the results non-dimensional.

4.43.1 Vertical Scale, b,

where the concentration is one-half of the maximum valuc at the section
(C=12Cy). Figure 4.33 graphically shows the variation of b, / d along the axial
distance, § / d ( measured along the trajectory of maximum concentrations ) for the
regime (§/d < 30) is fitied by a unifying length scale described by the following

Y a10403(8/4) (411)

The variation of the scale in the momentum dominsted far ficld appears 10 be a
feaction of the flow velocity ratio &. The weakest growih is shown by the jet
discharge of velocity ratio @ = 2, while for & = 4 and 6, b, grows st rates highor than
that of @ = 2. Jet discharges of velocity ratios & = 8 and 12, grow at rates higher than
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thosc of the weaker jets. However, all the jet flows grow with similar slopes and are
described by the following relations:

B 2304002(87d)  (an2) (4.12)

b 2604003(8/d) (a=4and6) (4.13)
i} =100+003(¢/d) (a=8and12) (4.14)

The dependence of a of the scale in the momentum dominated far field region
is shown by plotting § /8§, against b,/ad (where &, is the axial distance
where x = a d ) and given in Figures 4.34 (2 ) and ( b ). For velocity ratios a
greaier than 4, the plot indicate the dimensionless distance &,/ d is a linear function
of a.

The variation of the vertical scale, b, indicates that the wall jet grows at about
10 times faster in the momentum dominated near field compared 0 the momentum
dominated far ' eld regime.

4.4.3.2 Transverse Scale, b,

Transverse characteristic length b, at a section is defined as the distance

where the instantancous conceatration is ome - half the maximum value on cither
graphically by plotting §/d against the abeolute sum of the scale (+by +1-by1)/d
and given in Figure 4.35. The results for all the five jet discharges fall into two




distinct flow regimes. For the first region defined by the momentum dominaicd near
field, the variation is described by the linear relation:

(*bg#'-b.l)
d .0.53%' (‘.'5)

For the second flow region known as the momentum dominated far ficld, the
corresponding relation is:

(+be 4 1-be 1)
2 — -7.5+o.o15-} (4.16)

Uniqueuendsmobuervedwhenlhemnsvenelenmhxaluﬁnme growth
on the outside ( positive ) and the inside (negative ) regions of the deflocted jot were
considered separaicly. The results given in Figure 4.36 (a ) and ( b ) indicate that the
transition between the momentum dominaied near ficld and far field regions for the
outside scale does not occur gradually whereas for the inner scale, there is a smooth
transition,

Compcin;thuemuluwdmobuiaedfonhevmiulaukeuily.wcm
conclude that for circular wall jets in crossflow, the transverse growth is about two
times that of the corresponding growth in the vertical ( depth - wise ) direction. These
mmurmumm(u)mummdmmu
favors the horizontal transverse growth and it is an advastage for dilution in shallow
ﬂmw&emﬂykwﬂhnnﬂ“m&ukmm.
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5.0 CONCLUSIONS AND RECOMMENDATIONS
$.1 Conclusions

The objective of the present study was to investigate the dilution
characteristics of circular wall jets in crossflows. These include the similarity analysis
of the concentration profiles both in the vertical and transverse directions, minimum
dilution and the growth of the jet half - width. The maximum concentrations ( Cg, )
was used as a characteristic scale parameter. It is of practical importance 1o have
knowledge of the maximum value of tracer concentration at any section of the jet
because it is useful in assessing the extend of pollutant dilutions released into the
environment.

The conclusions presented below are applicable for the region where the jet
generated turbulence dominates the ambient flow conditions. The characteristics in the
region where the jet strength has decayed to the ambient flow turbulence and referred
10 in the text as a passive plume condition, was not considered in detail but could be
investigated under a separate study.

S.1.1 Interpretation of the Experimental Resuits

The similarity profiles of concentration distributions both in the vertical
(z - § planc ) and the transverse (1) - § planc ) are presented in Figures 4.14 and 4.25.
The plots indicate that normaliaed concentration distributions for a circular wall jet in
crossflow are preserved from section 10 section. This behavior is assumed (0 hold truc
under the boundary conditions of zero jet velocity at the wall where some scatter on
the dilution data were observed, and the upper boundary of the frec mixing region is
marked by the jet decay 10 the ambieat flow velocity ( U ). The dimeasionless plots of
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both the momentum dominated near ficld and the far field regimes showed no
obscrvable distinction because the jet momentum dominates the mixing and hence
controls the dilution in the regions. The concentration distributions in the passive
plume region were not similar to those of the momentum dominated region.

