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ABSTRACT 

When a number of jets oriented in a line discharged, the leading jet shelters the rear jets from the crossflow and 
cause change of mixing characteristics. In this study, a conceptual model has been developed to explain this 
interaction phenomenon of multiple jets with the crossflow. At first, the interaction between two circular jets 
issuing into a crossflow was quantitatively investigated via laboratory experiments using Laser-Induced 
Fluorescent (LIF) technique. The effective crossflow velocity in between jets was inferred from the comparison 
of measured trajectories with that of predicted by a Lagrangian model-VISJET. All the experiments have shown 
that for multiple jets in line discharged into a crossflow, the interaction results in a reduced effective crossflow 
velocity for the jet in the lee of the leading jet. A heuristic conceptual model is formulated to explain this 
reduction of the approach velocity, which can be due to the sheltering or blockage effect and also the 
entrainment of the leading jet. 
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1. INTRODUCTION    

Partially treated wastewater is often discharged into the ocean, coastal waters, estuaries, lakes and rivers through 
submerged outfall. A submerged coastal outfall may consist of either a single or a small number of ports, or 
more commonly a multiport diffuser. By discharging the effluent through a number of ports, the total area 
available for jet entrainment is increased. Thus, the wastewater is rapidly mixed and diluted by ambient water. A 
submerged multiple jet group is an efficient environmental mixing device often used in the wastewater disposal 
system. In particular, large volumes of condenser cooling water (thermal effluent) from steam-electric power 
generation (about 40 m3/s per 1000 MW) are often discharged in the form of multiple heated jets from thermal 
diffusers into the sea bottom. Figure 1 shows a sketch of a submerged wastewater disposal system. Besides the 
wastewater discharge, multiple jets in crossflow are also observed in many natural geophysical phenomena as 
well as anthropogenic activities. A multiple jet group is sometimes used to inject pure oxygen into the bottom 
layer of stratified lakes to raise the dissolve oxygen level during the period of unacceptable water quality. 
Benthic bivalves are often used to regulate phytoplankton biomass in shallow marine system (such as estuaries), 
and previous research (Monismith et al., 1990) showed that the behaviors of bivalve siphonal currents are 
similar to a jet group in crossflow. The interaction of multiple jets with the crossflow is also a subject of 
considerable research in many branches of aeronautics. Some examples are, the lift jets of V/STOL aircraft 
taking off and landing in strong winds, the injection of fuel in combustion chambers and the cooling jets on 
turbine blades.  

Previous research on multiple jet group in crossflow, either in side by side or jets in a line (tandem) orientation, 
is somewhat limited. Although some researches on side by side oriented double jets in crossflow have been 
reported for the purpose of improving the efficiency of dilution zone mixing in a gas turbine combustion 
chamber (Holderman and Walker, 1977; Savar and Toy, 1999) as well as for understanding the effluent 
characteristics discharging into river beds (Moawad and Rajaratnam, 1998), a few studies have been reported on 
jets in a line perpendicular to the crossflow. Based on smoke photographs and some limited temperature 
measurements of two jets in cross flow in a wind tunnel, Kamotani and Greber (1974) reported that when two 
closely spaced jets are arranged parallel to the crossflow, the rear jets are in wake of front one, where the 
crossflow speed is very small. Consequently the rear jet is almost undeflected until it meets the front jet and two 
jets are quickly combined. In the fluorescence-based flow visualization for model study of bivalve siphonal 
currents, Monismith et al. (1990) observed the characteristics of siphon-jet flows and reported that the hydro-
dynamic behavior of bivalve siphonal currents is similar to that observed for multiple jets in crossflow. They 
claimed that the first jet shelters the second one from crossflow; that is why the second jet is less deflected and 
rises higher than the first jet. Li and Lee (1991), in experiments on multiport diffuser study, observed the near 
field jet interaction and reported that the blocking effect of the individual jets on the ambient flow appears to be 
important. They added that the observed flow separation at the leeward end of the source with the formation of 
re-circulation eddies strongly suggests the importance of the blocking effect of the multiple jet group.  
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In the literature, only combined trajectories of two-jet group are available for a limited extent and some 
qualitative features about the jet interaction are reported. As far as the author’s knowledge, there is no bench 
mark study either on theoretical analysis or quantitative experiments of three dimensional jet interaction 
phenomena with the crossflow found in literature. Although it is reported that the rear jet is less deflected than 
front one, the trajectories of individual jets in the pre-merging region have never been studied. In this paper, the 
experimental results on a two-jet group are presented and a conceptual model is developed to explain the 
interaction phenomena of multiple jets with the crossflow. 
 

