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Abstract

It is important to know if modeling large systems on small-scale gives useful results in
spite of the huge mismatch in Reynolds number. The primary objective of this research
is to determine the Reynolds number effects on the plume trajectory from scaled-down
water jets in a water channel cross-flow. A large scale and a small scale model of a
vertical surface jet from turbulent source were designed and tested over a wide range of
Reynolds numbers. The results show that from Reynolds number 200 to 4000 there is
about a 40% increase in the entrainment coefficient, whereas from Reynolds number
4000 to 10000 the increase in entrainment coefficient is only 2%. At the higher Reynolds
number range, Reynolds number effects are negligible on the plume trajectory and at low
Reynolds numbers entrainment coefficient is a strong function of Reynolds numbers.
Reducing the initial turbulence in the jet without changing its velocity profile caused a

less than one source diameter increase in the plume trajectory rise.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

The jet in cross flow is a basic flowfield which is relevant to a wide variety of
applications, such as plume dispersion, industrial mixing and emergency venting. One
characteristic which received early attention was the determination of the jet trajectory.
The problem of estimating fhe trajectory of turbulent plume in a cross flow arises in a
number of practical applications. For example, while estimating the ground level
concentration of the pollutants emitted from the stack or ground level source, it is
important to know how rapidly the plume from a stack or ground level source rises and

where it levels off.

1.1.1 Reynolds number effects

In developing engineering models all experiments are done on small-scale in wind
tunnels or water channels. It is important to know if modeling large systems on a small-
scale gives useful results in spite of the huge mismatch in Reynolds number. In the past,
almost no work has been done to document the effects of jet exit Reynolds number on the
trajectory of the bent-over surface jets. The current practice is to simply ignore the effect
due to jet Reynolds number mismatch between scaled down models and full scale
prototypes. The primary objective of the thesis research was to determine the Reynolds
number effects on the plume trajectory from scaled-down water jets in a water channel

crossflow. In order to study these effects, a large scale and a small scale model of a



ground level turbulent jet source were designed, built and tested over a wide range of
Reynolds numbers in water channel experiments.

One of the first analytical studies dealing with entrainment in a rising plume was
carried out by Morton, Taylor and Turner (1956), who introduced the concept of
entrainment coefficient making the entrainment velocity proportional to the rate of plume
rise. Since that time, most methods for modeling the rise of a plume have been
developed. These models are based on the concept of an entrainment velocity constant of

proportionality £ between the local rate of plume rise dh/dt and the apparent "velocity"
V_ at which ambient fluid mixes into the plume at that point in space. In this thesis, the
objective is to study the Reynolds number and velocity ratio effects on £ by using

existing models to predict the plume trajectory. The plume rise model used was
developed by Briggs (1975). His approach to derive the plume rise equation was used
later by Weil (1988), Davidson (1989), Synder and Lawson (1991) and Johnston and
Wilson (1997).

There have been a number of laboratory experiments on plumes and jets in a cross
flow. Callahan and Ruggari (1951) studied the trajectory of a heated air jet discharging
into a channel with a cross flow. Bryant and Cowdrey (1955) studied the trajectory of
heated air plume in a wind tunnel. Keffer and Baines (1963), Pratte and Baines (1967),
Hoehne and Luce (1970), Kamotani and Greber (1972) and Johnston and Wilson (1997)
have shown that the main parameter influencing the trajectory and the entrainment

coefficient B is the jet to cross flow velocity ratio. No one has yet determined the

Reynolds number effects caused by the modeling large full-scale jets in small scale.



Kamotani & Gerber (1972) and Haniu & Ramaprian (1989) show that the
trajectory obtained based on maximum local velocity is always higher than the
corresponding scalar concentration trajectory. Smith and Mungal (1998) measured the
trajectory based upon the local maximum mean concentration and not upon local velocity
measurements. In their study, Johnston and Wilson (1997) also used the concentration

measurements to determine the plume trajectory.

1.1.2 Design of a turbulent jet source

In order to study these effects, a model of a ground level turbulent source was
designed for this study. The objective was to design a source with an easy reproducible
inner geometry which would be easy to fabricate at any scale to produce the same jet exit
profile and turbulence intensity regardless the size of the source and the flow rate. In
previous studies, experiments were done using a round tube as a stack or a machined
nozzle as a ground level source to produce a jet. Kamotani and Gerber (1972) injected a
surface jet in the cross flow with a 6 mm diameter nozzle. Andreopoulos and
Rodi (1984) studied the surface jets in a cross flow by producing a jet from a brass tube
of 50 mm internal diameter. Alton et al. (1993) used round tubes of 5mm and 10mm
diameter in their experiments to produce stack jet. Johnston and Wilson (1997) used a
8.8 mm inner diameter tube and an internal turbulence generator to produce a turbulent
stack jet with a relatively flat exit velocity profile. Smith and Mungal (1998) in their
study of surface jets in crossflow used a jet plenum arrangement with inside diameter of
16 cm and nozzle diameter varying from 2 mm to 20 mm. There are few reported details

of the inner geometry and operating characteristic of these sources.



It would be interesting to know if the initial turbulence in a jet source could affect
jet trajectory. With this in mind, the present study will use an exit screen to reduce the
turbulence from the emerging jet without effecting the velocity profiles of the jet.

A simple mathematical model will be developed to predict the turbulence intensity
in the jet coming out of the turbulent source and the values obtained from this model will

be compared with the experimental data and also to some data available in the literature

collected by Sreenivasan (1998).



Chapter 2

Plume Rise and Downwash Models for a

Vertical Surface Jet in Crossflow

2.1 Introduction

One of the first analytical studies dealing with entrainment in a rising plume was
carried out by Morton, Taylor and Turner (1956). Since that time, many different
methods for modeling the rise of a plume have been developed. In this thesis, the object
was to study the Reynolds number and velocity ratio effects using existing models to
predict the plume trajectory. To account for the influence of the nearby surface on the
jet, a downwash velocity correction model, with some modifications, developed by

Johnston and Wilson (1997) was introduced in the plume rise equation.

2.2 Plume rise equations

The plume rise model for a momentum jet used in this thesis is the same model
used by Briggs (1975). His approach to derive the plume rise equation was used by
Weil (1988), Davidson (1989), Synder and Lawson (1991) and Johnston and
Wilson (1997). Briggs' modeling of plume was based on the balance of mass and
momentum through a cylindrical plume element. The model includes several key
approximations.
e The plume is "fully bent-over" with its axis parallel to wind direction for its entire

rise; and has a circular cross section in the plane perpendicular to its axis.



¢ The density difference between the plume fluid and the ambient fluid is negligible
(no buoyant plumes).
e The free stream (crossflow) velocity is constant, and the bent-over plume is

carried downstream at the ambient fluid speed, U, .

e Plume trajectory is not affected by the ambient turbulence.

e Entrainment coefficient, £, is the same constant for all plume cross-section
locations.

As the plume rises, it entrains ambient fluid at its edges and increases its volume.

The entrainment is modeled by an entrainment velocity, V,. Figure 2.1 illustrates the

entrainment velocity concept and other basic qualities used in the balances. The
subscript, s, indicates a source quantity, subscript, p, a plume quantity and subscript, a,
quantities from the atmosphere.

Conservation of mass for the plume can be determined by examining a cylindrical
control volume through which the plume passes. The cross-section in Figure 2.1 also
illustrates how entrainment is modeled using the entrainment velocity. Over the control

volume, the increase in plume volume flux from air entrainment is
aQ,
e 27R,V, 2.1

This equation states the increase of the total volume flux is equal to the total inflow at the
plume outer surface. The 7 in the RHS of Equation 2.1 is sometimes absorbed into the
entrainment velocity to follow the notation of Morton, Taylor and Turner (1956).

The trajectory of the vertical jet in Figure 2.1 with upward velocity W, and

density p, issuing from a round jet with a radius R | is determined by its momentum



flux. The momentum flux is defined as the product of the source jet momentum per unit

volume (o, W,) and its volume flow rate (ﬂ RW, ) Dividing this product by p, and

dropping the 7 yields the conventional definition of vertical momentum flux.

F = Lwp? (2.2)

m
a

where ¢, is the momentum correction factor that adjusts for a non-uniform velocity
profile across the jet exit hole. ¢, = 1.00 for uniform top hat profiles and ¢, >1.00 for

experimental non- uniform exit velocity profiles. In the present study, the jet fluid

density p, was the same as the ambient fluid density p,.

Using the fully bent-over plume assumption that the plume cross section area in

Figure 2.1 is perpendicular to the wind direction, the volume flux for the plume will be
Q,=7R,U, 2.3)
When the plume is in the fully bent-over stage the horizontal plume velocity is U, .

