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Jet Interaction in a Still Ambient Fluid
H. J. Wang1 and M. J. Davidson2

Abstract: Interaction between a jet and its neighbors in a still ambient fluid is dealt with. A model for the merging of an infinite
equally spaced identical jets in a still ambient fluid is developed. The velocity and tracer distributions in the model are determin
on the summation of momentum fluxes and tracer fluxes, respectively. Laser-induced fluorescence experiments are conduct
different port spacings. Analysis of these and past experimental results show that individual jets spread asymmetrically during th
process. The current model satisfactorily predicts the spreading rate changes in the free entrainment plane and the jet mergin
well as the tracer distributions during the merging process. Flapping motions were observed during jet merging, but these mo
not sufficiently persistent to significantly change the concentration fluctuations profiles.
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Introduction

Although, in general, wastewater disposal systems are designed
prevent the interaction of neighboring discharges, where the flow
being disposed of are large it may not be possible to provid
sufficient spacing between the discharges. Under these circum
stances, discharges may interact and merge to form a combin
flow, with a significant impact on the dilution efficiency of the
system. This potential problem has, in part, provided the motiva
tion for studying two-dimensional discharges, for example
Kotsovinos ~1977! and Kotsovinos and List~1977!, finite line
discharges~Roberts 1979!, and closely spaced radially discharged
flows ~Roberts and Snyder 1993!.

Less common are studies that focus on the interaction an
merging of closely spaced discharges. Knystautas~1964! studied
the merging of a long line of identical jets in a still ambient fluid.
In this situation, fluids released from the central ports are no
influenced by edge effects and have two limits to their behavio
Initially where there is no interaction between neighboring dis
charges, the flow develops as a single axisymmetric jet. As th
jets mix with the ambient fluid they grow and begin interacting
with each other. Eventually they merge fully and reach the othe
limit, where their behavior resembles that of a two-dimensiona
jet.

Kynstautas conducted experiments where he measured velo
ity profiles in a line of merging jets in a still ambient fluid and two
port spacings were considered. A merging still jet model wa
developed, based on an axisymmetric jet model that utilizes Re
chardt’s hypothesis. The merging of a line of jets was modeled b
adding the momentum from each of the merging jets at a give
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location. The overall momentum of the discharges was unchan
with downstream distance. With an appropriate definition of t
spread function, the model correctly predicted the bulk behav
of the merging jets. Hodgson et al.~1999! extended Knystautas’
model to provide predictions of tracer dilution. The spreading r
and the ratio of the concentration to the velocity length scales
assumed not to change during the merging process. A vacu
tube system was employed to obtain mean concentration pro
for a single port spacing and this data compares favorably w
model predictions.

Davidson~1989! considered the problem of the merging of
line of jets in a coflowing ambient fluid. An additive assumptio
was employed to define the velocity distribution and concent
tion distribution of a merging jet. This approach is consistent w
the summation of excess momentum and the summation of tra
flux in the weak jet~strongly advected! region. However, when
applied to the merging jet problem in the strong jet~weakly ad-
vected! region or in a still ambient fluid, this approach is incon
sistent with the summation of jet excess momentum flux and
summation of jet tracer flux. This inconsistency is only appare
during merging and the model correctly predicts the flow beha
ior in the axisymmetric and two-dimensional limits. Papps a
Wood ~1997! provided experimental evidence to support this f
buoyant discharges in a still ambient fluid, although some mo
fication of the model was required to account for flapping of t
merged flow.

It is interesting to note, however, that none of the above mo
els have considered the possible change in spreading rate
occurs when jets merge and move from the axisymmetric to
two-dimensional limit. These differences in spreading rates
evident in previous experimental studies of axisymmetric a
two-dimensional jets~Fischer et al. 1979!. The studies suggest a
10 to 20% increase in the spreading rate during the merging p
cess. Other changes are also evident in existing experimental
sets and additional insight can be obtained through further exp
mental investigations into the behavior of merging jets.

