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Abstract: Interaction between a jet and its neighbors in a still ambient fluid is dealt with. A model for the merging of an infinite line of
equally spaced identical jets in a still ambient fluid is developed. The velocity and tracer distributions in the model are determined basec
on the summation of momentum fluxes and tracer fluxes, respectively. Laser-induced fluorescence experiments are conducted for fol
different port spacings. Analysis of these and past experimental results show that individual jets spread asymmetrically during the mergin
process. The current model satisfactorily predicts the spreading rate changes in the free entrainment plane and the jet merging plane,
well as the tracer distributions during the merging process. Flapping motions were observed during jet merging, but these motions wer
not sufficiently persistent to significantly change the concentration fluctuations profiles.
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Introduction location. The overall momentum of the discharges was unchanged
with downstream distance. With an appropriate definition of the
Although, in general, wastewater disposal systems are designed tgpread function, the model correctly predicted the bulk behavior
prevent the interaction of neighboring discharges, where the flowsof the merging jets. Hodgson et &lL999 extended Knystautas’
being disposed of are large it may not be possible to provide model to provide predictions of tracer dilution. The spreading rate
sufficient spacing between the discharges. Under these circum-and the ratio of the concentration to the velocity length scales are
stances, discharges may interact and merge to form a combinechissumed not to change during the merging process. A vacuum
flow, with a significant impact on the dilution efficiency of the tube system was employed to obtain mean concentration profiles
system. This potential problem has, in part, provided the motiva- for a single port spacing and this data compares favorably with
tion for studying two-dimensional discharges, for example, model predictions.
Kotsovinos (1977 and Kotsovinos and List1977), finite line Davidson(1989 considered the problem of the merging of a
dischargesRoberts 1978 and closely spaced radially discharged Jine of jets in a coflowing ambient fluid. An additive assumption
flows (Roberts and Snyder 1993 was employed to define the velocity distribution and concentra-
Less common are studies that focus on the interaction andtion distribution of a merging jet. This approach is consistent with
merging of closely spaced discharges. Knysta(i&64 studied  the summation of excess momentum and the summation of tracer
the merging of a long line of identical jets in a still ambient fluid.  flux in the weak jet(strongly advectedregion. However, when
In this situation, fluids released from the central ports are not gpplied to the merging jet problem in the strong (etakly ad-
influenced by edge effects and have two limits to their behavior. Vected region or in a still ambient ﬂu|d’ this approach is incon-
Initially where there is no interaction between neighboring dis- sjstent with the summation of jet excess momentum flux and the
charges, the flow develops as a single axisymmetric jet. As the symmation of jet tracer flux. This inconsistency is only apparent
jets mix with the ambient fluid they grow and begin interacting during merging and the model correctly predicts the flow behav-
with each other. Eventually they merge fully and reach the other jor in the axisymmetric and two-dimensional limits. Papps and
||m|t, where their behavior resembles that of a two-dimensional Wood (1997) provided experimenta| evidence to support this for
Jet. buoyant discharges in a still ambient fluid, although some modi-
Kynstautas conducted experiments where he measured velocfication of the model was required to account for flapping of the
ity profiles in a line of merging jets in a still ambient fluid and two merged flow.
port spacings were considered. A merging still jet model was |t s interesting to note, however, that none of the above mod-
developed, based on an axisymmetric jet model that utilizes Rei-g|s have considered the possible change in spreading rate that
chardt's hypothesis. The merging of a line of jets was modeled by occurs when jets merge and move from the axisymmetric to the
adding the momentum from each of the merging jets at a given yyo-dimensional limit. These differences in spreading rates are
evident in previous experimental studies of axisymmetric and
'ESSC, Univ. of Reading, Harry Pitt Building, 3 Earley Gate, two-dimensional jet§Fischer et al. 1979 The studies suggest a
Reading RG6 6AL, UK. _ _ 10 to 20% increase in the spreading rate during the merging pro-
“Dept. of Civil Engineering, Canterbury Univ., Private Bag 4800, cess. Other changes are also evident in existing experimental data
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Note thatc is the local mean concentration. It is commonly ac-
cepted that both the mean velocity and concentration distributions
of jets (in the free entrainment plane of the problem considered