The wall effect was shown by the scatter of dilution data for all the jet
boundary layer thickness 8 could be derived approximately by the elevation z = 0.5 by.
axis and could be described by the Gaussian distribution.

mdistanceax/d

The minimum dilution ( C, / Cy ) plots along the downstrea
indicated a general trend of increase in tracer dilution shown by the data slope
transition from 1/2 to 2/3. The trends imply that the dilution along the axis of the jet
are governed by the inter - dependent cross - sections with similar rates, or constant
mixing. The passive plume flow regime is shown by the data with steeper slope than
the 2/3 of the momentum dominated far field. This feature was clearly distinct for the
weaker jet with the velocity ratio a = 2 beyond the downstream distance a x / d = 100.

The results have shown that dilutions of S0 : | were achieved by all the jet
discharges within the momentum dominated far field regime. Dilutions in the range of
3:1 0 20:1 were attained in the momentem dominated near field dopeading on the
strongth of the jet discharge. These results indicate that the momentum dominatod far
field is a very important region in achicving significant diletions within the initial
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The dilution data were correlated by a unifying equation which describes the
whole region dominated by the jet. The relation ( Equation 4.10 ) is sufficient for

The length scale analysis for both the vertical and the transverse directions
indicated that the jet grows faster in the momentum dominated near field than in the
far field regime. The result is attributed 1o the dominance of the jet sirength in the
MDNF:; while in the MDFF, the growth behavior is similar 1o that of a jet in a co -
direction compared 10 that in the vertical direction.

occurred approximately at x /ad = | for & = 2 and 4. The stronger jets with velocity
ratios greater than 4 had their transitions at distances (x/ad) > 2.

nozzle diameter. This result indicaies the restriction which occurs in the vertical
mixing in shallow rivers.

The results plotied in Figure 4.32 show that the dilution characteristics of the



those of Hodgson and Rajaratnam ( 1992 ) approxim

the jet discharges was considered separaiely, the dilution of the wall jet in the MDFF
were fittod well by a 2/ 3 - slope of the power law equation but with a higher constant
coefTicient than that given for the Wright's equation.

The transition from the MDNF to the MDFF, based on the trajectory plots of
Wright, occurs approximately where Iy = x, and therefore reduces a x/d to
approximately a2, For a varying between 2 and 12, corresponds to & 2 in the
range of 4 0 144, This crileria was only met by the wall jet discharges of a = 2
and 4 For a greater than 4, the transition values were greater than the a2 values.
Higher values may have been causcd by the smaller resistance of low velocity of the
crossflow ncar the bed.

$.2 Recommendations

The present investigation coasidered only the dilution characeeristics of
circular wall jet in crossflow. To complete the study of the jet roquires an integration
of all the other related hydraulic aspects. Some of the important characteristics
recommended for further study include:

L. detailed study of the concentration comtours across the section of the jet.
wall and free jots in crossflow.

IL mcasurements of the bed shear as an indicator of the extent of the jet
erosion of the river bed.
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111, detailed photographic study of the jet growth to compare with the known

IV. dilution study of buoyant jet discharges for comparison with the
non-buoyant cases.

V. o carry out the dilution study under the prototype river conditions similar 0
the investigations of Hodgson and Rajarsinam ( 1992).

VL. 10 study the turbulence characteristics of the wall jet in crossflow.
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APPENDIX 1

tion of the Circular Wall Jet Diffusion in Crossflow



Plate 1 (b) Enperiment No. A208:

 Veedy Rete (U,/0) e
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Plate I (¢) Exporiment No. A308: Velocity Rotle (U, /U)= ¢
D=127mm, d=635mm

Plate I (d) Experiment No. B10¢: Veleclty Ratle (U,/U) =6
. D=a28¢mm, d=127 mm




Plate 1 (¢) Exporiment N&m Velecity Ratle (U,/U)=8
D= 127 mm, d =635 mm

Plate 1 (f) Exporiment No.ASSR  Veloslty Ratle (U,/U)= 13
D=127mm, d=6 ¥ mm
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Appendix 111
Diffusion of Circular Wall Jet in Crossflows
General

The analysis on this section is based on the photographic trajectory data from

location of the jet during the dilution investigations.