In this paper, we return to the relatively simple problem of
line of merging jets in a still ambient fluid. We begin by deve
oping a model based on the summation of jet momentum a
tracer fluxes~similar to those developed previously by Knystaut
and Hodgson et al.!. However, the model presented here includ
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be
the previously observed changes in the spreading rates and
centration to velocity length scale ratio between the axisymmet
and two-dimensional flow limits. The problem is then invest
gated experimentally using the laser-induced fluorescence te
nique. Detailed mean and fluctuating concentration fields are
tained for four port spacings. The results of this experimen
investigation are compared with the predictions from the pres
model and those from Davidson~1989!, Knystautas~1964!, and
Hodgson et al.~1999!.

Modeling Merging Jets in a Still Environment

The merging scenario considered here occurs when a line of id
tical axisymmetric jets are released from ports that are equa
spaced at a distancel p . The port diameter isdp , and the jets are
discharged at an initial velocityU0 , into an essentially infinite
receiving fluid of the same density. In the analysis, a contr
volume centered on one of the central ports is employed and
extends a distancel p in the y direction. The discharge configura-
tion and the control volume are shown in Fig. 1.

The symmetry of the problem indicates that there will be n
net momentum exchange between adjacent jets, so applying c
servation of momentum to the control volume gives

I MU2blp5M0,3D (1)

whereM 0,3D5pU0
2dp

2/4; U5centerline mean velocity of the jet;
andb5spread of the jet in the free entrainment (x-z) plane. This
spread is defined as the radius at which the local mean velo
u5e21U, and the shape factor is defined by

I M5E
2`

` E
l p/2

l p/2F u

U G2 dy

l p

dz

b
(2)

Introducing a tracer of concentration (C0) at the source and con-
serving the concentration of this tracer as it passes through
cylindrical control volume yields

I QCUCblp5C0Q0,3D (3)

where Q0,3D5 initial discharge (pU0dp
2/4); and C5centerline

tracer concentration; and the shape constant is given by

Fig. 1. Schematic diagram of a line of merging jets and contr
volume that is used to analyze their behavior. This figure also sho
system employed for numbering ports.
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I QC5E
2`

` E
l p/2

l p/2F cu

CUG dy

l p

dz

b
(4)

Note thatc is the local mean concentration. It is commonly a
cepted that both the mean velocity and concentration distributi
of jets ~in the free entrainment plane of the problem consider
here! can be approximated by normal distributions. They c
therefore be modeled using the following functions:

u

U
5e2~r /b!2

(5)

c

C
5e2~r /lb!2

(6)

where r 5radial coordinate. The spread assumption, which
sumes a linear growth with distance from the source, can then
employed to close the system of equations. However, altho
the velocity and tracer distributions in thex-z plane remain
Gaussian and self similar throughout the merging process, in
x-y plane this is no longer true. The velocity and concentrati
distributions are initially Gaussian, but after merging they a
uniform. To obtain a solution, the velocity and tracer distributio
must be defined during merging.

It is appropriate to add the conserved quantities and hence
sum the merging jet momentum to obtain the velocity distributi
and the tracer flux to yield the concentration distribution, duri
the merging process. The velocity distribution is obtained by i
tially considering the momentum flux~dM! passing through an
elemental areadA, before merging takes place~the axisymmetric
limit !. This can be expressed as

dM5u2dA5uaxi
2 dA (7)

whereuaxi5 local axisymmetric jet velocity. However, as mergin
takes place, the momentum flux through the same element of
becomes

dM5u2dA5S (
n52`

n5`

uaxi
2 ~n!D dA (8)

wheren5port number.
Similarly, the tracer flux passing through the same elemen

area~dQC! before merging begins is

dQC5ucdA5uaxicaxidA (9)

where caxi5 local axisymmetric jet tracer concentration. Durin
the merging process the tracer flux becomes

dQC5ucdA5S (
n52`

n5`

uaxicaxi~n!D dA (10)