here can be approximated by normal distributions. They can
therefore be modeled using the following functions:
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Edges of the control
olume lie in the adjacent i ) . .
planes of symmetry where r=radial coordinate. The spread assumption, which as-

sumes a linear growth with distance from the source, can then be
employed to close the system of equations. However, although
the velocity and tracer distributions in thez plane remain
Gaussian and self similar throughout the merging process, in the
x-y plane this is no longer true. The velocity and concentration
distributions are initially Gaussian, but after merging they are
uniform. To obtain a solution, the velocity and tracer distributions

the previously observed changes in the spreading rates and conmust be defined during merging.

centration to velocity length scale ratio between the axisymmetric It is appropriate to add the conserved quantities and hence we
and two-dimensional flow limits. The problem is then investi- Sum the merging jet momentum to obtain the velocity distribution
gated experimentally using the laser-induced fluorescence techand the tracer flux to yield the concentration distribution, during
nique. Detailed mean and fluctuating concentration fields are ob-the merging process. The velocity distribution is obtained by ini-
tained for four port spacings. The results of this experimental tially considering the momentum fluédM) passing through an
investigation are compared with the predictions from the present elemental areadA, before merging takes placthe axisymmetric
model and those from Davidsdi989, Knystautag1964), and limit). This can be expressed as

Hodgson et al(1999.
g (1999 dM=u2dA=u dA %

Fig. 1. Schematic diagram of a line of merging jets and control
volume that is used to analyze their behavior. This figure also shows
system employed for numbering ports.

whereu,,;= local axisymmetric jet velocity. However, as merging
Modeling Merging Jets in a Still Environment takes place, the momentum flux through the same element of area
becomes
The merging scenario considered here occurs when a line of iden- _
tical axisymmetric jets are released from ports that are equally _ B 2
spaced at a distandg. The port diameter isl,, and the jets are dM=u?dA= ( n;w uaxi(n)) dA (8)
discharged at an initial velocity,, into an essentially infinite
receiving fluid of the same density. In the analysis, a control wheren=port number.
volume centered on one of the central ports is employed and it ~ Similarly, the tracer flux passing through the same elemental
extends a distande, in they direction. The discharge configura- ~area(dQC) before merging begins is
tion and the control volume are shown in Fig. 1. -~ _
The symmetry of the problem indicates that there will be no dQC=UCA= UaCaidA ©)
net momentum exchange between adjacent jets, so applying conwhere c,;=local axisymmetric jet tracer concentration. During

servation of momentum to the control volume gives the merging process the tracer flux becomes
IMUZblp:MO’ED (1) —
whereM 5, =mU3d?/4; U=centerline mean velocity of the jet; dQC=ucdA= nzm UaxCax(N) | dA (10)

andb=spread of the jet in the free entrainmertZ) plane. This
spread is defined as the radius at which the local mean velocityEgs.(8) and(10) provide the basis for developing general expres-

u=e~ U, and the shape factor is defined by sions for the velocity and tracer distributions during merging.
Making use of Eqs(5) and(6), expressions for the axisymmetric
1o/2[ ul? dy dz . . h .
I""_f j ) velocity and concentration profiles for each of the jets can be
—o 1y written as
Introducing a tracer of concentratioﬁ:&) at the source and con- T
: ) ; ) axi —(2)%a—((y+nly)Ib)?
serving the concentration of this tracer as it passes through the U.-¢ € P (11)
axi

cylindrical control volume yields

IQCUCpr:COQO,SD (3) %:e*(Z/}\b)ze,((er{p)/)xb)Z (12)
where Qg =initial discharge ¢U,d>/4); and C=centerline ax
tracer concentration; and the shape constant is given by These expressions can be substituted into E&)sand (10) and
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the appropriate expressions for the centerline values of the com-
bined flows can then be determined. The velocity and tracer dis-