Conservation of momentum flux is found through a control volume approach, following

Briggs (1975) or Weil (1988). The momentum flux at any point on the vertical plume

trajectory is proportional to the vertical plume velocity W,, and is equal to the initial
vertical jet exit flux at velocity W, from the source
F,=a W!R! =WU R, (2.4)
This momentum flux can also be written as
F,=W,(RU,) 2.5)

Using Morton, Taylor and Turner’s (1956) definition the entrainment velocity, V,



V,=BW, (2.6)

where fis an entrainment coefficient , constant with x, and the vertical plume velocity is

S

b (2.7)
where /4 is the plume height above the jet source exit on the surface.
From Figure 2.1, the volume flux dQ, entrained into the circular control volume of
length dx is
dg,=V,2n R, dx (2.8)
substituting Equations 2.6 & 2.7 into Equation 2.8
dQe=,6’27rRP%]tzdx (2.9)
substituting dx/dt=U into Equation 2.9
dQ,=2zx R, U, dh (2.10)

from Equation 2.3 the change in volume flux (), for the plume into the control volume

dx

a dR
% 2zr v e 2.11)
dx P dx

now in the control volume dx the entrained volume flux from outside should be equal to

the inside change in the volume flux,
dQ,=dQ, (2.12)
substituting Equations 2.10 & 2.11 into Equation 2.12

27 B R,U,dh=27R,U,dR, (2.13)

simplifying Equation 2.13



Bdh=dR, (2.14)
integrating both sides yields

R =Bh (2.15)

14

which if substituted in Equation 2.5, result is
o 2
F, =BUnW, (2.16)
Equation 2.7 is substituted in Equation 2.16 to yield

dh
F,=p1U,~—~ 2.17
w=bB “ 2.17)

. . ) . . dh dh . .
using travel time to travel distance relationship — = U_ — and rearranging the equation
dt “ dx

for integration
x F h,,
—2_dx = | h*dh (2.18)
[zl

performing this integration for f assumed constant with x ( a key assumption), and

solving for A

1/3
3 F
h =(F-[—]%x} (2.19)

In fact, B varies from about 0.1 at the source to about 1.0 far along the trajectory, and the
constant value of £ used in the plume model is "trajectory-averaged" effective
entrainment constant that will vary with the velocity ratio W, /U, . This is the well-

known “1/3 Law” for momentum rise. A new variable, M, the "density averaged velocity

ratio" can be defined as



1/2
M=a'? (&j (—W—] (2.20)
100 Ua

substituting Equation 2.4 and 2.20 into Equation 2.19 and then dividing both sides by the

jet source diameter d, yields the final normalized form of the plume rise equation

h 3 1/3
—m—:( M? —’ij 2.21)

d |4 4

The assumption that the plume is emitted from a point source with R, =0 when 2=0 in

Equation 2.15 is not strictly correct. To account for this, a correction is added to the

Equation 2.15. A virtual initial radius, R,, must be included to accommodate the jet exit
mass flux; so that the new expression for the growth of the plume is

R, =ph+R, (2.22)
R, is found by conserving mass from the vertical exit conditions with W, at the source to
the bent-over case with horizontal velocity U, passing through bent-over radius R, is

defined by a mass flux balance for the actual and virtual (bent-over) sources

P.ERW, = p wRU, (2.23)

1/2
W,
R, =(U J R (2.24)

a

If Equation 2.22 is substituted in Equation 2.5 instead of Equation 2.15 in the derivation

of the momentum rise, Equation 2.16 would become
F,=(Bh+R)Y UMW, (2.25)

substituting Equation 2.7 into Equation 2.25 and expanding the terms

F,=

o (U, (B°H +2BhR, + Ry )) (2.26)

10



rearranging the terms, substituting for the time derivative and integrating gives
ﬂZ h3
E x=U’ [——3—’"— + SRR, + thmj (2.27)

transposing U, and £ produces

2
iﬁ—x=hi+3£"—hi+3(£—9—j (2.28)

B U, B p
The RHS of Equation 2.27 can be put into the form (h +R,/B )3by adding a (R,/B )3

to both sides

s e

. (ﬂig_[%)] [%] 230

Where R, is defined by Equation 2.24. In the present experiments the R, terms were

finally by solving for /4,

considered to be self-canceling and R, =0 was used.

2.3 Trajectory-averaged entrainment coefficients

The choice of the trajectory-averaged entrainment coefficient for a plume has a
large effect on the predicted trajectory. Some investigators, such as Hoult and
Weil (1972) and Weil(1988) suggest that the entrainment coefficient should be a
constant, = 0.6, while Briggs (1975) suggested that £ should have some dependence on

the velocity ratio W, /U, . Fay, Escudier and Hoult (1970) found a dependence on

velocity ratio up to M = 1.2, after which they suggest f would be constant. Johnston and
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Wilson (1997) found a continuous dependence of f on the velocity ratio, with a
weakening influence of M as M increases beyond about M =4.

In this study, the entrainment coefficient was allowed to vary as a function of
velocity ratio, M , and jet exit Reynolds number, Re,. The reason for varying § with
velocity ratio is that as M increases, more of the rise of the plume is near vertical and

will be smaller, so introducing a dependence on M is a simple way of varying
entrainment coefficient. The reason for allowing £ to vary with nozzle exit Reynolds
number is that as the Reynolds number increases the jet becomes more turbulent and
might entrain more ambient fluid, increasing the trajectory-averaged entrainment

coefficient S .

2.4 Added mass acceleration effects on entrainment coefficients

When the entrainment coefficient £ is set to match trajectory mass balances, S
always over-predicts the actual concentration. The concept of added mass 1s used in
several plume models to compensate for that problem. The added mass approach

multiplies the effective mass in a plume cross-section of length dx by a factor of (1 + f ) ,

to account for the force required to displace ambient fluid as the plume accelerates
vertically. This added mass approach was used by Escudier and Maxworthy (1973),
Briggs (1975), Weil (1988) and Davidson (1989) in their dertvation of the plume rise
equations. For a fully bent-over plume, an analogy for the application of added mass is a
log rising in water. As a log rises, it will accelerate due to buoyancy. Fluid will be

pushed out of the way and added mass term would be necessary. In Davidson (1989) the

12



plume rise equations were derived including the added mass where the result was

expressed as a variation of the entrainment coefficient so,

B=0+1)" B (231)
Briggs (1975) suggested a value of /= 1.3, which means S would be 1.5 times larger than
the entrainment coefficient needed for dilution. Using the added mass concept allows a
single entrainment coefficient to be used for both trajectory and dilution predictions. In

the present study, no dilution calculations were performed, so values of f were not

determined.

2.5 Downwash velocity correction

A new concept was developed in the present study to account for the influence of
the low pressure zone on the surface jet trajectory "Wilson 2001, private
communication". That low pressure zone was developed on the wall downwind of the jet

exit, see Figure 2.2. A physically realistic spatially-varying downwash velocity W,

model is introduced in the plume rise equation. The explanation for downwash is that the
low pressure area behind the plume affects the plume's ability to rise. The emerging
vertical jet produces a low pressure wake which acts like an obstacle in the path of the
ambient fluid.

This distributed pressure downwash model for the surface jet was inspired by the
work of Johnston and Wilson (1997) in wakes behind circular stack jets. They used the
same type of downwash model for the stack, although the physics of stack-induced
downwash is quite different. For stacks, downwash is caused by the interaction of the

plume and a counter rotating vortex pair shed from the stack and bent-over parallel to the
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plume trajectory because vortex remains attached to stack tip, see Figure 2.4. For surface
jets interacting with a large flat wall, the downwash effect appears to be caused by a low
pressure region on the surface immediately behind the exit hole. This is also known as
the Coanda effect. Figure 2.2 illustrates this downwash concept and other basic
quantities. As Figure 2.2 shows, the plume is induced into the low pressure zone by an

effective downwash velocity W, . This downwash velocity decreases with x as the low
pressure B, decreases into the wake.

Section A and section B in Figure 2.2 are shown in Figure 2.3. Section A is where
the plume is near to the wall and the entrainment into the plume causes the low pressure
zone to form behind the jet exit hole. Section B is where the plume is far away from the
wall and the low pressure zone induced by vortex roll up is much weaker.

An equation for the downwash velocity can be derived from the assumption that
near surface downwash is caused by a low pressure region on the wall behind the plume.

The plume downwash velocity ¥, can be written in terms of pressure differences as

1/2
o M (2.32)
downwash

P
where P_ is the wake pressure behind the jet at downstream distance x and P, is the

pressure in undisturbed flow.

