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head tank into the stagnant tap water. A crossflow was simulated

by towing the discharge ports through the receiving water at desired

speeds. Visualization of the jet cross-sections produced by a

vertical slit light source and fluorescein dye was recorded as a

sequence of pictures taken by a motor-driven camera. Maximum heights,

widths, and vertical cross-sections of deflected buoyant jets for

different velocity ratios, number of nozzles and nozzle line orienta-

tion were plotted against downstream location.

Horseshoe shaped cross section was observed and recorded in the

case of single jet in crossflow and multiple jet crossflow parallel

to nozzle line, while in the case of crossflow perpendicular to nozzle

line horseshoe pattern was not clear. Wake behind the multiple jets

in crossflow was observed and recorded, with distinct vortex street

behind.

Experimental results show that single jets dilute more rapidly

so the cross-sections are larger and trajectories lower.



Increasing velocity ratio for fixed N and 01 lowers the

trajectories and reduces plume widths and normalized cross-sectional

area; all of them appear to increase linearly with x (from x=10 D on).
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At ) = 45
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can be seen. At 90° vortex appears only at the lowest velocity

ratio R = 0.1.
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I. INTRODUCTION

Jets have been the subject of investigation for many years and

whole textbooks have been written on this subject (1,2,3). Jets can

be laminar or turbulent, two dimensional, axis-symetric or three-

dimensional. They can be momentum or buoyant and they can discharge

into steady or flowing environment, which can be stratified in

addition. These jets appear alone or in groups. One can further

challenge the investigators by spicing the problem with the addition

of moisture effects for stacks and cooling tower plumes or effects

of free surface in shallow water and transient phenomena in tidal

regions.

A concise state-of-the-art review of thermal plume modeling

techniques is presented in (4). Excellent reviews are also in (5)

and (6). Multiport jets were studied in (7,8,9). Experimental data

are rare. Multiport buoyant discharge into crossflow was investigated

experimentally in (10), simulating infinite line of ports. Data for

finite number of ports for buoyant discharge with no ambient current

are reported in (11). No similar data exist for crossflow. In this

investigation an effort was made to get some characteristics of a

group of buoyant jets discharging perpendicularly from single ports

placed in a row into uniform crossflow. Influence of number of

discharge ports and direction of the crossflow was also studied.

Such merging buoyant jets have application in power generation waste

heat disposal into environment. This could be river or ocean and the

ports would be called multiport diffusers or could be just a breeze over
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the country and the ports would be called multiple cell cooling

towers. This investigation idealized the real process as much as

possible and the only goal was to get some data which could be

later used to check or time computer models. Visualization method

which was used in this investigation is somewhat rare in this

field. It gave the three dimensional picture of the merging

buoyant jets in a crossflow.

All experimenters know that once a phenomenon is visualized it

is much easier to understand it and to apply the proper mathematical

model to obtain theoretical solutions. Flow visualization techniques

are numerous and they are being used in some form in all laboratories

dealing with fluid flow. They are applied for gas and liquid flows

at all velocities. Sometimes'it is possible to understand the entire

development of the flow from one observation. Such techniques are

very elegant, but sometimes need considerable experience to interpret.

A quantitative evaluation of obtained flow pictures is laborious.

Flows in water can be visualized by introducing solid tracers

(e.g. aluminum particles, polystyrene beads, glass beads, tellurium

particles emitted by a cathode upstream from the test solution).

The particles, if small enough will follow the path of the fluid

for a while even if the particle density is not the same as the fluid

density. Liquid tracers are most often used for the marking of

filament lines. Different dyes are used: food coloring, writing

ink, gentian violet, methylene blue dye, fluorescent rhodamine,
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fluorescein and many others. Milk (sometimes mixed with dyes, water

or alcohol) was found excellent for marking filament lines. It makes

the line contrast greatly with the fluid and has lower diffusion than

other tracers.

The disadvantage of these dye methods is that they are not

suited for use in a closed-circuit water tunnel, since the dye

recirculates and contaminates theiwater. Only short time observation

can be made. A similar situation occurs in a towing channel. The

system has to be emptied and refilled after each experiment.

Gaseous tracers injected in the flow or formed naturally during

the experiment (for example by cavitation) or formed by electrolysis

(for example hydrogen bubbles) can be used in many experiments.