Eqs.~8! and~10! provide the basis for developing general expre
sions for the velocity and tracer distributions during mergin
Making use of Eqs.~5! and~6!, expressions for the axisymmetric
velocity and concentration profiles for each of the jets can
written as

uaxi

Uaxi
5e2~z/b!2

e2~~y1n,p !/b!2
(11)

caxi

Caxi
5e2~z/lb!2

e2~~y1,p !/lb!2
(12)

These expressions can be substituted into Eqs.~8! and ~10! and
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the appropriate expressions for the centerline values of the co
bined flows can then be determined. The velocity and tracer d
tributions are then written as

u

U
5F expH 22F z

bG2J (n52`
n5` expH 22Fy1nlp

b G2J
(n52`

n5` expH 22Fnlp
b G2J G 1/2

(13)

uc

UC
5

expH 2FA11l2z

lb G2J (n52`
n5` expH 2Fy1nlp

b G2F11l2

l2 G J
(n52`

n5` expH 2Fnlp
b G2F11l2

l2 G J
(14)

The values of shape factorsI M and I QC are then determined by
substituting Eqs.~13! and ~14! into Eqs.~2! and ~4!. Simplifica-
tion of the resulting integrals requires the integration of summ
tions of the following form:

S15 (
n52`

n5`

expH 22FC1n

V G2J (15)

whereC5y/,p andV5b/,p or bl/,p@11l#1/2.
With some manipulation, this summation can be written in th

alternative form of au3 function as described by Fenton an
Gardiner-Garden~1982!

(15expH 22FCV G2J F112(
n51

n5`

expH 22F n

V G2J coshH 4Cn

V2 J G
5Ap

2
Vu3H pC,expH 2

@pV#2

2 J J (16)

Making use of the conventional form of theu3 function, the sum-
mation then becomes

Ap

2
Vu3H pC expH 2

@pV#2

2 J J
5Ap

2
VF112(

n51

n5`

expH 2
@pVn#2

2 J cosh$2npC%G
5S1 (17)

Manipulating the summations in this way simplifies the sha
factor integrations, which yield the following relationships:

I M

1.11
5

Ap

2

112(n51
n5` expH 2Fnpb

& l p
G 2J (18)

I QC

1.08
5

lAp

@11l2#1/2F112(n51
n5` expH 2Fnpb

l p
G2F l2

11l2G J G
(19)

The constants 1.11 and 1.08 have been added to take accou
the turbulent flux terms. These values are based on the axis
metric limit.

During merging, the values of the spread constantk and the
length-scale ratiol must be transformed from their axisymmetri
values to their two-dimensional values. A linear approximation
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employed to make this transformation, because the details
these changes are not known.

The present experiments indicate that there are also differen
between the values of the spread parameterk and the length-scale
ratio l in thex-y andx-zplanes during the merging process, as
indicated in the schematic diagram in Fig. 2. To allow for this
the model, the spreading rate and the concentration to velo
spread ratio are defined separately for the two directions.

The velocity distributions and tracer concentration distrib
tions in thex-y andx-z planes are therefore determined based
the spreading rates in specific directions. To simplify the mod
the cross-sectional area of an individual jet during merging h
been assumed to have an elliptical shape, so that the mergin
axisymmetric jets is simulated as the merging of elliptical jet
The long axis of each ellipse isbz , the short axis isby , and the
area is equivalent to a circular area with a radius ofb, as shown in
Fig. 2. The cross-sectional area of velocity field is then

A5pbybz5pb2 (20)

and the cross-sectional area of concentration field is given by

Ac5pbc,ybc,z5pbc
2 (21)

Eqs. ~18! and ~19! show that the shape parameters are
longer constant with respect to downstream distance, but are
stead a function of the ratio of the jet spread to port spaci
(by / l p). Fig. 3 shows how these shape parameters vary as
ratio increases. Note that the spread in thex-y plane (by) is the
relevant jet scale for determining the extent of jet merging.