tributions are then written as

2 2) 7112
! exp[—z[g} ]EEZ“wexp[—z y+bn|p }
U sn== exp{—z n_|p 2] (13)
n=-= b
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The values of shape factotg andlqc are then determined by
substituting Eqs(13) and (14) into Egs.(2) and (4). Simplifica-
tion of the resulting integrals requires the integration of summa-
tions of the following form:
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whereW =y/¢, andQ=b/€, or bA/€ [1+\]Y2
With some manipulation, this summation can be written in the
alternative form of af; function as described by Fenton and
Gardiner-Garderi1982
2
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Making use of the conventional form of tiég function, the sum-
mation then becomes
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Manipulating the summations in this way simplifies the shape
factor integrations, which yield the following relationships:
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The constants 1.11 and 1.08 have been added to take account of
the turbulent flux terms. These values are based on the axisym-

metric limit.

During merging, the values of the spread constaand the
length-scale ratio. must be transformed from their axisymmetric
values to their two-dimensional values. A linear approximation is

i@

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

employed to make this transformation, because the details of
these changes are not known.

The present experiments indicate that there are also differences
between the values of the spread paramietard the length-scale
ratio \ in the x-y andx-z planes during the merging process, as is
indicated in the schematic diagram in Fig. 2. To allow for this in
the model, the spreading rate and the concentration to velocity
spread ratio are defined separately for the two directions.

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

A:'rrbbe:Trb2 (20)
and the cross-sectional area of concentration field is given by
Ac=mbe b ,= b2 (21)

Cc
Egs. (18) and (19) show that the shape parameters are no
longer constant with respect to downstream distance, but are in-
stead a function of the ratio of the jet spread to port spacing
(by/1p). Fig. 3 shows how these shape parameters vary as this
ratio increases. Note that the spread in xRgplane p,) is the
relevant jet scale for determining the extent of jet merging.

Shape factors

b,

Fig. 3. Variation of shape parametelrg andl o with spread-to-port
ratio (by /1)
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Fig. 4. Schematic diagram of manifold system used to distribute flow to 15 discharge pipes

In the axisymmetric limit, the shape parameters becoge (internal diameters were 4.64 and 1.77 jnmere employed in the
=Imaoby/ly and lgc=Ilgcapby/l,. The conservation of mo-  experiments. The 15 pipes were connected to a manifold located
mentum flux and conservation of tracer flux equations are then above the water surface and this was used to distribute the total
reduced to their axisymmetric form. A noticeable chafitf#) in source flow evenly to the pipes. The variation in the discharge
the gradient of the shape parameters occurs zftgrreaches 4.5  from the pipes was kept to within 5% of the average value. A
(by /1, is about 0.3 This indicates the location where the inter- schematic diagram of the manifold system is shown in Fig. 4. The
ference of individual jets becomes strong enough to affect the source and ambient fluids were both fresh water and the densities
bulk properties of the central jet. The flow reaches its two- of these fluids were accurately monitored using a precision den-
dimensional limit wherx/lI ,~12. In the two-dimensional limit, sity meter(PAAR DMAG5S8).
the shape parameters take on their two-dimensional values, that A |aser-induced fluorescendelIF) system was employed to
iS, Iy=Imzp and lgc=lqgczp. This then gives the two-  yecord the behavior of the merging jets. The light source for the
dimensional form of the conservation of momentum and tracer system was a 6 W Argon Laser that was operated in a single mode
flux equations. The merging region is therefore defined by 4.5 4; a wavelength of 514 nm. The laser light power was set at 2.0 W
<x/1,<12 and this provides the basis fpr linear transformations for these experiments. The laser beam passed onto a rotating mir-
of the spreadk) and the length-scale ratia) values. . ror that scanned the beam across a parabolic mirror. This combi-