Once the flow field is marked with visible tracers one can

record the picture on photographic film. If the flow is two-dimen-

sional it is easy to obtain good pictures. To get three-dimensional

resolution one should illuminate a thin plane slice of the flow field,

so that only the light scattered from the tracer within this illu-

minated sheet can reach the camera. This method was used in the

present investigation.

Optical methods for compressible flows need no additional tracer

to mark the flow. These methods are based on optical disturbances

caused by the nonhomogeneity of flow field with respect to light

path. Most known methods are shadowgraph, Schlieren and interferometer.

Optical arrangements could be very sophisticated.
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Excellent reviews of different visualization techniques for use

in gases and liquids can be found in (12, 13), and in (14, 15) for

use in water only. Reference (16) gives abstracts of numerous

applications of these techniques.

Development of modeling parameters is presented in Chapter 2

with detailed description of experimental apparatus and visualization

technique in Chapter 3. Results are discussed in Chapter 4 and a

brief summary of the work follows in Chapter 5.



6

II. MODELING PARAMETERS FOR MERGING BUOYANT JETS IN A CROSSFLOW

The analysis in this chapter considers finite array of round

turbulent buoyant jets discharged vertically to a horizontal crossflow

(with uniform velocity and density) from arbitrary directions. (Fig. 1)

List of all variables that describe this flow:

Variable Symbol Dimension

position
(along crossflow)

x L

jet diameter D
o

Round
exit velocity U

o
Lt

-1

Momentum
Jet

fluid viscosity u ML
-1

t
-1

jet density Po
ML

-3

ambient density p
a

ML
-3

excess density p
o
-p

a
ML-3 Buoyant

gravitational g Lt
-2

acceleration

ambient characteristic L
a

length
Uniform

ambient velocity U
a

Lt
-2

Crossflow

number of ports
Finite Array

spacing between ports L L Of Merging
Jets

angle between the line
connecting the ports al

and crossflow
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The variables have units of length, time and mass only, so

according to Buckingham 11-theory there will be ten dimensionless

groups.

n
b
a nb c

"1 "ob Po
u Db

"2 o o PO

c
j

Round
Momentum
Jet

a Db ,c
3 o o "o ''a

4
= U

0
a D0b p0c (p0-pal

1 Buoyant

n5
Db

5 o o ob

C

= u a Db c
6 o 0 "0 a

a Db u
"7 0 0 "co a

a
H8 = U

o
Do
b

p
o

N

9 o o

a b c

-U0 p 0-
1110 o o p0 1

Uniform
Crossflow

Merging

Orientation

Exponents a, b and c must be determined so that in each group R

becomes dimensionless.

Result is:

Dimensionless length Hi Ts

Reynolds number

2

H p 1 v
U

1
/D

o viscous force

2 UoDo
o

Re UoDo
U

2
/D

inertial force

0 0

Density ratio:



Density deficiency:

_ Po Pa g (Po Pa)/Po _ buoyancy force

4
o

gravity force

Froude number:

D
o
g

_ 1 gravity force

115 2 Fr
U /D

inertial force

Q o

2

o

Ambient length

Velocity Ratio

Number of ports:

Port spacing:

Angle

L
a

116 D
o

Tr a

7 U
o

11

8
= N

_L
"9 D

o

1110 = 41

Combining 115, 114 and 113 one can get:

Pa/Po

(D 0g/U 02) (Po p
a
)/P

U
o
2 U

o
2/D

o inertia force
buoyancy force

Po Pa Par Pa

Pa
9 Do

Pa
9

8
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Square root of this is known as densimetric source Froude number

0.5
U
o

U
o

115 r
5 4

Fo

Po 7 Pa
Do

g Do

P
a

o

Combining 112 , 113, 116 and 117 one can get ambient Reynolds number:

112 113 u PO DO 0 p
116 117 UoDop pa La U00 U.... La p

a
Re

a

To limit the number of these parameters the following assumptions are

made:

1. The jet flow is fully turbulent, so that 114 = which
Re

includes fluid viscosity can be neglected.

2. Density differences between the jets and ambient fluid are

Pa
small and important only in causing buoyant forces. So 115 =

5 p
o

can be neglected.

3. The effect of ambient turbulence was not considered in this

investigation. In natural systems the flow is expected to be fully

turbulent, and hence the effect of differences in Reynolds numbers

is negligible.

One should observe the Reynolds numbers when laboratory results are

used to verify theoretical models. If the laboratory model is not

functioning in the fully turbulent range, results may not be useful for

application to field situations (17). However, the results of Fan

(for normal discharge) (18) who compared the jets in a flume with
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those in towing channels show little difference and he concluded that

the effect of ambient turbulence can be neglected as a first approxima-
L,

tion. Range of his experiments was 0 < x/D < 120. So 118 = +I was
Da

not considered in this investigation.