Fig. 2. Schematic diagram of jet deformation during mergin
process

Fig. 3. Variation of shape parametersI M andI QC with spread-to-port
ratio (by / l p)
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Fig. 4. Schematic diagram of manifold system used to distribute flow to 15 discharge pip
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In the axisymmetric limit, the shape parameters becomeI M

5I M ,3Dby / l p and I QC5I QC,3Dby / l p . The conservation of mo-
mentum flux and conservation of tracer flux equations are the
reduced to their axisymmetric form. A noticeable change~1%! in
the gradient of the shape parameters occurs afterx/ l p reaches 4.5
(by / l p is about 0.5!. This indicates the location where the inter-
ference of individual jets becomes strong enough to affect th
bulk properties of the central jet. The flow reaches its two-
dimensional limit whenx/ l p'12. In the two-dimensional limit,
the shape parameters take on their two-dimensional values, th
is, I M5I M ,2D and I QC5I QC,2D . This then gives the two-
dimensional form of the conservation of momentum and trace
flux equations. The merging region is therefore defined by 4.5
,x/ l p,12 and this provides the basis for linear transformations
of the spread~k! and the length-scale ratio~l! values.

Eqs.~18! and ~19! can also be used to estimate the minimum
number of discharges required, before the central flows behave
if the line of discharges were infinite. This is done by reducing the
number of discharges (2n11) over which the summation occurs,
until a 1% variation is detected in the values of the shape param
eters. Adopting this approach, the minimum number of discharge
required to satisfy this condition is 13. It is worth noting that
although one can simply reducen in an attempt to model small
groups of merging jets, other physical processes~not dealt with in
the model! may then become important. For example, if just three
jets are released, asymmetries in the demand for entrained flu
may create significant pressure gradients that draw the flows to
gether.

Experimental Design

An experimental investigation into the merging of jets in a still
ambient fluid was carried out in the Water Resources Researc
Laboratory at the Hong Kong University of Science and Technol
ogy. This laboratory houses a towing tank that is 15 m in length
2 m wide, and 1.6 m deep. The towing tank was filled to a depth
of 1.2 m. Fifteen equally spaced pipes were mounted on
computer-controlled carriage, so that they discharged horizontall
into the tank at a depth of 600 mm. Two sets of these pipe
DRAULIC ENGINEERING © ASCE / MAY 2003
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~internal diameters were 4.64 and 1.77 mm! were employed in the
experiments. The 15 pipes were connected to a manifold loc
above the water surface and this was used to distribute the
source flow evenly to the pipes. The variation in the discha
from the pipes was kept to within 5% of the average value
schematic diagram of the manifold system is shown in Fig. 4. T
source and ambient fluids were both fresh water and the dens
of these fluids were accurately monitored using a precision d
sity meter~PAAR DMA58!.

A laser-induced fluorescence~LIF! system was employed to
record the behavior of the merging jets. The light source for
system was a 6 W Argon Laser that was operated in a single m
at a wavelength of 514 nm. The laser light power was set at 2.0
for these experiments. The laser beam passed onto a rotating
ror that scanned the beam across a parabolic mirror. This com
nation of mirrors produced a parallel-planar light sheet. The li
sheet was approximately 500 mm wide and 5 mm thick. Dur
the experiments, the towing tank was completely isolated fr
the remainder of the laboratory using black laser safety curta
and this effectively eliminated all extraneous light sources.