The pressure loss can be related to the source radius R and downstream distance x asa

dynamic pressure coefficient that is assumed to decay as x™",

(P.-P)= CAP[ £ ;] J(RJ (233)

X
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where C,, is a dynamic pressure coefficient. Substituting Equation 2.33 into Equation

2.32, the p/2 cancels and

r/Vd = Ban[EL)
X

(2.34)

where B, is a constant of proportionality. For unimpeded plume rise, the plume upward

momentum rise velocity, #,, with no downwash is

w, =2
i dt no downwash
from Figure 2.3
I/Vnet _‘Wp - Wd
ah_dh _
dt dt no downwash dt downwash
dh _ dh

B
dt df no downwash x

multiply Equation 2.38 by -i—}-

a

L1d_ld  _BU(RY
Ua dt Ua dt no downwash Ua x
U dt=dx
dn_dl (R
dx dx no downwash x
integrating on both sides

h= j-‘-"ﬁdx ~ jBllfs dx

0 dx no downwash 0 *

15

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)



n_l-n
BRx

h =hnodownwash - _—1__-’;—— (2'43)
B,=-2 (2.44)
l1-n
dividing both sides of the Equation 2.43 by d_
h h nodownwash 1-n Rsn
P (B,x"™") ry (2.45)
o d
substituting R, =—§—
h h nodownwash 1-n dsn
.c}s__-_._____.ds _( B,x )——Z"ds (2.46)
B=22 (2.47)
2
where B, is the downwash coefficient
hoh x 7
no downwash
—_—=——— B, | — 2.48
d, d, ’ [ d, ] (248)

from Equation 2.21, for a point source momentum jet with R, =0, the 1/3 law for plume

rise is

h 3 1/3
nod:[wnwash =(4ﬁ2 MZ_:I_C_J (249)

s §

substituting Equation 2.49 into Equation 2.48

1/3 1-n
h 3 X X
— = M*~=| - B|= 2.50
d (4[32 dJ 3(4] 2:50)

Equation 2.50 is the non-dimensional plume rise equation for a fully bent-over non-

buoyant momentum jet, accounting for jet wake pressure-induced downwash.
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The value of the exponent (1) varies, depending on whether the wake is two

dimensional or three dimensional and the behavior of the nearwake recirculation region

downstream of the jet hole.
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section B . .
f ? W, momentum rise velocity
section A
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]
) LA "L W, downwash velocity
—-——» e //////7[,/,,,,-,7 |
X
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wall behind jet
Figure 2.2 Continuous downwash velocity distribution along the plume. Downwash

velocity W, decreasing with x as rising plume increases space for

entrainment into bottom of bent-over plume.
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Cross section A Bent-over Jet near wall
Most entrainment enters

@e Q‘J
from bottom of plume

7777 /Y 777 AN

Solid wall

Low pressure zone induced
by entrainment

Cross Section B Bent-over Jet far from wall

Plume Entrainment from vortex
} pair roll up

Figure 2.3 At Section A (above) , the jet is closer to the wall and a low pressure zone
produces downwash as vortex roll up induces entrainment. At Section B
(below), plume is far away from the wall and low pressure zone induced
by vortex roll up is much weaker.
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Figure 2.4 Connection of shed vortices back to a stack tip to produce stack wake

downwash velocity W,.
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Chapter 3

Water Channel Experiment Technique

3.1 Introduction

The experimental method and equipment used to simulate and measure the plume
trajectory and velocity profiles will be discussed in this chapter.
e Mean velocity and turbulence intensity measurements using Laser Doppler
Velocimeter (LDV).
e Plume trajectory measurements using a laser sheet lighting dye trace fluoresce
flow visualization technique.
Each of these techniques provided valuable data such as mean velocity, turbulence

intensity and plume centerline concentration.

3.2 Water channel

All the experiments in this study were conducted in the Mechanical Engineering
water channel. The water channel test section is 5000mm long x 680mm wide x 476mm
deep. A schematic of the water channel is shown in Figure 3.1 & 3.2. These Figures are
described in details later. Two stainless steel tanks are attached to the ends of the test
section. Using two 3.7 kW pumps, water was circulated from tank to tank through a
152mm L.D. return pipe lying under the test section. The flow rate through the water
channel was monitored using a manometer across an orifice plate, placed in the return
pipe. The flow rate in the water channel was controlled by valves on the pump outlet,

and by operating one or both pumps at a time.
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Air bubbles were removed from the orifice plate and manometer tubes to obtain accurate
readings. When there was no flow in the water channel, the water level was set at equal
heights in both manometer columns. For details of the water channel see Johnston
(1994).

It was possible to operate the water channel through a range of mean velocities of

3 to 18 cm/s. Exit jet velocities were calculated for large (d, =12.7mm ) and small
sources (d, =3.175mm ) for the velocity ratios of 1,2,4,8 and 16 within the water channel

velocity range. As Figure 3.3 shows, it was possible to maintain the same Reynolds
number for some of the exit velocity to crossflow velocity conditions with both large and

small sources.

3.2.1 Measuring jet exit velocity profiles

Jet exit velocity profiles were measured with stagnant ambient fluid in the water
channel. For experimental convenience, the source was placed at the bottom of the water
channel and the jet was vertical as shown in Figure 3.2. The coordinate system for the
horizontal jets in crossflow (Figure 3.1) was rotated so z was along the jet axis in both
cases. The source jet position was measured from the sidewall of the water channel. To
determine the location of the edges of the source nozzle, the four laser beams of the LDV
were aimed as a point on the sidewall of the water channel and the traverse scale was set
to zero. Then the source distance from the water channel and its center were measured
by inserting a rod into the jet exit hole. This rod had exactly the same diameter as of the
source hole with a shoulder machined at the end to hold it vertical. Then the LDV laser

beams were moved horizontally to intersect on the aimed rod. This distance was verified
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using a scale. To set the laser beams as close as possible to the source exit, the 4 beam
(2 component, 2 color) LDV probe was rotated at 45° angle. The closest possible
distance to the outlet was 3 mm, i.e., roughly 1/4 diameter above the large source

(d, = 12.7 mm) and 1 diameter size of the small source (d, = 3.175 mm).

The sample duration was selected by taking the time averages of the LDV readings
over 10, 30 and 100 seconds. Figure 3.4 shows the ratios between local mean velocities
measured over 10, 30 and 100 seconds with typical sampling rate of approximately

1000 points per second. The variation is only *3 %, so a moderate duration average

time period of 30 seconds was selected for velocity readings.

3.3 Velocity and turbulence intensity measurement

The mean velocity and turbulence intensity measurements were made using a LDV.
Two types of TSI Laser LDV systems, 1 component and 2 component, were used to
collect the velocity data. Although both these equipments had different set up procedures
and two different soft ware packages were used to analyze the data, the results are very
close to each other. Figure 3.5 shows that these two-velocity profiles are similar. Mean

velocity, W, of the jet in the z direction was normalized by its centerline velocity W ;
and the radial distance x was normalized by the source diameter d,. The difference is

only +3% except at the edges where the difference is very large (about 80 %). At the

edges the velocity profiles taken with 2 component LDV were better than the 1
component, therefore for the rest of the experiments velocity profiles were taken by the 2

component LDV.
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3.4 Titanium dioxide seeding

The particle seeding used for the LDV in the water channel and in the jet supply

was titanium dioxide. About 2 grams of TiO, powder were added in the water channel

and then the water channel was allowed to run for 3 to 4 minutes to mix the seeding.
Care was taken to avoid over-seeding in the water channel. Over seeding was easy to
spot as the water would become cloudy (like very diluted milk) and when the water was
over-seeded the laser beams from the LDV would be absorbed before reaching across the

channel.

3.5 Experimental set up

Figures 3.1 & 3.2 show the experimental configuration for LDV and LIF ( Laser
induced fluorescence ) flow visualization measurements. Disodium flourescein for flow
visualization, or titanium dioxide for LDV seeding, was stored in a pressurized tank with
a volume of approximately 75 liters. To get the same seeding properties as water in the
water channel, the tank was filled directly from the water channel. Air above the mixture
was pressurized by connecting a valve on the top of the tank to a pressure line maintained
at 30 psi. The pressurized air forced the mixture out of the tank through an opening at the
base to a hose leading to the rotameter control panel. The flow passed through valves of
the control panel to one of the four rotameters and then to the source through a flexible

rubber hose.

3.5.1 Rotameter calibration

To calibrate each of the four rotameters, flow from the rotameters was ejected into
a beaker and the time taken to fill the beaker with a particular volume of water was
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measured. Readings were taken at a number of settings over the range of each rotameter.
Figure 3.6 to 3.9 show plots of calibration for each of the four rotameters. A straight line
adequately fitted the calibration points for all four rotameters. Listed below are the

calibration functions for each rotameter tube. §,, is the scale setting (at the center of the

ball or on the top of the float) on the rotameter tube reading and Q_, is the rotameter

rot

flow rate in mL/second.

Rotameter R-8M-25-4F-D Q@  =1.560S, ,+0.711 3.1
Rotameter R-8M-25-4F-1 0 =0.904S, , +1.670 (3.2)
Rotameter R-6-15-B Q. =15228_-1.212 (3.3)
Rotameter R -603 0, = 00168,,+0.24 (3.4)

Equations 3.1 to 3.4 were used to find the appropriate rotameter setting for a specified jet

exit flow rate.

3.6 Jet trajectory measurement

Measurements of the jet trajectory were made by injecting a non-buoyant
momentum jet from the turbulent source into a cross flow at the same water temperature.
As shown in Figure 3.1, a splitter plate (a false floor flush with the source exit plume)
was placed over the source to avoid the wake and other disturbances caused by the source
in the cross flow. All the measurements were taken over the flat splitter plate that
formatted the surface. The source was mounted flush with the flat plate. Velocity

profiles were measured to determine the boundary layer effects on the source splitter
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plate in the water channel at different positions with or without placing the source in the
path of the flow.

The source shown in the Figure 3.1 extended horizontally outwards 90 mm from
one of the sidewalls. The source was placed at 220 mm above the bottom of the water
channel, slightly above the mid point of the 400 mm water depth. At that height, the
mean velocity profile of the crossflow was measured across the channel to observe the
boundary layer effect over the flat splitter plate. Water channel mean velocity profiles
were measured again, at 50 mm to each side of the source hole centerline. Figure 3.10
shows that all these water channel crossflow velocity profiles are within 2.5% of one
another. Figure 3.11 shows the distance up to z= 200 above the splitter plate and as
shown in figure the water channel velocity profile in this portion is almost flat.