Egs.(18) gnd(lg) can algo be used to estimate the minimum nation of mirrors produced a parallel-planar light sheet. The light
number of discharges required, before the central flows behave A% heet was approximately 500 mm wide and 5 mm thick. During

glﬁrrfblé?eo?giiﬁt;?rgis&e{? 'Or:/fg'tv?l'hl?str']z iﬂrrfrfgnf:giﬁ;he the experiments, the towing tank was completely isolated from
9 ' the remainder of the laboratory using black laser safety curtains

until a 1% variation is detected in the values of the shape param- . . L .
eters. Adopting this approach, the minimum number of dischargesand this effectively eliminated all extraneous light sources.
) ! The behavior of the merging jets, in the light sheet, was ob-

ired t i thi diti is 13. It th noting that . .
;elt?%llr;h c?nzacs:ly sirr:ZI;/: org dlulg}nlsan atterrl18ptvzgrm or(]joellr;% a”a served by adding a fluorescent dye tracer to the source fluid. The
dye tracer was Rodamine 590. This dye fluoresces when illumi-

groups of merging jets, other physical procedses dealt with in = o
the mode) may then become important. For example, if just three nated with light of wavelength 514 nm and emits light at a wave-
ength of 590 nm. The observation system consisted of a low-light

jets are released, asymmetries in the demand for entrained fluid

may create significant pressure gradients that draw the flows to-S€CUrity video camereéPanasonic WV-BP51() and a video re-
gether. corder(Panasonic AG-6730The Panasonic camera was operated

such that its automatic light compensation features were inacti-

vated. The camera was fitted with a filter that eliminated light at a
Experimental Design wavelength of 514 nm, thus the only light recorded by the obser-

vation system was that generated by the fluorescing dye. A sche-
An experimental investigation into the merging of jets in a still matic diagram of the experimental system is shown in Fig. 5. For
ambient fluid was carried out in the Water Resources Researchsome of the experiments, the laser sheet was located in a horizon-
Laboratory at the Hong Kong University of Science and Technol- tal plane and the video camera was moved to give a plan view of
ogy. This laboratory houses a towing tank that is 15 m in length, merging jet behavior. The video images were later digitized using
2 m wide, and 1.6 m deep. The towing tank was filled to a depth a Data TranslatiofDT2867 image capture board and processed
of 1.2 m. Fifteen equally spaced pipes were mounted on aon a PC.
computer-controlled carriage, so that they discharged horizontally  The images of the merging jets were converted to quantitative
into the tank at a depth of 600 mm. Two sets of these pipes concentration data through the image processing system. The pro-
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Fig. 5. Schematic diagram of LIF system used to record behavior of merging jets

cessing of the digitized images involved removing background plane are shown in Fig. 7. The Gaussian and self-similar nature of
light, correcting for variations in the source light intensity and the tracer profiles throughout the merging process irxthglane
calibrating the image so that the intensity of light at each pixel is evident in Fig. 6. In contrast, the profiles in Fig. 7 are no longer
was directly and consistently related to tracer concentration. A self similar, changing from being Gaussian as merging com-
more detailed explanation of the processes involved is containedmences to become uniform as the merging process is complete.
in Wang(2000. Digitized images of a 50 mm50 mm grid were The mean centerline concentration and concentration spread in
also analyzed to provide spatial calibrations for the images. Typi- the z direction can be obtained by fitting Gaussian distributions to
cally, for each experiment a set of 200 to 300 images were digi- the tracer profiles in thg-zplane. While the concentration spread
tized at a rate of 1 Hz. An average of these images provided in they direction can be obtained by comparing the concentration
details about the mean behavior of the merging jets. The completedistribution obtained from Eq$13) and (14) with tracer profiles
set of images were also analyzed to provide information on fluc- in the x-y plane. It is worth noting that as merging nears comple-
tuation statistics such as the root-mean square and intermittencytion the data obtained for spread in thelirection becomes less
of the concentration fluctuations. reliable. This is because the profiles become increasingly uniform.
However, the magnitude of spread in this direction is also becom-
ing less important and is no longer significant once merging is
Model Predictions and Experimental Results complete. In the context of concentration spread merging appears
to have taken place as/l, approaches 11. The concentration-
spread variations in botk-y and x-z directions along the jet tra-
jectory are shown in Fig. 8, where they are compared with model
The merging jet model assumes that the tracer and velocity pro-predictions.
files are Gaussian and self similar throughout the merging process Fig. 8 is plotted withx andb, normalized by the port spacing
in thex-zplane, but that these profiles transform from a Gaussian | , so that all the experimental data obtained in the same observa-
to a uniform distribution in thec-y plane. Tracer profiles taken  tion plane, with different port spacing ratiok, (d,), collapse to
from the x-z plane are shown in Fig. 6 and those from thy a single line. It is clear from Fig. 8 that the concentration spread-
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Fig. 7. Measured mean concentration profiles during merging of jets