Dicbel's experiments were conducted in the same rectangular channcl, (0.9 1m
wide, 0.76 m deep and 36.6 m long, used in the present study. Well-designed nozzies
of diameters equal t0 6.35 mm and 19.05 mm, locaicd at a distance of abowt 21 m
from the flume entrance were used (0 generate the wall jet discharges from one side of

piping system near the jct nozzle by gravity 1o produce a colored jet. The specific
gravity of the dye was 1.020 at a iemperature of 16.5 ° C and with significant dilution,
its density was assumed 10 approach the

Photographs of the coloured jets with exposure time of 8 1/2 10 | second were
taken from sbove the flume to provide the plan view of the deflecied wall jet.
Measurements of the jet cemterline and its total width B at differemt locations along the
§ - axis were carried out using a 2 cm x 2 cm grid painied on the bed of the Mlume ot
the study section. The mid point between the inner and the outer jet penciration

162



side clevation were used 10 obtain the vertical thickness h of the deflected jet at
locations along the axial distance.

Growth of the Deflected Wall Jet

The deflected jet centerline in the work of Diebel was defined by the x and y co-
ordinates where x represents the longitudinal distance along the stream and y
represents the perpendicular distance (o the stream with the origin at the jet nozzle.
"The axial distance § was measured from the nozzle along the centerline of the

deflected jet for which the y co - ordinate was writien as y,.

The analysis of the jet trajectory showed no sensitivity to the magnitde of
D/ d, the ratio of freestream depth 1o the jet nozzle diameter which was gencrally in
the range of 20-37, in the latcral growth. ihe present study on deeply submerged jets
therefore, would show minimal dependence on the parameter. However the jet growth
in the vertical ( depth wise ) diroction would be influenced by the surface effects for
relatively low values of D/ d.

circular wall jet using the photographic data of Dicbel and 10 compare the trajectory
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The investigation of the flow regimes were carried out by plotting the
dimensionless centerline co - ordinates, x /Iy against y /iy and then superimposing
the known trajectory solutions for the momentum dominated near and far ficlds. Based
on the trajectory analysis of Wright ( 1977 ), the path of a free deflected circular jet in
crossfllow was fitted by a 1/2 - slope and 1/3 - slope for the MDNF and the MDFF
respectively. Diebel's wall jet data are presenied graphically in Figures 111 (a) - ()
for the two jet nozzle diameters used. The plots indicate that most of the data fall on
the far field flow regime. The transition point was found (0 vary in the range of y¢/ by
= 1.010 2.0 and approximated the value obained from the work of Wright ( 1977) of
Ye/lp= 1.8,

The dependence of the proportionality coefficients C) and C2 on the velocity
ratio & was also analyzed based on the two slopes for the MDNF and the MDFF
respectively. The variation of cach of these coefficicnts against & is presenied in
Figures Il (¢ ) and ( u ). The coefficients are fitied by the equations:

C = 1.1l a9 (H-1)
Cy = 098 08 (1-2)

The results indicate that both these coefficients are not constants  but are
approximately linear functions of a. The increase of C; tends 10 an asympiotic valuc
of 3, while Cy approaches a constant value of about 2.5 for @ sbove 20. The
results given by the work of Wright showed similar trends but both the cocfficients
@ = 100. Hodgson ( 1991 ) carried out similar analysis for river - like shallow
crossfllows for & less than 1S. The preseat results from Dicbel's data closely
approximated Hodgson's results for & less than 10 but sbout 30 % gresicr than
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Wright's results. The comparisons in the momentum dominated far ficld regime
indicates that the wall jet coefficient C2 tends to increase faster than values given by
the work of Hodgson. These results indicate that the wall jet penetration is greater than
that of the corresponding free deflected jet. Low velocity of freestream flow near the
bed might be responsibie for this difference.
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