In order to get the laser beams to interact across most of the 680 mm width of the
water channel, a lens with a focal length of 514.5 mm was used to cross the LDV beams.
The average crossflow velocity measured from the water channel LDV data was only
10% lower than the average bulk velocity calculated from the orifice volume flow rate

read from the manometer reading across the orifice in the return pipe.

3.7 Velocity profile measurements in the jet with no crossflow

Figure 3.2 shows the experimental set up to measure jet exit velocity profiles. For
experimental convenience the source was placed at the bottom of the water channel but
the same coordinate system was used as was in the case of jet trajectory measurements,
shown in the Figure 3.2. Velocity profiles were measured with the 2 component LDV
with no cross flow in the water channel, with and without a splitter plate above the
source. The objective was to measure the velocity profiles in the very near region of the
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source in order to lessen the ambient fluid entrainment effects on the velocity profiles.
The laser beams were rotated 45° to measure the velocity profiles as close as possible to
the jet exit, at a distance of 3mm above the source. In terms of source diameter 3 mm is

0.25 d, for the large source and 1.0 d for the small source. Because the small source

velocity profiles were measured at the 1.0 diameter distance (3mm) above the source, for
the comparison purposes with the large source, velocity profiles were also measured at

the 1 diameter distance (12mm) above the large source.

3.8 Jet image acquisition system

3.8.1 Camera

Images were collected by a Hitachi KP-M1 CCD (charge-couple device)
monochrome (black and white) video camera using a filter. The filter is described in
section 3.9.2. The lens was a 12.5 to 75 mm zoom lens with aperture F1.8 to F22. For

the large source, d, = 12.7 mm, the camera was set to a focal length of 20 mm and an
aperture of F1.8. For the small source ,d, = 3.175 mm, the camera was set to a focal

length of 12 mm and an aperture of F1.8. Images were collected at a shutter speed of
1/30 s. Fabris (1998) showed that for this camera, the measured brightness output was
linear with the dye concentration.

The camera was placed normal to the cross flow. The field view of the camera is
shown in Figure 3.1. Pixel size was measured by focusing the camera in the x -z plane
of the source and acquiring an image of known scale. The centerline trajectory of the
source jet was determined from the average intensity of 1800 images recorded at rate of 6

images per second for 300 seconds using the video camera.

28



3.8.2 Analog to digital conversion of video signals

The analog signal from the camera was digitized by a computer video board
(Matrox Pulsar version 1.0) to produce images with a light intensity resolution of 10 bits
(1024 intensity levels) and spatial resolution of 640 pixels horizontally and 480 pixels
vertically. To acquire the images, a Visual Basic program developed by Majeski (2000)
was used. Image processing was employed using Matlab 6.0 with the image processing

toolbox.

3.9 Measurement of jet trajectory using laser induced fluorescence

The objective of the present study was to determine the velocity ratio and
Reynolds number effects on the jet trajectory and entrainment rate. Fluorescent tracer
dye illuminated by laser sheets was used to track the dispersion of the jet exiting in the
cross flow. To record video images, the camera was placed roughly 80 to 100 cm
(depending on the source size) above the water surface looking down on the source, see
Figure 3.1. Six frames per second of 640 x 480 pixels were grabbed from the camera by
the Matrox Pulsar Board that digitized each pixel output with 10 bit resolution, with

brightness values from 0 to 1023.

3.9.1 Laser induced fluorescence
Disodium fluorescein was used as the dye tracer in the water channel
experiments. The fluorescent dye was injected out of the source hole to simulate the jet.

A 30° Powell lens was used to obtain a practically uniform laser light sheet from a 4 waltt
argon-ion laser. When dye molecules pass through the laser light sheet, they fluoresce

and the resulting fluorescent light intensity was measured by pixels of the video camera.
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The laser light sheet had a minimum thickness of approximately 2 mm. The overall
power transmission efficiency from laser out put to light sheet of this system was

approximately 60%-65%.

3.9.2 Dye tracer

Disodium fluorescein dye was used as a tracer to track the jet dispersion. The
fluorescent dye was stored in a 75L tank connected to a pressure line. Flexible tubing
carried the dye mixture from the tank through one of four rotameters to control the flow
rate. The dye was then carried from the rotameter through flexible tube to the source.
The fluorescent dye absorbs laser light at green-blue wavelengths around 488 nm and its
peak fluorescence emission is in the green-yellow around 515nm. This difference in
emission and absorption wavelengths allowed a yellow gel filter (Kodak 15) over the
camera lens to pass light near the emission wavelength and block light near the
absorption or laser wavelength, thus allowing the camera to see mostly fluorescent light
from the dye tracer, and negligible reflected light from the laser. In this way noise was
reduced by filtering out the direct laser light reflected from micro bubbles of air in the
water.

Fluorescein dye has the advantage of being relatively insensitive to the
temperature. Walker (1987) shows the variation of florescent intensity to be 0.3% per
K. The dye has been shown, however, to be sensitive to pH changes produced by water
when the value of pH is below about 7.5. However, in this study, only jet trajectories

were measured so pH was not an important factor.
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3.9.3 Calibration images

A closed calibration box was made by placing two tight fit plastic sheets on the
upstream and downstream sides of the source in the water channel. Gaskets were placed
between the water channel side walls and plastic sheets. The inside dimensions of the
calibration box were 900 mm long by 680 mm wide with length in the direction of the
flow. The height of the water in the closed volume was 340 mm. This yielded a

calibration volume of 208 liters.

After the laser had been turned on and properly aligned with the source center, a
background image of 200 frames at 6 frame per second was taken using the frame
grabber software with no fluorescent dye in the water. Once the background had been
recorded, calibration images were taken with three different concentrations of fluorescent
dye in the enclosed volume around the source. The three concentrations used for all

calibrations in the present study were 0.4 mg/L, 0.04 mg/L and 0.009 mg/L for large

source (d,=12.7mm) ) and for small source (d,=3.175mm) were 1.6mg/L, 0.16 mg/L

and 0.016 mg/L.. From the volume of the box, the amount of fluorescent dye required to
produce the above concentrations could be calculated. The appropriate amount of
powdered fluorescein dye was measured by weight on an electronic balance.

The calibration images were taken at 6 frames per second using the frame grabber
software. The calibration and the experiment were done in sequence so that camera and
laser sheet remained aligned, allowing background images to be subtracted from jet
images. The pixel size was calculated by putting a known scale in the view and thus

taking the pictures of this scale in x and z directions.
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3.9.4 Laser light attenuation through a plume

As a beam of laser light travels through a concentration of flourescein dye, the
intensity of the beam gradually decreases as photons are absorbed by the dye particles
and water. The attenuation of the beam at a certain point depends upon the concentration
profile over the entire beam length up to that point. For a plume with a highly
intermittent concentration profile, correcting for laser beam attenuation would be very
difficult, as it would require knowledge of the concentration profile at each point in time.
The experiments were arranged so that the plume concentration would never be large
enough to cause significant attenuation.

Negligible light attenuation through the plume was achieved by choosing an
appropriate value for the source jet concentration. To estimate the attenuation through a

plume, consider a source of diameter o, emitting at a uniform concentration C,. The

diameter of the plume grows roughly in proportion to downstream distance x from the
source

d. =d +Ax (3.5)

plume

Mass conservation then requires that the concentration C, at a downwind position obey

the relation:

wd 2
Cx plume — Cs ”ds (36)
4 4
For a coherent beam of laser light, the decay of beam intensity 7/, goes like
¥y
I=1I, exp(—ea | C(y)dyJ (3.7
0
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Where [ is the initial intensity of the beam at =0 and ¢, is the attenuation coefficient.

The value of the attenuation coefficient for fluorescein in water is €, = 0.023

[mg/L]" [mm] " calculated from linescan video data by Hilderman (private

communication, 2001) in his experiments in the same water channel. The attenuation

will be negligible if the integral of concentration with distance is less than some critical

value

Yy
_[C(y)a’y < crit
0

(3.8)

The critical value will depend on what maximum acceptable concentration across the

plume is required. For a uniform concentration C, at the source, the integral of the

concentration across the source diameter is
dS
J. Csd-)} = CSdS
0

Then at any downstream position x

A ptume
[ cav=cd,,.

0

from Equation 3.6

d,
deplume = Cs ( d ]

plume

sinice d

plume

is always larger than d_, from Equation 3.8 then

x* plume

of =csd{ 9, J<Csds

plume
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Then for a given source size d_, fixing the value of C, guaranteed that there was

negligible attenuation at the source. This ensures that there is negligible attenuation at all
downstream locations.

For the source, d, =12.7mm, the inlet concentration was fixed at 0.4 mg/L.
Similarly for the small source, d, =3.175mm , the inlet concentration was fixed at

1.6 mg/L. This gives an attenuation factor of

% = exp| —¢,C(v)d, |=0.89

0

(3.13)

or 11% attenuation across the source, which was determined to be acceptable. At all

downstream locations, the attenuation will be less than 11%.