4. The effect of (pure) Froude number II = 1 was neglected.
Fr

The parameters which remain are:

downstream position x/00

densimetric Froude number F
o

= U
o
/(g'D

o
)1/2

velocity ratio R = Ua/Uo,

number of ports N, port spacing L/Do,

and angle between the line connecting the

ports and crossflow 401.

The dependent variables are

plume centerline coordinates, y/D0 and Z/D0

horizontal plume width W

vertical plume width B

vertical cross-sectional area A
x
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III. EXPERIMENTAL EQUIPMENT

3.1 Towing channel and discharge tank

The experiments were conducted at the Hydraulics Laboratory of

the U.S. Environmental Protection Agency's Corvallis Environmental

Research Laboratory.

The main tank was a towing channel 12.1 m long, 0.61 m wide and

0.91 m high (Figure 2 ). Both sides of the channel were made of

1.25 cm thick plexiglass. The bottom plate was 2.54 cm solid steel

with built in heat exchanger over the whole area so that the bottom

surface could be maintained at a constant high or low temperature by

circulation of hot or chilled water supplied from connected heater or

chiller via a network of pipes and regulators. In this way temper-

ature stratification can be achieved. In these experiments this

feature was not used. The whole channel could be tilted to level it

with the water surface or maintain an inclined bottom surface.

The discharge tank on the ball bearing wheels was towed on the

rails above the receiving channel by a steel wire cable and adjustable

speed motor drive (Figure 3). The instrumentation cart was towed

behind the discharge tank when measuring conductivity in the

downstream portion of the plume. The discharge tank was airtight

except for the breather tubes which maintained a constant level of

ambient pressure so velocity head was constant regardless of the

level in the tank. Buffles inside the reservoir served for dampen-

ing out the waves caused at each start of a tow.
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The tank with breather tubes was used in previous investigations

[ 10]. From this tank the salt water passed through a control valve

into a plenum chamber with buffer where it was evenly distributed

to each of the discharge tubes. This arrangement was reported in

[ 11]. Different discharge geometries could be attached to the plenum

chamber. In this investigation only tubes, 9.53 mm inside diameter

and 12.7 mm outside diameter were used. They were placed right

against each other in a row. This yielded a port spacing to discharge

diameter, L/D, of 1.33. The number of discharge ports used were 7,

5, 3, 2 and 1. The length of the tubes was sufficiently large to

give fully developed turbulent flow at the discharge. Ports were

oriented at 90, 45 and 0 degrees with respect to the direction of

towing. Nominal Reynolds number for all runs WAS Re = 2500.

Salt water with salinity of 30 ppt was used in all experiments.

It was prepared in a plastic barrel which was located above the level

of the discharge tank (Figure 4 ). Six kg of salt (Morton salt for

water softeners) was mixed with tap water to yield 0.2 m
3
of salt

water. This volume was calibrated once, and the level marked on the

wall. For each subsequent mixing tap water was added to the same

level.

3.2 Photographic technique

On each side of the channel within the central part, the walls

were masked with black tape to form a vertical slit 3 mm wide. The

bottom of the channel in the vicinity of test cross-section was also

blackened to prevent reflections. Light sources were placed on
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PLATE 1. Injection of Dye in the ports.
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PLATE 2: Cross-sections thru the plane at 91 = 0, N = 7, and

R = 0.2.
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PLATE 3: Shedding behind the jets in a crossflow at

Al = 0, N=7
'

and R=0.5.
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opposite sides of the channel (Figure 5). The light beams were

collimated by slits near each source thus reducing the beam width

before reaching the channel slits. In this way only the parallel

rays of light from each source were used. A 1000 W quartz-halogen

stage light was used on one side, and a 400 W mercury light on the

other. Only a 3 mm thick vertical plane in the water perpendicular

to the channel walls and direction of towing was illuminated.