Fig. 6. Measured tracer distributions during from merging of jets in in a still ambient fluid inx-y plane, with port Reynolds number 2660
still ambient fluid inx-z plane, with port Reynolds number 2660 and and port spacing 3%,. Egs.(13) and(14), with A\,=1.15, have been
port spacing 34, used to plot curves which are shown for comparison.
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Fig. 8. Spread of merging jet tracer profilesxry andx-z planes as
function of downstream distance. Initial Reynolds number for data
was 2,660 to 5,500.

ing rate in thex-z plane increases during the jet merging process,
and the increase is about 30% from the axisymmetric to the two-

dimensional limit. In contrast, the concentration spread rate in the
x-y plane decreases by a similar amount from the axisymmetric to

the two-dimensional limit. The value df\ in the z direction
varies from 0.127 to 0.165 and in tlyelirection the data suggests
the variation is from 0.127 to approximately 0.092 during jet
merging. These results indicate the growth of individual jets is no
longer axisymmetric once the interference from neighboring jets
is sufficiently strong.

The changes in growth rates during jet merging are not only
observed in the present experiments, but are also evident in th
velocity data obtained by Knystaut&s964). This can be seen in

Figs. 9 and 12, where there is some inconsistency between mod
els that assume a constant growth rate during jet merging and his

experimental data. The velocity profiles measured in xhe

plane, from which the spread data shown in Fig. 9 were obtained,

indicate that merging nears completion x$, approaches 13.

Two-dimensional
region

Knystautas, lIp/dp=1.5
]Knystautgas, Ip/dp=3
lamd=1.15

lamd=1.10

Present model

_ _ Davidson's model
Knystautas' model

- — _Hodgson's madel

05 | Merging region

¥o+e08

Axisymmetric region

10 15
xM,

0 5 20

Fig. 9. Comparison of model predictions for velocity spreadkig
plane. Data from Knystautg4964 and current study are shown for
comparison. Value of spread const&nised in present model varies
from 0.107 to 0.08 irx-y plane during jet merging.
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The tracer profiles therefore become uniform in advance of the
velocity profiles and this is consistent with differences in their
respective rates of spread.

The increased growth rate in thez plane indicates that the
interaction between jets during the merging process increases the
rate of jet entrainment in the free entrainmértz) plane. This
observation is also consistent with previous experimental results
that indicate that the spreading rate of a two-dimensional jet is
significantly larger than that of an axisymmetric jet. In thg
plane, it appears that the jet entrainment is suppressed by the
presence of the neighboring jets. This results in a reduction in
spread in they direction. The merging process reduces the mean
shear in thex-y plane and limits the scale of the large eddies in
this plane. These eddies are largely responsible for initiating the
entrainment and energy dissipation processes. It is conceivable
therefore, that more energy will be dissipated by the large eddy
motions in thex-z plane, which in turn enhances entrainment and
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 valuebptndb,, at each
location during jet merging. This can be achieved by fitting the
velocity and concentration distributions obtained from HGS)
and (14) to the experimental data, as was done for Fig. 7. The
variations of velocity spread parametgy and the ratio of the
tracer to velocity spreag\) can therefore be determined in thg
plane. Fig. 9 shows the velocity sprelagdfrom Knystautas’ study
as well as data obtained from the current study by dividing the
concentration spread with differentvalues.