3.9.5 Accounting for light attenuation in concentration measurements
A gain G, was calculated for each pixel so that the concentration at any point C,

is related to the observed intensity as

— (1 ic iy )Camm
e =Gy exp (—-8 C ( Vit Yy )) (3.14)

a " cal

(1 Co ) = Camera intensity at each pixel at a known concentration.
>real Jeamera

(] 0o ) = Camera intensity at each pixel with zero concentration.
’ camera

¥, = Distance between the Powell lens and the outer (air) side of the water channel side

wall.
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v, =Distance traveled by laser sheet from the inner (water) side of the water channel

sidewall to each pixel.

The laser light was attenuated due to two reasons

e Attenuation due to spread of laser sheet both in x and z directions.

e Attenuation due to the concentration as the light traveled towards the jet source.
As the laser light spreading was same in both the calibration and in the experiment
images, this effect is accounted for during calibration. For this reason, only attenuation
due to concentration in the jet was considered in post processing.

Concentration C,, was calculated from the following equation

Cy =Gy (Iy~louay), (3.15)

where (] y) 1s the camera intensity at each pixel for a certain case and (I back’l.j) is

camera camera

the camera intensity taken by the image when there is no jet released.

From Equation 3.14 G, was calculated and substituted in the Equation 3.15

(=)o (50(-2.0 1)

(]Cm’ i ]C" A )camera

C, =

¥

(3.16)

from Equation 3.16 the concentration was calculated at each pixel.

3.9.6 Selecting averaging time and trajectory for jet images

To select an appropriate averaging time, for jet images, video images were
collected for 33, 200, 300 and 400 seconds. The number of images related to each test
were 200, 1200, 1800 and 2400 images at the constant frame grabbing rate of 6 images

per second. Four different average images were produced. As shown in Figure 3.12a the
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contour profiles of the average image produced from 200 images were not very clear.
Instead of contours there were small patches which did not tell any trend. The contour
profiles of the average image produced from 1200 images were better but still there were
small bumps in the contour profiles. Figure 3.12c is the contour profiles of the average
image produced from 1800 images and the contour profiles in this case are relatively
uniform. The contour profile images produced from 1800 and 2400 images were very
close to each other so an averaging time 300 seconds to produce 1800 images per test run
was an appropriate choice to reduce dye injection time. All these images are an average
of 1/30 sec video frames, taken 1/6 s apart (6 frames/s), in a crossflow with velocity

U, =180mnvs, which is 14 source diametet/s.

There is one interesting observation shown in Figure 3.12 ¢, marked as A, B and
C. There is high concentration on points A and C and on point B the concentration is
low. This can also be seen in Figure 3.12 b and d. The cause of this is probably the side
to side meandering of vortex pair plume with two off-axis concentration maxima. Point
B is just the region where the meandering is reduced and the low concentration between
the vortex pair becomes dominant. Video images were used only to determine the plume
centerline trajectory therefore these changes in iso intensity contours did not make any
difference in the final results, see Figure 3.14.

Figure 3.13 shows the medians calculated from the intensity and concentration
images; note how the values from both cases are the same. It is important to note that
these median values are the concentration profile area median of the z value and not the
median of the concentration itself. Median values will ignore the values in the tails of the

distribution. Median can be defined as
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j o(2) dz=0.5]:c(z) dz (3.17)
0 0

The trajectory calculated from the average intensity image therefore matched
completely with the average concentration image calculated by converting the light
intensity image to a concentration image. This result corroborates the result of Fabris
(1998), cited previously. The profiles shown in Figures 3.12 & 3.13 are combined in
Figure 3.14. Intensity (or concentration) profiles were plotted on the average intensity
(or concentration) image and the median of each concentration profile was subsequently
determined. These medians are determined in the plume image as shown in Figure 3.14.
The jet trajectory was drawn by joining the median of each intensity or concentration

profile.
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Figure 3.14  Concentration and contour profiles are shown together. Jet trajectory can
be determined by joining the medians of these concentration profiles.
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Chapter 4

Design of a Turbulent Jet Source

4.1 Introduction

A turbulent jet source was developed in this study to produce a turbulent jet with a
flat exit velocity profile that was relatively independent of the jet Reynolds number. The
jet produced by the source had approximately 10-15% turbulence intensity as the velocity
ratio with the cross flow varied from 1 to 16. The effects of the initial conditions on the
jet development were also studied.

In previous studies, experiments were done using a round tube or a machined
nozzle as a source to produce a jet but there are few details of inner geometry of these
sources. In their study, Kamotani and Gerber (1972) injected a surface jet in the cross
flow with a 6 mm diameter nozzle. Andreopoulos and Rodi (1984) studied surface jets in
a cross flow by producing a jet from a brass tube of 50 mm internal diameter. Alton et al.
(1993) used round tubes of 5Smm and 10mm diameter in their experiments to produce
stack jets. Johnston and Wilson (1997) used a 8.8 mm inner diameter tube and an
internal turbulence generator to produce a turbulent stack jet with a relatively flat exit
velocity profile. Smith and Mungal (1998) in their study of surface jets in crossflows
used a jet plenum arrangement with an inside diameter of 16 cm and a nozzle diameter
varying from 2 mm to 20 mm.

Table 4.1 shows all the experiments done with the LDV.
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4.2 Source design

In the present study, several different design options were built and tested.
Simplicity was an important factor in the source design because with a simple design it
was easy to build a larger or smaller source with exactly the same geometry. Three

different source sizes with d, =3.175 mm, 12.7 mm and 25.4 mm were fabricated and
compared. Initially a "very large" exit diameter (d, =25.4 mm ) source was designed
and fed by an external manifold of 4 plastic tubes. The "large" source and some of its

dimensions are shown in Figure 4.2.

Figure 4.1 compares the two outlet nozzle sizes: d_ =25.4 mm of the "very large"
source and d_=12.7 mm of the "large" source. It is obvious from Figure 4.1 that the jet
velocity profile from the source, d, =25.4mm, is not as uniform as that of the source

d, =127 mm. With only a 4:1 area contraction there was not enough room for the fluid

to mix uniformly inside the mixing chamber and the result was that non-uniform profile
for the 25.4 mm jet. Therefore that "very large" source was replaced with a "large"

source with d = 12.7 mm diameter nozzle to give a 16:1 area contraction from mixing

chamber.

The reason for initially choosing the larger source was that an LDV system was
used to measure the mean velocity profiles. The diameter of the laser beam at crossing
was 1 mm. Hence, a source with the large enough nozzle diameter was built so that there
would be enough spatial resolution available to have precise measurements above that
source. A "small" source, with all dimensions reduced by a factor of 4 from the "large"

source, was also built. The results from "large" and "small" source were compared to see
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if the scaling geometry of the source mixing chamber and inlet distribution plenum had
any effects on the jet properties.

Before finalizing the source in Figure 4.2, several other options were also tested.
As shown in Figure 4.2, fluid entered in the inner mixing chamber through four inlet
holes. Without any obstacle between the incoming jets, the impinging jets were unstable,
produced a non-uniform velocity profile across the nozzle exit. To produce uniform flat
exit velocity profiles for Reynolds numbers of 200 to 10,000, two different center-body
shapes were tested as obstacles to stabilize the four incoming jets. One of these obstacles
had a conical-shape and the other was cross-shaped. Figure 4.3 shows the velocity
profiles of the jets coming out of the exit nozzle. The profile with the conical shaped
center-body is more uniform and closer to the ideal uniform profile than with the cross
shaped center-body. The cone shaped stabilizer shown in Figure 4.2 was used in the final
design. The cone shaped center-body had the additional advantage that it was easier to

build in the reduced scale of the "small" scale d, = 3.175 mm source, and easier to align

than the cross shaped center-body.

4.2.1 Inlet holes for turbulence generation

The function of the mixing chamber inlet holes shown in Figure 4.2 was to
produce a high level of turbulence intensity inside the mixing chamber. To select the
proper size of the inlet holes that fed the mixing chamber, two different sizes

d,=6.35mm and d,=3.175 mm were tested. The small size inlet holes increased the

velocity of the fluid entering into the inner mixing chamber, which eventually would
produce a high level of turbulence intensity inside the chamber. As expected, Figure 4.4

shows that the 3.175 mm diameter hole produced more turbulence intensity without any
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loss of exit velocity uniformity. The small inlet holes d,, = 3.175 mm were used in the

final design.

To supply the fluid from main supply to the inlet holes, two different kinds of
inlet supply systems were used. The one system was made of four flexible tubes of 6 mm
diameter connected to the inlet holes of the mixing chamber. These tubes had equal
length. The other system was a plenum design. Figure 4.5 is the comparison of the
velocity profiles of the jet from these two setups. The difference between the velocity
profiles from these systems was minor (< 5%) for all Reynolds numbers except at the
lowest Reynolds number 370, where it was approximately 10%. Hence it shows that the
way fluid was supplied to the jet inlets did not have a significant effect on the jet exit
velocity profiles. The reason for selecting an internal plenum rather than an external hose

manifold was that it was convenient for the source to be designed at different size scales.