1.1     Flow Regimes of a Multiple Jet Group 

Consider a number of turbulent non-buoyant jets of spacing s, each of initial velocity u0, diameter D, and tracer 
concentration co, discharged perpendicular to a steady uniform ambient Ua. The initial volume flux and 
kinematic momentum flux for each jet can be defined as Qo = (/4)D2uo and M0= Qouo respectively. The 
characteristic crossflowing momentum length scale for each of the individual jets can be explained as 
lm=M0

1/2/Ua; the source geometry length scale lQ=Q0/M0
1/2. A definition sketch for a two-jet group in crossflow 

is shown in Fig. 2. Here, U1 is the effective crossflow velocity just upstream of the rear jet (2nd jet). 

Figure 3 shows the flow regimes of a momentum jet in crossflow. Based on the momentum length scale at 
which the momentum induced velocity (~Mo

1/2y) decays to that of the ambient value, the flow phenomena of a 
single non-buoyant jet can be explained by two distinct flow regimes.  For y/lm << 1, the region is called as 
momentum dominated near field (MDNF) region, where the effect of initial jet momentum is more important 
than that of crossflow; thus the mixing is governed by the shear entrainment induced by initial momentum and 
the flow is analogous to a momentum jet slightly advected. In the momentum dominated far field (MDFF) 
region, where the effect of crossflow become significant i.e. y/lm>>1, the jet is bent-over due to the crossflow. 
Previous studies (Wong, 1991) showed that the flow behavior in consecutive sections of the bent-over phase is 
analogous to that of an equivalent line puff at corresponding sections. A line puff is the fluid motion generated 
by an instantaneous release of a line momentum source in a stagnant ambient. The puff moves by virtue of its 
momentum, creates a double vortex flow, mixes with surroundings and thus grows in size.       

When a multiple jet group discharges in a crossflowing ambient, three distinct flow regimes are formed. The 
regimes can be named as pre-merging, merging and post-merging region. The pre-merging region is the initial 
region, where the flow path of the individual jets can be clearly identified. This region can be explained by the 
single jet characteristics, i.e. the momentum dominated near field and momentum dominated far field 
phenomena based on momentum length scale can be applied. In the post-merging region, the jets have lost their 
individual identities and form a merged jet with new characteristics. In the conventional multiport diffuser 
analysis for shallow water, the post-merging region is considered as a vertically well mixed two-dimensional 
flow region and the initial non-merged region is ignored (Seo et al., 2001). Previous research showed that, 
although this assumption gives good results for coflowing jets, the performance is not satisfactory for the Tee-

 
Figure 1: Schematic diagram of a submerged wastewater discharge system 
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diffuser, especially for the jets with high crossflow. Wood et al. (1991) reported that the initial non-merged 
region is also important for analysis of the mixing phenomena of multiport diffuser. 
 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

2. EXPERIMENTS 

Two types of experimental techniques, Laser-induced fluorescence (LIF) and Acoustic Doppler Velocimetry 
(ADV), are used to study the mixing characteristics of multiple jets with the crossflow. The experiments were 
performed in the Hydraulics Laboratory in The University of Hong Kong. The concentration measurement of a 
multiple jet group in crossflow is studied by using the LIF technique. ADV is used to measure the ambient 
velocity. The multiple jet interaction with the crossflow is mainly explained through the interpretation of results 
of a 2-jet group for various spacing. Experiments are conducted for a wide range of spacing (3 to 10 jet 
diameters). Table 1 shows the run parameters of the experiments. 