The behavior of the merging jets, in the light sheet, was o
served by adding a fluorescent dye tracer to the source fluid.
dye tracer was Rodamine 590. This dye fluoresces when illu
nated with light of wavelength 514 nm and emits light at a wav
length of 590 nm. The observation system consisted of a low-li
security video camera~Panasonic WV-BP510/G) and a video re-
corder~Panasonic AG-6730!. The Panasonic camera was operat
such that its automatic light compensation features were ina
vated. The camera was fitted with a filter that eliminated light a
wavelength of 514 nm, thus the only light recorded by the obs
vation system was that generated by the fluorescing dye. A s
matic diagram of the experimental system is shown in Fig. 5.
some of the experiments, the laser sheet was located in a hor
tal plane and the video camera was moved to give a plan view
merging jet behavior. The video images were later digitized us
a Data Translation~DT2867! image capture board and process
on a PC.

The images of the merging jets were converted to quantita
concentration data through the image processing system. The



Fig. 5. Schematic diagram of LIF system used to record behavior of merging jets
of

er
m-
te.
d in
to
d
on

e-

rm.
m-
is
ars
-

del

rva-

d-

ts
cessing of the digitized images involved removing backgrou
light, correcting for variations in the source light intensity an
calibrating the image so that the intensity of light at each pix
was directly and consistently related to tracer concentration.
more detailed explanation of the processes involved is contain
in Wang~2000!. Digitized images of a 50 mm350 mm grid were
also analyzed to provide spatial calibrations for the images. Ty
cally, for each experiment a set of 200 to 300 images were di
tized at a rate of 1 Hz. An average of these images provid
details about the mean behavior of the merging jets. The comp
set of images were also analyzed to provide information on flu
tuation statistics such as the root-mean square and intermitte
of the concentration fluctuations.

Model Predictions and Experimental Results

Mean Properties

The merging jet model assumes that the tracer and velocity p
files are Gaussian and self similar throughout the merging proc
in thex-zplane, but that these profiles transform from a Gaussi
to a uniform distribution in thex-y plane. Tracer profiles taken
from the x-z plane are shown in Fig. 6 and those from thex-y

Fig. 6. Measured tracer distributions during from merging of jets
still ambient fluid inx-z plane, with port Reynolds number 2660 an
port spacing 34dp
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plane are shown in Fig. 7. The Gaussian and self-similar nature
the tracer profiles throughout the merging process in thex-zplane
is evident in Fig. 6. In contrast, the profiles in Fig. 7 are no long
self similar, changing from being Gaussian as merging co
mences to become uniform as the merging process is comple

The mean centerline concentration and concentration sprea
thez direction can be obtained by fitting Gaussian distributions
the tracer profiles in thex-zplane. While the concentration sprea
in they direction can be obtained by comparing the concentrati
distribution obtained from Eqs.~13! and ~14! with tracer profiles
in the x-y plane. It is worth noting that as merging nears compl
tion the data obtained for spread in they direction becomes less
reliable. This is because the profiles become increasingly unifo
However, the magnitude of spread in this direction is also beco
ing less important and is no longer significant once merging
complete. In the context of concentration spread merging appe
to have taken place asx/ l p approaches 11. The concentration
spread variations in bothx-y andx-z directions along the jet tra-
jectory are shown in Fig. 8, where they are compared with mo
predictions.

Fig. 8 is plotted withx andbc normalized by the port spacing
l p so that all the experimental data obtained in the same obse
tion plane, with different port spacing ratios (l p /dp), collapse to
a single line. It is clear from Fig. 8 that the concentration sprea

in
d

Fig. 7. Measured mean concentration profiles during merging of je
in a still ambient fluid inx-y plane, with port Reynolds number 2660
and port spacing 34dp . Eqs.~13! and~14!, with ly51.15, have been
used to plot curves which are shown for comparison.
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ing rate in thex-zplane increases during the jet merging proces
and the increase is about 30% from the axisymmetric to the tw
dimensional limit. In contrast, the concentration spread rate in t
x-y plane decreases by a similar amount from the axisymmetric
the two-dimensional limit. The value ofkl in the z direction
varies from 0.127 to 0.165 and in they direction the data suggests
the variation is from 0.127 to approximately 0.092 during je
merging. These results indicate the growth of individual jets is n
longer axisymmetric once the interference from neighboring je
is sufficiently strong.