Salt water jets discharged from the tank were colored with

fluorescein yellow-green color by injecting small amounts of one

percent fluorescein dye solution into arbitrary discharge port

(Plate 1). or by mixing the dye with salt water in the tank to

achieve even concentration in all jets. While the tank was towed,

the buoyant jets formed a light yellow-green visible plume. When

the laboratory lights were turned off, only the test cross-section

was illuminated. Clean tap water was used to fill the channel,

so the illuminated section was almost invisible in the absence of

dye. When the ports hit the cross-section, the light reflected

from them and made them visible. The fluorescein dye in the plume

began to glow, but only inside the collimated light beam. As the

tank was towed with constant velocity on the rails, the image on

this "screen" represented the cross-sections of the buoyant jets in

a cross-flow for particular downstream locations, x/D
o*

First pictures

taken from above the channel with a Polaroid camera using Polaroid

black and white film with ASA 3000 speed, were encouraging, so a 35

mm camera was placed at the end of the channel, 4 m in front of the
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light beam. Pictures were taken using Kodak 2475 Recording Film,

processed for approximately ASA 4000 speed, (later on, Kodak 3-x

was used with special processing) yet illumination was sufficient

only to get pictures of the stagnant jet, since the water absorbed

too much light.

The obvious choice was to put the camera closer to the test cross-

section. This could be done by submerging the camera in an underwater

housing in the channel,:but then accurate focusing could not be checked

in the viewfinder of the camera, and replacing a roll of new film would

be quite tedious. So the author did not hesitate to leave the camera

(his own) in the dry "safe" place outside the channel on a tripod

and instead, a plane mirror 0.4 m wide and 0.5 m high was inserted

0.9 m in front of the test cross-section. The mirror was placed

vertically, oriented at 45 degrees to the symmetry line of the channel,

so the light coming from the image was reflected by 90 degrees out

through the unmasked portion of the channel to the camera. Because

of its size, the mirror was an obstacle in the channel, and the jets

were very much disturbed when passing:over it, but since the water in

the channel, which represented the cross-flow was still, the distur-

bances from the mirror were not observed in the test cross-section.

The bulk of data was collected for downstream distances, x/Do
less

than 100. Within this region the flow was not disturbed. Rather,

limitations were imposed by the discharge rate, velocity ratio R and

size of the channel.

A single lens reflex, 35 mm camera with standard lens 50 mm f 1.4

and attached motor winder was used to record the sequence of images
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in the text cross-section. These images were as bright as a picture

on a TV screen. The camera was triggered remotely. Once triggered,

the interval between the frames was constant with values from 0.6 to

0.9 seconds, depending on the exposure time used.

3.3 Experimental Procedures

It took a few months of enthusiastic trial and error experimenta-

tion with available equipment at EPA Corvallis and OSU to get satis-

factory results. Once the system was perfected, it took about three

hours to make one run (provided the ports were calibrated previously),

and twice that time to process the film and reduce the data in numerical

form. Most of the runs were made during the weekends or nights,

because complete darkness was needed in the lab.

The sequence of steps, called a run, which formed the basic

experimental test is enumerated as follows:

I. If there is plenty of salt water skip to step 2. Prepare

the salt water in the plastic barrel.. (One barrel was suffi-

cient for three to five runs.)

2. If the discharge structure remains the same, skip to step 3.

Select desired discharge configuration (N = 7, 5, 3, 2 or 1)

and attach it to the plenum chamber on constant velocity head

tank in desired orientation with respect to towing (y = 90,

45, or 0°, irrelevant for single jet).

3. If the control valve is adjusted to give nominal discharge

velocity, skip to step 4. Calibrate the control valve in the

plenum chamber to yield nominal discharge velocity of U0 =

0.28 m/s.
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(Figure 4 shows the arrangement used for valve adjustment.

The receiving bucket was placed in the empty channel, below the

ports with its upper edge leveled with normal waterlevel, so that

the same velocity head was obtained. Control valve was placed

in the position which would be known from experience. Discharge

flow rate was calculated from the measured time it took a known

amount of water to flow from the discharge tank. The amount of

water was in turn calculated from the change in water level, and

known cross-sectional area of the tank. Discharge velocity was

compared to the nominal. When it was close to nominal the cali-

bration/adjustment was completed. Normally this required three

to six iterations.)

4. Fill the channel with fresh tap water to the marked level.

(This was 2.6 D below port exit.) Volume of water was approxi-

mately 5 m
3

. Temperature of city water frequently varied for a

few degrees C during fill-up, and temperature stratification was

observed in the channel while monitoring temperature with a

Hewlett-Packard quartz thermometer. To avoid stratification,

a pump was used during fill-up to circulate the water in the

channel. Water moved along the channel as in a slow flume.

5. If discharge tank is more than two-thirds full skip to step 6.

Refill the tank with salt water from the barrel.