 
 

Figure 2: Definition sketch of a two-jet group in crossflow 
 

 
Figure 3: Flow regimes of a momentum jet in crossflow system 
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To interpret the jet interaction, the trajectories of jets at different positions in a group has been compared with 
that of VISJET predicted for a suitable value of crossflow velocity, and the crossflow velocity between two 
adjacent jets are inferred. VISJET is a Lagrangian model developed for analysis and prediction of average 
characteristics and dilution of jet, which has been tested extensively against theory and experimental data (Lee 
and Chu, 2003). 

Laser-Induced Fluorescence (LIF) Technique 

It is basically a flow visualization technique by applying a planar laser sheet passing through the center plane of 
dyed jets, from which details of the global flow features can be obtained. When a laser light passes through a 
dye solution, the laser light is absorbed by the dye and re-emitted as fluorescence. The intensity of fluorescence 
can be measured as gray level of the digitized image and the mixing can be quantified by calibrating the 
fluorescence level with the concentration.  

Figure 4 shows the schematic set up for the LIF experiments. A horizontal laser sheet (about 2mm thick) is 
produced from a 5 W argon-ion laser with a cylindrical lens and illuminates the horizontal plane of symmetry of 
the non-buoyant jet group. The LIF pictures were taken with a charge coupled device (CCD) camera mounted 
above the flume in a downward orientation.  

For each jet to current velocity ratio, 200 to 600 video frames of flow images and 100 to 200 background images 
of approximately 0.1 sec interval were captured for analysis. The settings of the camera exposure, shutter speed, 
focus were all adjusted manually. The dye concentration was controlled and the laser sheet intensity was 
calibrated so that concentration levels can be derived precisely from the brightness levels. 

Rhodamine-6G (C28H31N2O3Cl) with molecular weight of 479 is used as the fluorescent dye. It is used because 
of its stability and less affinity to photochemical decomposition. A Hoya orange filter is mounted at the front of 
the camera lens that eliminates the reflected laser lights of lower wavelengths (<514 nm) while permitting the 
laser induced fluorescent light of higher wavelengths to enter the camera. The experiments were performed in a 
darken environment with all the lighting switched off during the recording of flow visualization, so that the 
background light is minimized. As the images are taken from top, the bottom of the flume is painted black to 
minimize the scattered light. The flume water is also taken free from excessive amount of tracer particle by 
changing frequently. 

The intensity of light is not uniform throughout its width. At center portion the intensity is seen higher than the 
edges. Also due to the deflection of mirror as well as the non-uniformity of flume wall may cause the light 
intensity non-uniform. That is why the averaged images are corrected, before extracting the data, dividing by 
another image that represents the distribution of light intensity throughout the imaging area for that setting. 
About 100 images for a uniform dye concentration with a gray level about as same as the maximum gray level 
of flow images are captured in stagnant ambient and without jet flow condition. The averaged and background 
subtracted image is used as the representer of light distribution of the imaging area for that setting. 

Digital Image Processing  

The flow images as well as background images are digitized by a monochromic frame grabber, Data translator 
model DT3155. Each image was presented by a matrix of 768 X 576 pixels, each having a brightness level 
between 0 and 255. Each image represents a physical dimension of about 27 cm by 20 cm. The digitized images 
are averaged. Thus for each jet to ambient velocity ratio the big volume of images reduced to a time averaged 
flow image and an averaged background image. The background light is removed by subtracting the averaged 
background image from the averaged flow image. It gives the pixel-by-pixel subtraction of background light 
intensity from that of the corresponding flow image. 