In this figure, it is evident that Knystautas’ data is in good
agreement with the model predictions when the value of spread
constantk varies from 0.107 to 0.08 in the-y plane during jet
merging. Typically, in the axisymmetric region of these flowis
assumed to be 1.19 and velocity spread values determined from

Ghe present studybased on this value of) are consistent with

Kynstautas experimental data. However, a valuenefl.15 is

required to maintain this consistency as merging takes place. The
data therefore suggests the following values for the spread related
constants:

ky,3D: kZ’3D:O.lO7 7\y,3D:)\z,3D:1-19
kZ,ZD:0'118 )\Z,ZD:1'4O
K,op=0.08 \,,p=1.15

It is worth noting that once a two-dimensional flow forms, the
values of spread constarksnd\ in they direction are no longer
significant, because the flow behavior is only affected by the pa-
rameters in the-z plane. Therefore, the values kf ,5 and\ »p

are only employed to create the correct behavior in the merging
region. It should also be noted that the uneven growth iry tyed

z directions starts wher/l,, is approximately 4.5l /1 ,~0.5).

The significance of the difference the above modifications
make to the model predictions can be seen in Fig. 10. Here, a
concentration profile measured in tkey plane at a distance of
247 port diametersx(l,=7.27) from the flow sources is shown.
Predictions from the present model and models developed by
Davidson(1989 and Hodgson et al1999 are shown for com-
parison. Both models assume symmetrical spreading during the
merging process and in doing so they overestimate the interaction
of the jets in thex-y plane and hence the predicted concentration
profiles show a greater degree of merging than is indicated by the
data. The additive assumption employed in Davidson’s model
tends to augment this problem because it overpredicts velocities
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Fig. 10. Model predictions compared with measured tracer data at Fig. 12. Calculated velocity of merging jets as function of down-

x/d,= 247 during merging of jets in a still ambient fluid. Profile was stream distance. Initial Reynolds number for this data was 2,660 to
recorded inx-y plane. Port Reynolds number was 2,660 and port 5500. Knystautas’ experimental data are also shown for comparison.
spacing was 3, .

present model. Of particular importance is the incorporation of

near the planes of symmetry between the jets and underpredict§hanges that occur to the shape of the individual jets as merging
velocities near the flow centerline. Fig. 10 also shows how the take places. o _
differences in the choice of parameter values for the two-  Itis worth noting that the Hodgson et al. dilution défag. 11)
dimensional region can significantly affect the predicted values. Were obtained from experiments with just three identical merging
For example, Davidson's model makes use of a relatively large J€tS- Itis evident that shortly after the three jets merge, the central
value (1.19 for the turbulent fluctuation term in the shape factor Jet behavior is similar to that of a jet in a much larger line of

| oc and the relatively low valuél.067 for the spread ratia. Its identical jets(as in the present stuglyHowever, as the merging
predictions of tracer concentration are therefore generally lower develops further, the dilution rate of the small group of merging
than the other models. jets changes to become more like that of an axisymmetric jet. This

Centerline dilution data obtained from present experiments areindicates the importance of the jet's immediate neighbors during
plotted in Fig. 11, where the data obtained by Hodgson et al. the initial phase of merging, but that the presence of the remain-
(1999 and model predictions are also shown for comparison. In ing jets in the line becomes increasingly important as the merging
Fig. 12, the velocities calculated from the dilution and spread data Process continues.
are shown together with Knystautas’ experimental data and model
predictions. The model described in this paper is able to accu- pixing Process and Concentration Fluctuations
rately predict the dilution and velocity of the merging flows be-  pyring Jet Merging
fore, after, and during the jet merging process. The predictions are ) ) o
generally better than those of previous developed models and this 19S- 13a and b show the instantaneous images of merging jets.
is largely because the experiments’ results have provided the basid "€ image shown in Fig. 18) was taken in the-z plane and an