6. If temperature difference between water in the tank and

water in the channel is less than 0.1°C, skip to step 7. Adjust

the temperature of the salt water in the tank to that of tap
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water in the channel to the nearest 0.1°C. Add cold or warm

salt water of the same salt content to the tank and mix. Record

the temperatures.

7. Turn off the circulation pump.

8. Calculate the towing velocity from timing the towing of the

tank over a known distance. Adjust the speed of the motor drive

if velocity is not within desired range. Record the towing

velocity.

9. Turn on the mercury lamp (needs time to warm-up).

10. Load the film in the camera, place the camera on the tripod

and attach remote release cable. Hang the 1 D diameter and 50 D

long reference rod into the center of the test cross-section,

focus and take picture of this reference length. Take the rod

out. Turn on the motor drive on the camera.

11. Record the water level in the tank.

12. Turn on the 1000 W stage light.

13. Turn off the lights in the laboratory.

14. Unplug the ports and start timing change in water level.

15. Initiate tow.

16. Trigger the camera when the ports hit the illuminated plane

and take a sequence of 20 to 28 frames.

17. Turn the lights on, plug the ports and stop timing. Record

the time and change in water level in the discharging tank.

18. Turn off both light sources.

19. Open discharge valve to drain the channel.



29

20. Dismount camera from the tripod and take a picture of all

pertinent data for that run.

21. Take a sequence of pictures of stop watch using motor driver

to determine interval for this run.

22. Develop film.

Sequences recorded on the film are shown on Plates 4 thru 21.

In the darkroom, pictures from the negatives were projected on graph

paper with millimeter coordinates. A reference rod was 50D long.

A picture of this rod was enlarged to show 25 cm on the paper, such

that the scale on the paper was 1D = 5 mm. This scale was then used

for data reduction from all frames and all films. Next, the water

surface when visible and/or lower edge of ports was used to center

the picture on the paper and the contour of film perforation was

drawn on the paper. Contours of the image from each frame were

traced on the paper, each contour with different color. All sub-

sequent frames were centered according to the marked perforations.

Drawings of the contours were superimposed on the first one.

Typically two sheets of paper were used for each run, projecting

odd numbered frames on one and even numbered on the other to get

better clarity. From the frames showing the stop watch, the

average time between two frames was calculated for each run.

Distance between two frames was calculated from known towing

velocity, and a downstream distance X/Do was assigned to each frame.

The initial X/Do was established from analyses of the first

four frames and known towing velocity.
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The upper edge, Zmax, lower edge, Zmin, horizontal width, W/D0,

and areas were measured for each frame and tabulated (Table 1).

Figure 6 shows the method of data reduction from millimeter paper.

(Only frames 6, 10,and 16 are shown for clarity.)

The centerline of the trajectories was assumed to be in the

middle between upper and lower edges of the plume, and it was

calculated from tabulated Zmax and Zmin. Vertical width B was

obtained from the difference between Zmax and Zmin. Cross-sectional

areas A
x

at a particular downstream location x/D o
were non-

dimensionalized with respect to the initial discharge cross-

section for particular number of ports. Densimetric Froude number

was calculated from measured water temperatures (To, Ta), jet

velocity U0 and known salinity s.
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IV. RESULTS

4.1 General

The main objective of this investigation was to find character-

istics of merging buoyant jets in crossflow.

Independent variables and their nominal values considered in

the experiments were:

Variable Symbol Nominal values

Number of ports N 7, 5, 3, 2, 1

Velocity ratio R 0.1, 0.2, 0.5, 1.0

Angle between cross-
flow and line connecting
the ports 90, 45, 0°

This could yield broad spectrum of data. Not all cases were covered

by the experiments. Seventeen experiments were analyzed in detail.

They can be grouped into three families, with one parameter varying

and two fixed.

R = 0.1 0.2 0.5 1.0

N = 7 .0. =90 131 129 130 112
1 Run

117
a

111 111

N = 1 2 3 5 7

R = 0.2 G- =90
1

125
Run

128
123

129

121

122

119

120

129

111

= 0 45 90

R = 0.2,,N=7 Run 133 132 129

111

Totally 32 runs were made with crossflow.

Table 1 summarizes all measured and calculated variables for each

run.