The changes in growth rates during jet merging are not on
observed in the present experiments, but are also evident in
velocity data obtained by Knystautas~1964!. This can be seen in
Figs. 9 and 12, where there is some inconsistency between m
els that assume a constant growth rate during jet merging and
experimental data. The velocity profiles measured in thex-y
plane, from which the spread data shown in Fig. 9 were obtaine
indicate that merging nears completion asx/ l p approaches 13.

Fig. 8. Spread of merging jet tracer profiles inx-y andx-z planes as
function of downstream distance. Initial Reynolds number for da
was 2,660 to 5,500.

Fig. 9. Comparison of model predictions for velocity spread inx-y
plane. Data from Knystautas~1964! and current study are shown for
comparison. Value of spread constantk used in present model varies
from 0.107 to 0.08 inx-y plane during jet merging.
354 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / MAY 2003
s,
o-
he
to

t
o
ts

ly
the

od-
his

d,

The tracer profiles therefore become uniform in advance of t
velocity profiles and this is consistent with differences in the
respective rates of spread.

The increased growth rate in thex-z plane indicates that the
interaction between jets during the merging process increases
rate of jet entrainment in the free entrainment~x-z! plane. This
observation is also consistent with previous experimental resu
that indicate that the spreading rate of a two-dimensional jet
significantly larger than that of an axisymmetric jet. In thex-y
plane, it appears that the jet entrainment is suppressed by
presence of the neighboring jets. This results in a reduction
spread in they direction. The merging process reduces the mea
shear in thex-y plane and limits the scale of the large eddies i
this plane. These eddies are largely responsible for initiating t
entrainment and energy dissipation processes. It is conceiva
therefore, that more energy will be dissipated by the large ed
motions in thex-zplane, which in turn enhances entrainment an
spread in that plane.

As velocity ~Knystautas 1964! and concentration profiles
~shown in Fig. 7! in thex-y plane are both available, it is therefore
possible to obtain an estimate of the values ofby andbcy at each
location during jet merging. This can be achieved by fitting th
velocity and concentration distributions obtained from Eqs.~13!
and ~14! to the experimental data, as was done for Fig. 7. Th
variations of velocity spread parameter~k! and the ratio of the
tracer to velocity spread~l! can therefore be determined in thex-y
plane. Fig. 9 shows the velocity spreadby from Knystautas’ study
as well as data obtained from the current study by dividing th
concentration spread with differentl values.

In this figure, it is evident that Knystautas’ data is in goo
agreement with the model predictions when the value of spre
constantk varies from 0.107 to 0.08 in thex-y plane during jet
merging. Typically, in the axisymmetric region of these flowsl is
assumed to be 1.19 and velocity spread values determined fr
the present study~based on this value ofl! are consistent with
Kynstautas experimental data. However, a value ofl51.15 is
required to maintain this consistency as merging takes place. T
data therefore suggests the following values for the spread rela
constants:

ky,3D5kz,3D50.107 ly,3D5lz,3D51.19

kz,2D50.118 lz,2D51.40

ky,2D50.08 ly,2D51.15

It is worth noting that once a two-dimensional flow forms, th
values of spread constantsk andl in they direction are no longer
significant, because the flow behavior is only affected by the p
rameters in thex-zplane. Therefore, the values ofky,2D andly,2D

are only employed to create the correct behavior in the mergi
region. It should also be noted that the uneven growth in they and
z directions starts whenx/ l p is approximately 4.5 (by / l p'0.5).