for more accurately defining the empirical parameters in the image taken in thewy plane is shown in Fig. 18). Changes to
the structure of the flow are evident in tRez plane. Large-scale

flapping structures, typical of two-dimensional jé&Goldschmidt

15 . and Bradshaw 1973; Kotsovinos 1977; Goldschmidt et al. 1983;
- x Dracos et al. 1992; Papps and Wood 19%&n be seen forming
3t in the region where merging takes place and these structures en-
b hance the growth of the jet. In contrast, the image oftygplane
25 - [Fig. 13b)] shows a more uniform range of eddy scales and rela-
tively well-mixed tracer solution in the region where merging is
_C.;"_P 2 i TW°1:;':“"=‘ taking place. In this plane, as merging takes place the jets are
’ entraining each other and the concentration gradients are reduced.
L5y a ﬁ/d,,ﬂm In addition, the mean shear is reduced and the vortices in the
8 lpfggéggﬁ merging jets have a tendency to cancel each other out. The overall
Tt X Bodveorts data, p/dp=2 effect being a reduction in the efficiency of the mixing process
sl & TI= gg%ggggg when compared to an axisymmetric flow. Ambient fluid can only
; 777 Single round jet model reach the central regions of the flow through the action of the
o b - oo Sheleplnejetmodel large eddies in the&-z plane and hence the jet dilutes relatively
0 10 20 30 slowly.
A, Fluctuation statistics for the merging flows were obtained by

comparing a large numbdin excess of 200of instantaneous
images with the average of those images. It is important to bear in
mind that the images have been captured at a frequency of 1 Hz

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

stream of this location and hence have a more significant impact
on the fluctuation statistics.

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

Conclusions

(b)

A model for the merging of an infinite line of identical jets in a
Fig. 13. Instantaneous images of merging jets taken in experiments still ambient fluid has been developed. Following Knystautas
for bothx-y plane and-z plane.(a) Instantaneous image of merging (1964, the velocity distributions of the merging jets were ob-
jets taken inx-z plane.(b) Instantaneous image of merging jets taken tained by summing the momentum fluxes of the merging flows.
in x-y plane. The model was then extended to provide dilution predictions and

and hence contributions from higher-frequency fluctuations will

not be resolved with this system. In addition, the spatial resolu- . s

tion of the images is approximately 0.7 mm in thand z direc- ,M A

tions. Representative data for the root-mean square of the concen- §“ ~ o lp=5%0
. . . . . . . . 08 *o o Xlp=649

tration fluctuations in a merging jet is shown in Fig. 14. The 4 RS ]

strength of fluctuations is consistent with that expected for an  § & ot e =

axisymmetric flow and the profiles are essentially self similar. It is E o8 1 + » -¥p-l21l

interesting to note that the strength of the fluctuations does not & ¥ we

increase significantly as merging takes place. This indicates that 04 ? §

in the regions observed, the impact of the flapping motion of the f 3:

flow was not persistent enough to significantly alter the fluctua- 02 & -

tion statistics of the flow. However, it is worth noting that com- - ,

parisons between the data obtained by Papanicola®84 for 0 o %

axisymmetric jets and of Kotsoving$977) for plane buoyant jets 25 2 A5 a4 05 0 05 1 L5 2 25
suggest that the relative strength of the fluctuations should in- 2/b,

crease as merging takes place. The difference may result from the_. ) . . ) .
fact that in the present study the flows have only been observed.F '9: 15'. Intgrmlttency of goncentraﬂon .S|gnal at different locations
near the region where merging takes place. The flapping motion!" Merging jet n_1easu_red IR-z plane,_ with port Reynolds number
may become more persistent as the flow develops further down-z'660 and nondimensional port spacing 12.9
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