Run N 81 U0
a

T
0 9,

F
xo

Do
6'x

Do
exl
Do

Re

106a 7 0 27.9 14.00 0.501 15.20 15.20 0.2260 6.01 0.0 9.30 3.50 2658

106b 7 0 27.9 14.00 0.501 14.92 14.65 0.2268 6.00 0.0 9.30 3.50 2658

107 7 0 27.9 14.00 0.501 14.10 13.71 0.2274 5.99 0.0 9.30 3.50 2658

108 7 0 27.9 14.00 0.501 15.30 15.50 0.2256 6.02 0.0 12.35 3.50 2658

109 7 0 27.9 27.90 1.000 16.14 16.28 0.2255 6.02 0.0 24.7 6.98 2658

110 7 90 27.9 5.60 0.201 15.43 15.34 0.2262 6.01 0.0 5.03 1.47 2658

111 7 90 27.9 13.75 0.493 16.74 16.71 0.2254 6.02 4 12.05 3.61 2658

112 7 90 27.9 28.98 1.039 14.05 14.09 0.2267 6.00 7 25.1 7.3 2658

113 7 45 27.9 5.60 0.201 13.79 13.24 0.3380 5.99 4.08 1.47 2658

114 7 45 27.9 13.89 0.498 14.28 14.38 0.2241 6.04 12.4 3.50 2658

115 7 45 27.9 27.90 1.000 15.13 15.00 0.2264 6.01 25.25 6.98 2658

116 7 45 27.9 27.9.0 0.100 15.32 15.17 0.2264 6.01 2.53 6.98 2658

117a 7 90 27.9 2.80 0.100 14.22 14.23 0.2266 6.00 0 2.56 0.73 2658

117b 7 90 27.9 2.80 0.100 14.11 14.01 0.2269 6.00 2.57 0.70 2658

Table 1: Summary of most important data for each run.



Run N
01

U
o

T
a

T
o

F w
o

Do

A
x

Do

exl Re

D
o

118 5 90 27.85 2.8 0.100 14.01 14.20 0.2264 6.00 0.0 2.58 0.7 2659

119 5 90 27.85 5.7 0:203 14.01 14.08 0.2267 5.99 1.5 5.20 1.48 2659

120 5 90 27.85 5.7 0.203 14.07 14.02 0.2268 5.99 0.5 5.07 1.49 2659

121 3 90 27.30 5.6 0.204 15.33 15.28 0.2262 5.88 0.0 4.98 1.46 2659

122 3 90 27.30 5.6 0.206 15.17 15.20 0.2260 5.88 1.0 5.20 1.47 2610

123 2 90 28.25 5.5 0.195 15.28 15.49 0.2257 6.09 1.0 5.02 1.45 2610

124 2 90 28.25 5.5 0.195 14.53 14.38 0.2247 6.'11 1.0 5.18 1.46 2692

125 1 28.05 5.57 0.199 15.94 15.93 0.2258 6.05 0.5 5.15 1.46 2692

126 1 28.05 13.99 0.499 15:51 15.50 0.2256 6.05 0.0 13.20 3.5 2673

127 1 28.05 2.8 0.100 19.10 19.05 0.2254 6.05 0.0 2.65 0.7 2673

128 1 29.05 5.71 0.204 18.86 18.86 0.2246 6.06 0.5 5.18 1.50 2768

129 7 90 28.15 5.53 0.197 18.06 18.13 0.2245 6.09 0.0 4.65 1.45 2682

130b 7 90 28.15 14.16 0.505 18.67 18.71 0.2243 6.09 0.0 12.00 3.75 2682

131 7 90 28.15 2.7 0.097 18.60 18.59 0.2246 6.09 0.5 2.33 0.71 2682

132 7 45 28.15 5.5 0.197 18.47 18.41 0.2246 6.09 0.5 4.70 1.45 2682

133 7 0 28.15 5.6 0.199 18.52 18.48 0.2245 6.09 0.0 4.68 1.46 2682

134 7 0 28.15 2.8 0.100 15.62 15.50 0.2261 6.06 0.0 2.63 0.0 2682

135 7 0 28.15 5.6 0.198 15.58 15.54 0.2261 6.06 0.0 5.13 0.0 2682

Table 1: Summary of most important data for each run (continued)
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Only the edge of the plume furtherest from discharge was