The significance of the difference the above modification
make to the model predictions can be seen in Fig. 10. Here
concentration profile measured in thex-y plane at a distance of
247 port diameters (x/ l p57.27) from the flow sources is shown.
Predictions from the present model and models developed
Davidson~1989! and Hodgson et al.~1999! are shown for com-
parison. Both models assume symmetrical spreading during
merging process and in doing so they overestimate the interact
of the jets in thex-y plane and hence the predicted concentratio
profiles show a greater degree of merging than is indicated by t
data. The additive assumption employed in Davidson’s mod
tends to augment this problem because it overpredicts velocit

ta
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near the planes of symmetry between the jets and underpred
velocities near the flow centerline. Fig. 10 also shows how t
differences in the choice of parameter values for the tw
dimensional region can significantly affect the predicted value
For example, Davidson’s model makes use of a relatively lar
value~1.19! for the turbulent fluctuation term in the shape facto
I QC and the relatively low value~1.067! for the spread ratiol. Its
predictions of tracer concentration are therefore generally low
than the other models.

Centerline dilution data obtained from present experiments a
plotted in Fig. 11, where the data obtained by Hodgson et
~1999! and model predictions are also shown for comparison.
Fig. 12, the velocities calculated from the dilution and spread da
are shown together with Knystautas’ experimental data and mo
predictions. The model described in this paper is able to acc
rately predict the dilution and velocity of the merging flows be
fore, after, and during the jet merging process. The predictions
generally better than those of previous developed models and
is largely because the experiments’ results have provided the b
for more accurately defining the empirical parameters in th

Fig. 10. Model predictions compared with measured tracer data
x/dp5247 during merging of jets in a still ambient fluid. Profile was
recorded inx-y plane. Port Reynolds number was 2,660 and po
spacing was 34dp .

Fig. 11. Dilution of merging jets as function of downstream distance
Initial Reynolds number for this data ranges from 2,660 to 5,500.
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present model. Of particular importance is the incorporation
changes that occur to the shape of the individual jets as merg
take places.

It is worth noting that the Hodgson et al. dilution data~Fig. 11!
were obtained from experiments with just three identical mergi
jets. It is evident that shortly after the three jets merge, the cen
jet behavior is similar to that of a jet in a much larger line o
identical jets~as in the present study!. However, as the merging
develops further, the dilution rate of the small group of mergin
jets changes to become more like that of an axisymmetric jet. T
indicates the importance of the jet’s immediate neighbors duri
the initial phase of merging, but that the presence of the rema
ing jets in the line becomes increasingly important as the mergi
process continues.

Mixing Process and Concentration Fluctuations
During Jet Merging

Figs. 13~a and b! show the instantaneous images of merging jet
The image shown in Fig. 13~a! was taken in thex-z plane and an
image taken in thex-y plane is shown in Fig. 13~b!. Changes to
the structure of the flow are evident in thex-z plane. Large-scale
flapping structures, typical of two-dimensional jets~Goldschmidt
and Bradshaw 1973; Kotsovinos 1977; Goldschmidt et al. 198
Dracos et al. 1992; Papps and Wood 1997!, can be seen forming
in the region where merging takes place and these structures
hance the growth of the jet. In contrast, the image of thex-y plane
@Fig. 13~b!# shows a more uniform range of eddy scales and re
tively well-mixed tracer solution in the region where merging i
taking place. In this plane, as merging takes place the jets
entraining each other and the concentration gradients are redu
In addition, the mean shear is reduced and the vortices in
merging jets have a tendency to cancel each other out. The ove
effect being a reduction in the efficiency of the mixing proces
when compared to an axisymmetric flow. Ambient fluid can on
reach the central regions of the flow through the action of t
large eddies in thex-z plane and hence the jet dilutes relatively
slowly.

Fluctuation statistics for the merging flows were obtained b
comparing a large number~in excess of 200! of instantaneous
images with the average of those images. It is important to bea
mind that the images have been captured at a frequency of 1

at

rt

.