4.2.2 Jet symmetry

To confirm that the jet was symmetric, the velocity profiles were measured in two

different planes by rotating the source 90° each time to repeat the measurements a

second time. As shown in Figure 4.6, these two planes were measured at an angle
0=45" to the inlet holes. Figure 4.6 shows that all these velocity profiles are similar to

each other which means that the flow is symmetric with no bias due to the inside
conditions of the source. Figure 4.7 shows the velocity profiles measured at different

Reynolds number ranging from 370 to 10,000. These profiles were measured for both

"large" and "small" sources, d, =12.7mm and d,=3.175mm, above the source. All

these profiles are almost identical and only weakly dependent on the jet Reynolds
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number. For the LDV, the closest distance possible above the small source was

z=3.175mm . For comparison velocity profiles were measured at z = 12.7 mm (one
diameter) above the large source d =12.7mm . Figure 4.8 shows the comparison with
good agreement between them except at the edges. The probable reason for the
difference was that diameter of the measuring laser beam was 1/3 of the small source exit

diameter d_, giving poor spatial resolution above the small source.

4.2.3 Jet turbulence intensity

Effects of jet turbulence on the mean velocity exit jet profiles were studied for the

"large" (d, =12.7 mm) source. The jet turbulence intensity was reduced by placing a

very fine copper screen between the inner mixing chamber and the jet nozzle. The
copper screen was made of 0.064 mm wires with a 0.101 mm spacing between them.
Figure 4.9 shows the comparison of mean velocity profiles measured with and without
the copper screen. As shown in Figure 4.9, the difference between these two mean
velocity profiles is about 3% when the turbulence intensity was reduced to 2% with the

screen, compared to roughly 10% without screen.

4.3 Velocity profile shape correction for momentum flux

The velocity ratio in Equation 2.20 is based on the assumption that the source exit
velocity was a uniform top-hat profile. This means that the average velocity could be
used in the calculation of both the mass and the momentum fluxes. As shown in the
previous section, the source exit velocity profiles were not quite uniform. In order to use

the average source exit velocity in momentum calculations, a momentum correction
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factor, «,,, was included in Equation 2.20 for momentum flux. Two different methods

were used to calculate this correction factor.

4.3.1 Direct numerical integration for momentum

A direct numerical integration of the measured velocity profiles were used to

calculate the momentum correction factor. The momentum correction factor is defined

by
=N
sz2 27rAr

o = 4.1
" oW rn R @1

where Ar=(RSi+l —RS'_) and W is defined using

% W2mrAr

Wt 4.2
R “.2)

The average velocity W of the velocity profile was calculated by numerical integration

using the trapezoidal rule which expresses W as

W=, ZL;K (&) (43)

4.3.2 Ramp profile integration for momentum

Another method was used to calculate the momentum correction factor ¢, . As

shown in Figure 4.10, velocity profile is divided into two regions, a core and an outer

shear layer. The velocity in the core region is the centerline velocity W, and is constant.

In the shear layer region velocity is calculated as
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Wslz%(Rs+§—r) (4.4

where O is the shear layer thickness. The volume flow rate in the shear layer region is

r=R +d

Qshearlayer = IO J‘ I‘/Vsl 27.[ r di" (45)

r=R —6

where the shear layer velocity W, is defined as

w =_VK°_(R +5-r) (4.6)
sl 25 s .
volume flow in the core region is
r=R -8
Oue=p0 | Wy2mrar 4.7
r=0

substituting Equation 4.6 into Equation 4.5

r=RS+6W
Ovaricrr =0 | —z-é(Rs+5—r)2ﬂ'rdr (4.8)
r=R,-8

The volume flow rate coming out of the source is equal to the sum of the volume flow

rate of the core and the shear layer region.

Qs =Qcore + Qshearlayer (49)
Q,=pa, W nR:. (4.10)

substituting Equations 4.7, 4.8 & 4.10 into 4.9

r=R,—~6 r=R +8
S, 'S W
a W rR*= W2rrdr | + —{R +6-r)2xrd 411
p m K3 s (p r‘—[o 0 r I"] (IO J‘ 25( $ 7") rar ( )

r=R. -6

integrating Equation 4.11 and simplifying the terms yields

o, W2nRX=nW} (Rf——§)2+—§—7zW02§(Rs ~5) (4.12)
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where

R.Y
[we2mrar
2
Ws,mg—‘o‘*ﬁE_- (4.13)

From Equation 4.12, the momentum correction factor values can be calculated.
This correction is also used in other studies such as Neiman (1979), Johnston and

Wilson (1997) and Fabris (1998). The extreme values of ¢, would be 2.0 for a laminar

parabolic profile and 1.0 for a uniform flat profile.

This appears in Equation 2.20 for the corrected velocity ratio

1/2
M:(Z;;Z[Bs_] [K} (4.14)
lOa Ua

Figure 4.11 shows the measured variation of the momentum factor «,, with

respect to Reynolds number in the present study. The momentum correction factor
values calculated from the direct numerical integration method were between 1.0 and 1.1

for all Reynolds number except Re, =373 where ¢, =1.17. On the other hand, the

momentum correction factor values from the ramp profile method were between 1.2 and

1.3. The values of ¢, calculated from the direct numerical integration method are 5 to
16% higher than the ideal value of ¢, , which is 1. On the other hand, values of «,,

calculated from the ramp profile method are always 20 to 30% higher than the ideal value

of «,. Inthe rest of the present study the direct numerical integration method was used

to calculate the momentum correction factor values. The momentum corréction term was
included in the calculations to determine the flow rates used in the experiments to

produce the desired value of M in Equations 4.14 and 2.20.
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Figure 4.1 Mean velocity profile with exit nozzle diameter , d,=25.4mm and 4:1
area contraction is non uniform compared to d,=12.7mm and 16:1 area
contraction from the 50.8 mm diameter mixing chamber
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angle to the Inlet hole. Source diameter, d_=12.7mm.
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Table 4.1 List of LDV Experiments

Source | Inlet Reynolds Inlet Center

diameter | holes number Supply body

diameter shape

d, d, (mm) | Re, z/d,

(mm)
1127 3.175 370 0.25 | Plenum Conical
2 | 127 3.175 370 1 Plenum Conical
3 1127 3.175 780 0.25 | Plenum Conical
4 1127 3.175 780 1 Plenum Conical
5 [12.7 3.175 1,670 0.25 Plenum Conical
6 |12.7 3.175 1,670 1 Plenum Conical
7 1127 3.175 3,500 0.25 Plenum Conical
8 | 12,7 3.175 3,500 1 Plenum Conical
9 | 127 3.175 6,920 0.25 | Plenum Conical
10| 12.7 3.175 6,920 1 Plenum Conical
111127 3.175 10,000 0.25 Plenum Conical
12 | 12.7 3.175 10,000 1 Plenum Conical
1313.175 0.794 150 1 Plenum Conical
14 | 3.175 0.794 780 1 Plenum Conical
151 3.175 0.794 3,700 1 Plenum Conical
16 | 3.175 0.794 6,675 1 Plenum Conical
17 112.7 3.175 780 0.25 | Plenum Conical Screen
181 12.7 3.175 1,670 0.25 Plenum Conical Screen
19 12.7 3.175 3,500 0.25 Plenum Conical Screen
20| 12.7 3.175 6,920 0.25 Plenum Conical Screen
211 12.7 3.175 10,000 0.25 Plenum Conical Screen
221127 3.175 370 0.25 Tubes Cross
23 | 127 3.175 780 0.25 | Tubes Cross
24 | 12.7 3.175 1,670 0.25 Tubes Cross
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Source | Inlet Reynolds Inlet Center
diameter | holes number Supply body
diameter shape

d, d, (mm) | Re, z/d,

(mm)
26 | 12.7 3.175 375 0.25 Tubes Conical
271 12.7 3.175 780 0.25 Tubes Conical
281 12.7 3.175 1,670 0.25 Tubes Conical
29 112.7 3.175 3,500 0.25 Tubes Conical
30 | 12.7 3.175 6,920 0.25 Tubes Conical
311127 3.175 10,000 0.25 Tubes Conical
321127 6.35 780 0.25 Tubes Conical
33 112.7 6.35 1,670 0.25 Tubes Conical
34| 12.7 6.35 3,500 0.25 Tubes Conical
35127 6.35 6,920 0.25 Tubes Conical
361127 6.35 10,000 0.25 Tubes Conical
371254 3.175 780 0.25 Tubes Conical
381254 3.175 1,670 0.25 Tubes Conical
39254 3.175 6,920 0.25 Tubes Conical

* data taken but not on thesis figures
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Chapter 5

Modeling Reynolds Number Effects on Jet Source Turbulence

5.1 Introduction

A simple mathematical model has been developed to predict the turbulence
intensity in the jet coming out of the turbulent source. The values obtained from this
model are compared in this chapter with experimental data measured in the water
channel, and to some data available in the literature. One basic idea in the study of the
turbulence is that the dissipation rate of turbulence kinetic energy is independent of the
fluid viscosity, v, as long as the viscosity is sufficiently small, to make the Reynolds

number sufficiently high.

5.2 A homogeneous mixing chamber model for turbulence intensity

The standard assumption of isotropy for the dissipation ¢ yields a value

dependent on only a single spatial derivative,

2
15 [ du u’
=y — | =15v— 5.1
VisCous 2 (ay} A‘gz ( )

The Taylor microscale of turbulence 4, is defined by Equation 5.1.