analyzed in detail, though data for centerline and lower edge

were also reduced and tabulated in Table 2. The upper edge

was always sharp and clearly visible, so it was not difficult

to trace the contour on the paper. The lower edge was fuzzy in

many cases, due to several effects. First, the light from it

travelled through nonhomogeneous medium due to dyed jets which

were moving towards the mirror. These jets did not block the light

path, but distorted the lower part of the illuminated image

slightly. By lower is meant the position closer to the ports,

and should not be confused by the fact that pictures were taken

in the channel with the vertical axis pointing downward. The

upper edge was always sharp since the water was clean and un-

disturbed in that light path. Secondly, the jets acted somewhat

like a solid body in the flow, producing wake and vortex shedding

effects behind. Sometimes it was difficult to distinguish the

contour of main plume cross-section and wake (Plate 5). Extreme

readings were reduced from the pictures. Sheding phenomenon is

captured on the photograph Plate 3 which was taken from above the

channel. In this case only plane 10 D below the ports, parallel

to water surface was illuminated. The dimension on the pictures

are distorted since the camera was mounted at 45° towards the water

surface. Yet, the wake effect of the jets is clearly seen and one

can even observe the vortex street. Ports were submerged 2.6 D

below the water surface. On this basis one can argue now, that
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the shedding is due to the ports themselves. This was checked in an

experiment with no jets discharging, and with channel water con-

tanimated with fluorescein dye from previous run. The light plane

showed patterns of very slowly moving ambient currents. So, when

the ports were travelling with the same speed as before, no distur-

bance was observed in the pattern 10 D below the ports. A slight

wake was caused by the ports, but limited to the area between the

port exit and water surface. It was very strong for R = 1.0 when

the plumes were downwashed completely. It was also seen 10 to 20 D

behind the ports at R = 0.5.

4.2 Effects of Velocity

The upper edge trajectories of buoyant-merging jets (Figures 8

and 9) for the same geometry (N = 7, = 90°, L/D = 1.33) can be

described as follows. Jets discharge vertically into a crossflow,

raise to a certain height, depending on velocity ratio R, next they

deflect with the crossflow. From the downstream distance of 10 D

the trajectory seem to be a straight line for all velocity ratios.

Tests at R = 0.1 show that the discharge rate was too high

for the size of the towing channel. For this case only, recording

below 20 D are good. Plates 8 and 9 show the boundary effect.

Horizontal width W/D (Figures 9 and 10) for (N = 7, al = 90°,

L/D = 1.33) depend on velocity ratio in the same way as the upper

edge. The width reduces with increasing velocity. Width data are
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scattered much more than Z
max

data. Though scattered they show

linear dependence on x/D.

II

Normalized area A w/(N -4 7 Dot) (Figures 11 and 12) for (N = 7,

1
= 90

o
, L/D = 1.33) shows again linear dependence between the

area and downstream distance.

Normalized area increases with lower velocity ratio. This

area is a measure of dilution.

4.3 Effects of Number of Ports

The upper edge trajectories (Figures 13 and 14) of buoyant

merging jets for constant velocity ratio R = 0.2 and 41 = 90°,

L/D = 1.33 shows vertical discharge rapidly bending into a straight

line for N = 7 and 5. For N = 3, 2 and 1 the curves keep bending

in the crossflow.

Horizontal width ET- (Figures 11, 12-17) for R = 0.2, 42 ) 90°
'

L/D = 1.33) shows little effect of number of ports on the angle of

plume spreading. Lines for N = 7 and 5 are straight. In the case

of N = 2, the two jets interfere with each other in such a manner

that they spread in the horizontal direction much faster than in

the vertical (Plate l3 and 14).

Normalized area A x/(N Dot) (Figures 17 and 18) for (R = 0.2,

43. . 90°, L/D = 1.33) shows linear increase with downstream distance

for N = 7 and 5. For N = 1 and 2 increase is curved upward. From

Figure 5 one can see how the normalized area in the case of merging
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shrinks rapidly. When discharging from single port, entrainment of

ambient fluid is the highest. Cross section of a single jet enlarged

from 1 at the port exit to = 400 at X/D0 = 90, compared to 130 for

N = 7. If we can in a first approximation assume that velocities

inside the jet at X/D0 = 90 are only slightly different from ambient

velocity and that concentrations inside the instantaneous cross-

section are uniform (pictures indicate this, all the boundaries are

sharp and do not asimtotically merge into the ambient). Than

normalized area gives us a measure of dilution.

4.4 Effect of the angle between crossflow and line connecting ports.

Shape of the cross section changes drastically for different

angles.

When -G = 0° (i.e., crossflow parallel to nozzle line) twin

vortex structure is formed rapidly. (Plate ). When 4(c):, = 45, the

jets are rolled in space like a band (Plate 133) along with x axis.