From the corrected images the concentration of each pixel can be obtained as gray value. In order to get the 
actual concentration corresponding to that gray value a calibration needs to be carried out. Thus, a calibration 
cell was placed at the illuminated area of the flume and a series of fluid samples of known dye concentration 
was illuminated by laser. The uniform mixing is confirmed and images are recorded for each sample. The time 
between the sample preparation and image captured is also recorded. The gray value for different known 
concentration is obtained for a reference point of the digitized images. The intensity of gray level and 
concentration level are normalized by their corresponding maximum values. They showed a linear relationship 
among them and this relationship can be applied to the images to obtain the quantitative values of tracer 
concentration against any gray level. Further details of experimental techniques and procedures as well as 
experimental parameters can be found in Ali (2003). 
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Figure 4:  LIF experimental set-up 

Table 1:  Run parameters of LIF experiments and inferred crossflow velocities between two jets. 
 

Run 
No. 

Jet 
spacing 

 
s 

(cm) 

Jet 
Dia. 

 
  D 
(cm) 

Jet 
discharge 

 

Qo 
(cm3/s) 

Jet 
velocity 

 

Uo 
(cm/s) 

Ambient 
velocity 

 

Ua 
(cm/s) 

Momentum 
Length 
Scale, 

lm=Mo
1/2/Ua 

(cm) 

Jet 
Reynolds 

no. 
Re 

Effective 
crossflow 
velocity, 

U1 
(cm/s) 

Effective 
crossflow 
velocity 

ratio 
U1/Ua 

Avg. 
crossflow 
velocity 

ratio 
U1/Ua 

3d01 
3d02 
3d03 
3d04 
3d05 
3d06 

3.0 1.0 

38.89 
75.00 
61.11 
25.00 
38.89 
77.78 

49.51 
95.49 
77.81 
31.83 
49.51 
99.03 

10.80 
10.80 
10.80 
8.20 
7.20 
6.80 

3.43 
6.64 
5.59 
2.84 
4.45 
9.45 

5545 
10694 
8713 
3565 
5545 
11090 

5.20 
4.90 
5.00 
3.80 
3.00 
2.80 

0.48 
0.45 
0.46 
0.46 
0.42 
0.41 

0.45 
 

5d01 
5d02 
5d03 
5d04 
5d05 
5d06 
5d07 
5d08 

5.0 
 

1.0 
 

44.5 
44.5 
44.5 
44.5 
55.6 
66.7 
66.7 
66.7 

56.6 
56.6 
56.6 
56.6 
70.8 
84.9 
84.9 
84.9 

2.68 
3.87 
7.24 

26.50 
7.99 
4.28 
7.24 

17.05 

15.0 
10.2 
5.2 
1.7 
6.6 

15.5 
7.8 
3.9 

6337 
6337 
6337 
6337 
7921 
9505 
9505 
9505 

1.43 
2.12 
3.80 
13.77 
4.01 
2.29 
4.12 
9.63 

0.53 
0.55 
0.53 
0.52 
0.50 
0.53 
0.57 
0.56 

0.53 

10d01 
10d02 
10d03 
10d04 
10d05 
10d06 
10d07 

10.0 
 

1.0 

25.00 
36.11 
44.44 
52.78 
66.67 
80.56 
88.89 

31.83 
45.98 
56.59 
67.20 
84.88 

102.57 
113.18 

7.80 
8.00 
8.50 
8.50 
8.00 
8.70 
8.00 

2.82 
4.07 
5.17 
6.27 
7.92 
9.57 
10.56 

3565 
5149 
6337 
7525 
9505 
11486 
12674 

5.00 
5.20 
5.00 
5.10 
5.20 
5.50 
5.15 

0.64 
0.65 
0.59 
0.60 
0.65 
0.63 
0.64 

0.63 
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS 

The contours of time-averaged LIF images are prepared to present the normalized averaged concentration (c/c0) 
of a jet group, which contains the axisymmetric concentration profile with physical coordinates. The jet 
discharge direction and the downstream distances are denoted as y and x, respectively and both are normalized 
by jet diameter D. The trajectories are extracted from these contours. The locus of the centerline maximum 
concentration along the flow path of a jet is defined as the centerline trajectory of the jet in a group.  