Fig. 12. Calculated velocity of merging jets as function of down
stream distance. Initial Reynolds number for this data was 2,660
5,500. Knystautas’ experimental data are also shown for comparis
JOURNAL OF HYDRAULIC ENGINEERING © ASCE / MAY 2003 / 355
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and hence contributions from higher-frequency fluctuations w
not be resolved with this system. In addition, the spatial reso
tion of the images is approximately 0.7 mm in thex andz direc-
tions. Representative data for the root-mean square of the con
tration fluctuations in a merging jet is shown in Fig. 14. Th
strength of fluctuations is consistent with that expected for
axisymmetric flow and the profiles are essentially self similar. It
interesting to note that the strength of the fluctuations does
increase significantly as merging takes place. This indicates
in the regions observed, the impact of the flapping motion of t
flow was not persistent enough to significantly alter the fluctu
tion statistics of the flow. However, it is worth noting that com
parisons between the data obtained by Papanicolaou~1984! for
axisymmetric jets and of Kotsovinos~1977! for plane buoyant jets
suggest that the relative strength of the fluctuations should
crease as merging takes place. The difference may result from
fact that in the present study the flows have only been obser
near the region where merging takes place. The flapping mo
may become more persistent as the flow develops further do

Fig. 13. Instantaneous images of merging jets taken in experime
for bothx-y plane andx-z plane.~a! Instantaneous image of merging
jets taken inx-z plane.~b! Instantaneous image of merging jets take
in x-y plane.
356 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / MAY 2003
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stream of this location and hence have a more significant imp
on the fluctuation statistics.

Information on the intermittency of the concentration fluctu
tions can also be obtained from the images. The intermitte
parameter represents the probability of exceeding a speci
threshold value of concentration. Intermittency data for a merg
jet is shown in Fig. 15. Here, the threshold value of the conc
tration was set at 0.0002 mg/l. The profiles remain essentia
unchanged as merging takes place and again indicate that s
tural changes to the flow do not have a significant impact on
fluctuations statistics in the region where the flow was observ

Conclusions

A model for the merging of an infinite line of identical jets in
still ambient fluid has been developed. Following Knystaut
~1964!, the velocity distributions of the merging jets were ob
tained by summing the momentum fluxes of the merging flow
The model was then extended to provide dilution predictions a

nts

n

Fig. 14. Root-mean square of concentration signal at differe
locations in merging jet taken inx-z plane, with port Reynolds
number 2,660 and nondimensional port spacing 12.9

Fig. 15. Intermittency of concentration signal at different location
in merging jet measured inx-z plane, with port Reynolds numbe
2,660 and nondimensional port spacing 12.9
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the tracer distributions of the merging flow were determined
summing the tracer fluxes of the merging jets@similar to Hodg-
son’s ~1999! model#. Based on the dependence of the shape
rameters on the number of jets present in the line, the mode
applicable for modeling the merging of central jets when the nu
ber of jets exceeds 13.

The tracer distributions of merging jets were measured us
laser-induced fluorescence and image processing systems.
was obtained from merging discharges at four different port sp
ing ratios. The spread data obtained from the experiments sh
that jet growth is asymmetric during jet merging. The jet grow
is reduced in the merging direction, but enhanced in the direct
where ambient fluid is freely entrained. This variation of th
spreading rate in different directions is included in the prese
model, so that it is able to accurately predict the merging proc
and the dilution of the tracer as merging takes place.

Previously developed models that assume symmetric spre
ing during jet merging provide less accurate predictions of
concentration and velocity distributions in thex-y plane. In addi-
tion, those models that employ the summation of velocity a
tracer distributions, to describe the merging flow, incorrectly d
tribute momentum and tracer in the jet cross section and beca
of this they have a tendency to underpredict centerline dilutio
during jet merging.

The concentration fluctuation statistics of merging jets sho
that the flapping motion in thex-z plane is not persistent enough
to have any significant effect on the fluctuation statistic of the je
The root-mean square of the concentration fluctuations relative
the local mean concentration and the intermittency of the conc
tration fluctuations do not change significantly as the flow
merge. However, the flapping of the jet appears to be respons
for increasing the spreading rate of the merged flow in thex-z
plane.
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