When-A = 90° neither of these effects dominated. Twin vortex was
-1

observed only at the lowest towing velocity at R = 0.1 (Plate 117a

and 131).

Upper edge trajectory is the highest for = 0 where the jets

cut thru the ambient fluid. The lowest is for .01 = 45° where the jets

are rolled.

The normalized area is the highest for 41 = 0, where entrain-

ment is propelled additionally by huge vortex pair.

At 41 = 45° the normalized area is the smallest.
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PLATE 18 ; Cross-sections through buoyant jet for Run 129

58



F= 6.0 N= 7 91 R=0,5

X0 = 0,0 ,n.X/D0 = 2 ,0 EXPOSURE LENT-! = 3,75

PLATE 19 :
Cross-sections through buoyant jet for Run 130
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F = 6,0 N = 7 91= 90' R = 0,1

X0 = -0,5 LY/30 = 2,3 EXPOSURE LENG--i = 0,71

PLATE 20 ;
Cross-sections through buoyant jet for Run 131

60



VD

Y IL .1 5061 11(0)1111 TsAl I I V IL M 506 01,11,111.

I, vt..1 -1, EEO t_1:121,liA
.

T AT I 1 T

I , I

itet
IP4

4k, ' 146 4

IOW 41110 *it*

4 4
, . .

a IF T2M *QM WINS
Y,AJoIT

hi -van -*EMI -"EMI -1.111ZE1 *-1,11 -*IMO WWI

It

cr

0

I I 00
1---1 LO

CD zr7

cD

11

CO
CO



62

V. CONCLUSIONS

This investigation dealt with merging buoyant jets from a finite

number of ports placed in a line, subject to crossflow from differ-

ent angles. The visualization technique used was somewhat unusual in

this field. A plane light beam and motor-driven camera produced three

dimensional picture composed of vertical cross-sections thru the

plume in equal intervals downstream. The picture gave the size and

position of the instantaneous cross-section which was averaged out

slightly by the finite dimension of the plane light beam and

exposure length of the illuminated portion of the plume for a

particular ambient velocity. Experimental parameters were chosen

so that the effects of the velocity ratio R, number of ports N

and angle of crossflow with respect to the nozzle line 0) were

investigated.

Buoyant merging jets were strongly influenced by the velocity

ratio. At fixed N and
1'

upper edge trajectories, plume widths

and normalized areas appeared to increase linearly (from w = 10 D on).

The normalized area increases with lower velocity ratio.

At fixed R and 01, upper edge trajectories, horizontal widths

and normalized areas appear to increase linearly downstream for

N = 7 and 5. Trajectories are lower for smaller N. For a single

jet twin vortices were observed. Normalized area reduces rapidly

with increasing N, showing reduced entrainment when two or more

jets compete for the same fluid.
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At fixed N and R orientation of the nozzles G1 changes

drastically the shape of cross-section. At Eki = 0°, the vortex

pair is very strong and it aids entraining ambient fluid, so

normalized area is the highest. At = 45° jets are rolled in

space like a band. At 90° vortex appears only at lowest

velocity ratio, R = 0.1.

Hopefully the data presented in this investigation will be

of some help to all those who model merging buoyant plumes in

a crossflow analytically.
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RUN 112

FRAME TIME X/Do Zmax/Do Zmin/Do Zc/Do B W AREA

8 0.00 7.0 5.2 -2.6 1.3 7.8 14.3 15.18

9 0.86 32.1 4.5 -2.6 1.0 7.1 11.4 10.10

10 1.71 57.2 7.7 -2.6 2.6 10.3 16.0 20.24

11 2.57 82.3 10.0 -2.6 3.7 12.6 18.6 26.7

12 3.43 107.4 12.4 -2.6 4.9 15.0 22.3 32.2

RUN 130

FRAME TIME X/Do Zmax/Do Zmin/Do Zc/Do B W AREA

30 0.0 0.0 5.0 0.0 2.5 5.0 12.2 6.9

31 0.8 12.0 8.5 -2.6 3.0 10.1 15.1 18.4

33 2.4 36.0 14.8 -0.5 7.2 15.3 15.6 28.5

35 4.0 60.0 18.3 0.8 9.6 17.5 20.0 38.2

37 5.6 84.0 22.5 0.8 11.7 21.7 22.0 48.3

39 7.2 108.0 27.0 1.0 14.0 26.0 29.7 53.8

TABLE 2: Tabulated data reduced from pictures.