The trajectories and dilutions extracted from the LIF experimental data show that in a jet group in cross-flow, a 
jet can show different types of behavior depending on its position. In a group, the first jet has a similar behavior 
of single jet; the measured trajectory and dilution (before merging with second jet) are found to be 
approximately the same as that of single jet having the same flow and ambient characteristics. But the rear jets 
are found to be less deflected than the leading edge jet. As all the jets in a group have the same initial 
momentum, the different behaviors of jets are, of course, due to the variation of ambient velocity. The 
Lagrangian model- VISJET is used to compare the trajectories for a suitable value of ambient velocity and the 
‘effective’ crossflow velocity in front of second (rear) jet in a group are estimated. An error minimization 
method (least–square) is used for trajectory comparison. 

  

 
Figure 5: Contour of time averaged concentration (a ) s=3D, lm=3.43D (b)  s=5D, lm=3.2D (c) s=10D, lm=2.8D 

 
Figure 5(a), (b) and (c) show some sample contours of time-averaged LIF images for two-jet group with a jet 
spacing of 3, 5 and 10 jet diameters respectively.  It clearly indicates that the rear jet (jet 2) is less deflected than 
front jet (jet 1). The dynamic interactions are found to be same even if two jets are 10D apart. Comparing the 
contour lines for same concentration of both the jets, the jet axial distance (y-coordinate) for second jet is found 
much higher than first jet; in other words, for same lateral distance of two jets, first jet shows less concentration 
than second jet. It reveals that the concentration decay of first jet is much higher than second jet. The extracted 
trajectories and dilutions for run 5d03 are shown in Fig. 6(a) & (b) respectively; here (x,y) physical co-ordinates 

(a) 

(c) 

(b) 
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are related to individual jet origin. The second (rear) jet trajectory is found to be much higher (i.e. less deflected) 
and the dilution (c/co) is much less than the first (leading) jet. 

3.1 Interaction of Jets for a Constant Spacing 

For explaining jet interaction for various jet and ambient characteristics (i.e. for different values of lm), consider 
the jet group of moderate spacing s=5D. The measured trajectories are compared with that of VISJET predicted 
for a suitable value of crossflow velocity, and the effective crossflow velocity in front of second jet (U1) are 
calculated for several sets of experiments ranging the value of lm/D from 1.7 to 16. The results are shown in 
Table-1 (case no. 5d01 to 5d08). Here the effective crossflow velocities between two jets are presented in terms 
of the approach velocity Ua. It is seen that for any value of lm/D, U1/Ua gives about same value for a constant jet 
spacing, and the average normalized crossflow velocity between two jets (U1/Ua) is estimated as 0.53 for s=5D. 
Figure 7 shows a sample case of trajectory comparison with VISJET and inferred crossflow velocities. Thus, it 
is interesting to conclude that, for a constant spacing, the effective crossflow velocity ratios (U1/Ua) between 
two jets for any flow conditions (for any value of lm) are constant. It reveals that the ambient velocity gradient at 
upstream of each rear jet is same regardless the jet and ambient flow conditions.   
 

  
Figure 6: Trajectory and dilution comparison of rear jet with leading jet ( run 5d03, lm=5.2D) 

 
Figure 7: Trajectory comparison with VISJET and effective crossflow velocities for individual jets in a group 

(run 5d01, lm=15.0D) 

3.2 Effect of jet spacing 

For the same lm/D the images show slightly different behavior due to variation of spacing. The extracted 
trajectories show that, for same momentum ratios (lm/D), the trajectories of second jet are deflecting more with 
increasing spacing. By comparing the experimental trajectory with that of VISJET predicted, the calculated 
cross flow velocities between two jets are summarized in Table-1. For s/D= 3, 5 and 10, the averaged values of 
U1/Ua are found as 0.45, 0.52 & 0.63 respectively. It indicates that, for a wide range of spacing, s/D= 3 – 10, the 
variation of U1/Ua is not too big. But still U1 increases with increasing spacing (s/D), because the reduction of 

(a) Trajectory (b) Dilution 
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crossflow velocity just downstream of leading jet creates the velocity gradient that promotes the ambient water 
from lateral side to come towards the line of jets and to increase U1 gradually with increasing spacing.  