The fundamental relationship on which many scaling arguments are based is that
dissipation may be scaled by large eddy parameters to write an inviscid estimate of

energy transfer rate ¢ through the inertial subrange of the velocity fluctuation

inertia

spectrum
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3
=g U (5.2)

inertia inertia l

where the turbulent velocity scale u, for isotropic turbulence is defined as u’=w" . Now

Equation 5.1 shows that the total dissipation is viscosity dependent, while Equation 5.2
shows that when dissipation is limited by the transfer rate through the inertial subrange,
¢ is independent of viscosity.

Wilson (private communication, 2001) developed the following equation for the
dissipation inside the mixing chamber. This equation is similar to a dissipation model

proposed by Norris and Reynolds ( 1975).

=8B

inertia

+ B — (5.3)

u vu?

] viscous 72
Equation 5.3 includes both inertial and viscous components in the dissipation equation.
The Noris and Reynolds (1975) dissipation model has been widely used in £ —&
turbulence closure models for CFD. For example, Lakehal et al. ( 2001 ) used Norris and

Reynolds (1975) model for Jow Reynolds number effects in their analysis of a surface jet

for film cooling of a gas turbine blade.

5.2.1 Reynolds number behavior of dissipation model

- The dissipation model of Wilson (private communication, 2001), which is
coincidentally similar to the dissipation model of Norris and Reynolds (1975), is

independent of fluid viscosity at sufficiently high Reynolds number. Sreenivasan (1998)

has collected and evaluated the relevant data and plots the graph between €A , / u) and
the Taylor’s microscale Reynolds number Re A The dissipation data sets reviewed by

Sreenivasan (1998) were compared with the values calculated from the model. To do this
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some equations are transformed into the terms used by Sreenivasan (1998). Equation 5.3

can be written as

S =B

3 inertia

+B

|4
viscous
ul

(5.4)

The large eddy length scale is best defined in terms of the integral length scale of

autocorrelation for u in terms of streamwise distance x. A ; ={/1.33 is the streamwise

integral length scale of turbulence, see Hinze (1975) p. 225 & 248. Defining the

Reynolds number of turbulence

Re, =2/ (5.5)
Vv
Substituting Equation 5.5 into Equation 5.4
81 — B + Bviscaus (56)

u: inertia Re,
At high turbulence Reynolds number, Re,, an inertial subrange exists where ¢, .. is

inertia

independent of the viscosity (i.e., Re,) at the end of the subrange the viscous dissipation

€ .o from Equation 5.1 is equal to ¢,,,,,, in Equation 5.2
imertia — 6v (57)
B, . u u
inertia s | . lsv_x 5'8
I _B,,. 4"
—— Ineriia 5,9
A, 15 v (>9)

Transposing terms in Equation 5.8 yields an equation for the Reynolds number of large

scale turbulence/,
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uwI\* (15 V(1
. = — 5.10
[ 4 J (B inertia} j“g ( )

Then, using Equation 5.9 in Equation 5.10

172 1/2
- y)
(usl) _—_( 15 J (Bmertta )(us gj (511)
Vv Binertia 15 |4
Uu l B . us)l' ’
( ; ]____( li'zegtza )( Vg) (512)

Substituting Equation 5.12 into Equation 5.4

f—l—zB + 15Bviscous (513)

3 inertia 2
u, ul
B >
inerti
‘v

Substituting /=1.33A , into Equations 5.13 and simplifying yields

5Af_B

inertia

11.3B
= +
W 133 B

viscous (5 . 1 4)
Re},

inertia

where Re, is the microscale Reynolds number based on #, , the Taylor micro scale 4_,
g

and kinematic viscosity v . Note that the &

viscoits

depends on Re;’ in Equation (5.14) and

to Re;' in Equation 5.28 (see on page 78).

and B

viscous ?

Figure 5.2 shows that by adjusting the two empirical constants B,

inertia
Equation 5.14 is in very good agreement with the experimental data reviewed by
Sreenivasan (1998). As shown in Figure 5.2, at high values of Taylor microscale

Reynolds number, with Re A =100, the dissipation is almost constant and at low

Reynolds number there is a sharp change in dissipation, which means dissipation is

highly dependent on viscosity. In Figure 5.2, the empirical values of constants B, . and

inertia
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B

viscous

used in the lower line are 0.55 and 22 respectively and in the upper lines are 0.8

and 32. In both curve fits to the DNS (direct numerical simulation of Navier stokes

was found to be 40 times larger than B

inertia *

equation) data, the value of B,

iscous

Norris and Reynolds (1975) studied the flow near the wall at low Reynolds

number and they found that the viscous "constant" B was only a factor of two larger

viseous

than the inertial constant B,

inertia *

5.2.2 Applying the dissipation model to mixing chamber

In the mixing chamber model developed for the present study, it is assumed that
the dissipation is dominated by shear layers in the jets coming into the mixing chamber.

Therefore the inlet hole diameter d,, can be used as the turbulence length scale, where

d. is the diameter of the four holes ejecting the jets into the mixing chamber. The large

eddies length scale / is written as

=B d o (5.15)

Bt B 7
where B, is the length scale constant. Substituting Equation 5.15 into Equation 5.3

3
u vi?

€= B inertia B ;Z + B viscous Blz dsi

1 %in

(5.16)

As shown in Figure 5.1 the turbulence kinetic energy balance in the mixing chamber is

KE flux out KE flux in mixing chamber

Turbulence Turbulence
the mixing chamber

( Pr oduction inside } ( Dissiption in the ) 5.17)

It is assumed that the four jets entering the mixing chamber carry no turbulence K.E. with
them, so that the second term in Equation 5.17 is zero.

Equation 5.17 can be written as
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2
3(3‘5JpQW,=pW—pVe (5.18)
where V is the volume of the mixing chamber. From a mean kinetic energy balance the

production (P ) of turbulence kinetic energy, by the number N, jets, entering the mixing

chamber is

U?
p(Qin Nin ——5"_]
P=

o (5.19)

Substituting Equations 5.16 & 5.19 into Equation 5.18 and simplifying the terms yields

u’ U? u vu’
3—=+~Q =0 N, —*-V|B _——+B, - 5.20
2 Qaut an in 2 inertia B d viscous B[z dli ( )

I *in

From a mass balance
Qin Nin =Qout (5'21)

Substituting Equation 5.21 into Equation 5.20 and arranging the terms

u’ B uwV B__ vu'V U?
3 s + nertia S + VISCOUS S = m 5 ‘22
Ot S0, (5:22)
from Equation 5.21
1 (d Y
U, =—»,—= (5.23)
Nin din

The jet Reynolds number based on the jet nozzle diameter is

.._Us ds
|4

Re,

(5.24)

For the present study the mean velocity scale is taken to be the velocity from the surface

jetexit so, U, =W, . From Equation 5.24, viscosity v can be expressed as
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p=—ss (5.25)

Substituting Equations 5.23 & 5.25 into Equation 5.22 and simplifying the terms yields

2
u;l 3Qout o+ B inertia usV + Ev_i_s_gzgy_.g_ US d Y — Qout ._12_ d U (5 26)
2 B I din B 1 Red dm Nin din

divide by U? Q_, on both sides of Equation 5.26

2 4
_1;[_33_ }_ + B inertia u V + B visczous Us ds V = 1 > ds (5'27)
Us 2 B ! Qout in B ! Red Qout in 2N, in din

Substituting O, =4, U, into Equation 5.27, where 4, is the area of the jet nozzle and U,

is the velocity of the jet coming out of the jet nozzle.

4
1 ( d. J
2 N2\ d
usz - in in (528)
U: 2B,,... VYV \u dv } 1
3 4 | Sinertia Zsg vzszcous -
B I As din Us B ! As din Red

From Equation 5.28 turbulence intensity can be calculated, B, B, and B, are

inertia viscous

adjustable empirical constants. The values of B, . =0.8 was set from widely used

inertia

representations of the internal subrange. The remaining two constants, B & B,

were calculated by fitting the predicted turbulence intensity curve to the experimental
data. Figure 5.3 shows the comparison between the predicted turbulence intensity from
Equation 5.28 and the measured values of the turbulence intensity. As shown in

Figure 5.3, the mathematical model (with two empirical constants) agreed very well with

experimental measurements. The empirical values of the constants are B, =0.8,

inertia

B, ..=5.0 and B,=0.1 respectively. In the mixing chamber dissipation model in

viscous
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Equation 5.3, the viscous constant is about 6 times the value of the inertial constant, well

within the range from 2.0 to 40 for the ratio B

viscous

/B, found elsewhere in the

literature.
In Figure 5.3, there is a good agreement between the predicted values of

turbulence intensity using Equation 5.28 and the experimental data when 4, =3.175mm.
Equation 5.28 predicts 25% less turbulence intensity when d,, = 6.35 mm. When a 20%

lower value of d, was used in Equation 5.28 (dotted line in Figure 5.3), there was good

agreement between the predicted and experimental values of turbulence intensity. As

shown in Figure 5.4, for the sharp-edged large inlet holes with d, = 6.35mm the length

of these holes into the mixing chamber was only 1.0 hole diameter. Certainly, this
distance was not enough for the flow to mix inside the holes, and eventually the effective

diameter d_, was less than the actual size of the inlet holes. On the other hand in case of

the sharp-edged small holes with d, =3.175mm, the length was 2.0 hole diameters. This

was probably enough to mix the fluid inside the holes and could produce a uniform exit
profile. For these small holes, the effective diameter would probably still be smaller than

the inlet diameter, but it was assumed for simplicity that d_; =d,, (thatis C,=1.00) for
the small holes. The coefficient of area contraction was calculated as C,=0.64 for the

large holes and C_,=1.00 for the small holes.
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Figure 5.1 Turbulence kinetic energy and mass balance flow diagram for the mixing

chamber upstream of the surface jet nozzle.
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Figure 5.2 Dependence of dissipation on the viscosity for this model compared to the