4. CONCEPTUAL MODEL FOR MULTIPLE JET INTERACTION 

All the experiments have shown that for multiple jets in line discharged into a crossflow Ua, the interaction 
results in a reduced effective crossflow velocity Ur for the jet in the lee of the leading jet.  The interesting 
observation is that the dimensionless effective crossflow velocity, Ur/Ua 0.5 (for s/D =5, in fact from 0.45-0.63 
for a wide range of s/D= 3 - 10), a constant.  A heuristic conceptual model can be formulated to explain this 
reduction of the approach velocity, which can be due to the sheltering or blockage effect and also the 
entrainment of the leading jet.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: First order conceptual model for jet interaction in crossflow 

Past experience has shown that in the MDFF, the bent over jet is basically a puff element moving at the ambient 
velocity; thus nothing fruitful in the way of deducing a reduction of ambient velocity seems possible.  It is 
postulated that the velocity reduction is due to the action of the MDNF.  Experiments have also shown that 
pressure drag effects can be neglected for jets in a crossflow; regardless of the inclination of the jet, the 
exchange of horizontal momentum is complete within a few jet diameters - i.e. the x-velocity can be assumed to 
be u Ua even if the jet is not in the MDFF.  In fact, this is the basis of the MDNF concept, that the jet 
entrainment is similar to a jet in stagnant fluid, but slightly advected in a way described by the kinematic 
requirement of u = Ua, w Mo

1/2 y-1. The interaction probably has exerted its strongest effect when z lm= Mo
1/2 / 

Ua.  

Consider the interaction of two jets (see Fig.8). The first jet “shelters” the second jet from the crossflow, and 
Ur<Ua.  B = jet half-width (this would be the VISJET/JETLAG half-width - i.e. beyond which the jet exerts no 
appreciable effect).  If we perform a x-momentum balance for a slice of width 2B and extending from the source 
level to the top of the bent-over jet in the MDNF.  Then the x-momentum balance gives: 

22
1

0
2 2)()()(2 raa BUByUyMByBU                                (1) 

Note that we have assumed that the jet flow in the outflow section is given by the MDNF dilution, Q =  Mo
1/2 

y, with = 0.28 0.3. The above equation can be re-arranged to give:  
2
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Denoting the spread rate = B/y, and the reduced ambient velocity ratio, x = Ur/Ua, we have 
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As a first approximation, the first order solution of the above equation is given by ignoring higher order terms of 
 (boundary layer assumption), then we have: 

22
)(

2 x

l
y

m

         (4)  

The reduced velocity due to MDNF of the leading jet is then given by:  

)(2
12

ml
y

x



         (5) 

For jets in stagnant fluid B/y =0.17  0.2 and for advected line puffs B/y  0.3.  The observed leading jet extends 
all the way from the MDNF to MDFF, and is probably in the transition at the outflow section. Assuming that the 
interaction effect is exerted around y/lm 1,  = 0.2 and  = 0.3, then we have x2 = 0.25, thus 

50.0
a

r

U

U
x

      
 (6) 

Further aspects can be explored, but the above serves to explain conceptually the interaction phenomenon that is 
observed in the experiments.  

5. CONCLUSION 

The experimental results shown that for multiple jets in line discharged into a crossflow, the interaction results 
in a reduced effective crossflow velocity for the jet in the lee of the leading jet. Thus, in a jet group, before the 
merging become significant, the trajectory of rear jet is less deflected and the dilutions are smaller than the 
leading edge jet. For a constant spacing, the effective crossflow velocity ratio in front of rear jet (U1/Ua) is found 
constant regardless the jet and ambient flow conditions (for any value of lm) and for a moderate spacing the 
reduced velocity is found about half of the approach velocity.  A heuristic conceptual model is formulated to 
explain this reduction of the approach velocity, which can be due to the sheltering or blockage effect and also 
the entrainment of the leading jet. The findings of this research can be used for predicting trajectories and 
dilutions as well as modeling of multiple jets in crossflow. 
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