DNS (direct numerical simulation) studies of forced (boundary layer) and
decaying (grid) turbulent flows reviewed by Sreenivasan (1998).
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Turbulence intensity variation with Jet Reynolds number using

Equation 5.28 with B, . =0.80, B, ios =5.0 and B, =0.10; and

experimental data for two sizes of inlet jet holes, and varying Jet
contraction coefficient for the large holes.
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Figure 5.4 Enlarged view of the inlet holes with assumed flow separation at the exit
of the large diameter holes producing an area contraction coefficient

C, =0.8"=0.64. a) Small inlet holes, b) Large inlet holes.
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Chapter 6

Comparison of plume rise model to the data

6.1 Introduction

The trajectories of a turbulent jet in cross flow have been studied by numerous
investigators, for example Keffer and Baines(1963), Pratte and Baines (1967), Hoehne
and Luce (1970), Kamotani and Greber (1972) and Johnston and Wilson (1997). They
have shown that the main parameter influencing the trajectory is the velocity ratio
between the jet and the crossflow. In this study, velocity ratio and Reynolds number
effects on the plume trajectory were investigated.

The centerline trajectory of the plume was determined from the average intensity
of 1800 images of the jet. These images were recorded at the rate of 6 images per second
for 300 seconds. A video camera was used to acquire those images. The trajectory
measured from the image of average intensity was found to agree with the image of
average concentration calculated by converting the intensity image into the concentration.
Johnston and Wilson (1997) and Smith and Mungal (1997) used this technique to
determine the plume trajectory.

Table 6.1 shows all the experiments taken to determine the plume trajectory.

6.2 Interrelation effects from Reynolds number, downwash, velocity
ratio and entrainment coefficient on plume rise
Jet exit Reynolds number Re,, downwash, jet to crossflow velocity ratio and air
entrainment coefficient have interrelated effects on plume rise. These interrelated effects
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are discussed in the following sections. The values of these interdependent parameters in

this chapter are the last (successful) iteration in this trial and error process.

6.3 Validation of measurement techniques

Effects of Reynolds number, velocity ratio and downwash can be small and will be
detectable only if experiments have a very small repeatability error. Repeatability of data
for a surface jet is shown in Figures 6.1 & 6.2 and there is roughly 1-5% difference in
plume rise between these two data sets. There was an interval of 100 operational hours
of testing between the two data sets. The good agreement between these two data sets
confirms the precision of the measurement techniques. Figure 6.3 shows the comparison
between this data and the measurements of Johnston and Wilson (1997) for a stack plume
using the same water channel facility, with a stack exit Reynolds number of 1800. Only
the data with Reynolds number close to 1800 are compared to their experiments.
Although the techniques used in both studies were entirely different there is very good

agreement between these two data sets.

6.4 Effects of varying entrainment coefficient to predict plume
trajectories.
The choice of entrainment coefficient for a plume has large effects on predicting its
trajectory. The trajectory-averaged entrainment coefficient f is discussed in

section 2.2. Some investigators, such as Hoult and Weil (1972) and Weil (1988) suggest

that the entrainment coefficient should be a constant, §=0.6, while others Briggs (1975),
suggest that 8 should have some dependence on the jet to crossflow velocity ratio M.

Fay, Escudier and Hoult (1970) found a dependence on the velocity ratioup to M =1.2,
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after which they suggested f was constant. Johnston and Wilson (1997) found a strong
dependence of £ on the velocity ratio M. They suggested that £ =0.80 at M =0, and
L=030at M —>eo.

In this study, the entrainment coefficient was varied as a function of the velocity
ratio, M , and Reynolds number, Re,. The reason for varying £ with the velocity ratio
is that as M increases, more of the rise of the plume is near vertical and £ will be
smaller. The entrainment coefficient S should eventually be S~ 0.1 for M — o,
where the high velocity exit jet behaves like a jet into stagnant fluid
(M — ecas W, > U,). Therefore introducing a dependence on M is a simple way of
varying the entrainment coefficient . The reason for varying £ with the Reynolds
number is that as the Reynolds number increases, the jet becomes more turbulent and
entrains more ambient fluid, which increases the entrainment coefficient £ .

Figures 6.4, 6.5 & 6.6 show the comparison between the experimental data and the
momentum rise equation (Equation 2.21) with no surface pressure downwash correction.
The entrainment coefficient values used to match the data are much larger than the values
for equivalent stack plumes. The value of £ found in the stack plume studies were
between 0.4 to 1.0. From this, it is concluded that the predictions of the momentum rise
of a surface jet require some downwash correction due to low pressure on the
downstream surface from the jet exit hole. As shown in Figure 6.4 the predicted value of
B was too large in the case of M =1 but at higher value of M such as M =16the

predicted values of  were reasonable. This makes sense, because at high jet to

crossflow velocity ratios the jet escapes from the low pressure region near the wall and
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the downwash effects are almost negligible , for details of the downwash model see

Chapter 2, Section 2.5.

6.5 Downwash velocity correction

A downwash velocity correction model was developed in Chapter 2 to be used in
the plume rise equation. See Section 2.5 for details. Equation 2.50 gives the correction

to plume rise as

Ah,

lownwash —

B, x"™" (6.1)
From Chapter 2, the non-dimensional plume rise equation for a fully bent over non-

buoyant momentum jet, accounting for jet wake pressure-induced downwash is

1/3 1-n
h 3 X X
— = M*—| - B,|— 6.2
d, [4ﬁ2 dj {dsj ©-2)

The values for the downwash coefficient, B,, and wake decay exponent, n, were

determined experimentally. These two values are interrelated and the best pair of B,

and n was obtained by curve fitting the experimental data. Figures 6.7 to 6.9 show some
of these values obtained by curve fitting the data to Equation 6.2. As discussed in
section 2.5 the downwash effects are the most pronounced at low jet to crosswind
velocity ratio, so the M =1 case is shown here. In Figures 6.7 & 6.8 the same value of

B, =0.20 was found for two different values of n=1/3 and n=1/2. In Figure 6.9 the
best fit was B,=0.10 when n=2/3. As shown in Figures 6.7, 6.8 and 6.9, when n=1/2

minimum values for the best fit entrainment coefficients were obtained. From this range

of 1/3<n<2/3, a wake decay exponent of n=1/2 was selected as the most physically
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realistic. This is the same value as the theoretical exponent for decay of velocity deficit
in two dimensional wake.

In the current model, it is assumed that the jet emerging from the ground level
source is the flow "obstacle” that causes the low-pressure area zone. It is then reasonable

to assume that the downwash coefficient B; would be a function of the velocity ratio.
The function for B, was determined experimentally. The empirical function chosen for
B, is

B,=05(1-¢"") (6.3)
As shown in Figure 6.10, from velocity ratios of M =1 to M =4, B, for the surface jet

has a sharp rise varying from 0 to 0.43, but above a velocity ratio of M =8 it stays

around 0.5. The model for stack jets used in Johnston and Wilson (1997) shows an

entirely different trend. Their model shows a sharp decrease in B, with increasing M .
As discussed earlier, the values of B,,n and £ are interrelated, and Equation 6.3 was
obtained by using n=1/2 to provide the minimum value of entrainment coefficient £.
The downwash coefficient B, depends on the entrainment coefficient values, 8, and B,

was adjusted to get realistic  values.

6.6 Effects of entrainment coefficient on predicting plume trajectories
with downwash correction

As discussed in the previous section the appropriate values of B, and n were

determined and then these values are used in Equation 6.2 to determine the predicted

values of plume trajectory with downwash correction. Figures 6.8, 6.11 & 6.12 show the
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comparison of the predicted plume trajectories and the experimental data of the large
source at different velocity ratios. Figures 6.13 & 6.14 show a comparison between small

source data and the predicted plume rise trajectories. The £ values are very realistic,
compared to the values of f calculated without any downwash correction. The predicted

trajectories in Figures 6.12 & 614 are in better agreement with the experimental data as
compared to Figures 6.5 & 6.6. In order to show the Reynolds number effects on the

plume trajectory independent of velocity ratio, f was normalized by the high Reynolds
number entrainment coefficient £ at the largest measured Re, for that M. (The

"infinity" is an optimistic symbol, and in one case it was at Re,=17001!).

6.6.1 Reynolds number effects on entrainment coefficient

As shown in Figures 6.15 the normalized entrainment coefficient /. varies

with Reynolds number. A function was obtained by an empirical fit in the data

L1 (6.4)

A slightly better fit was possible by changing the Reynolds number exponent but here the
objective was to show the trend. Figure 6.15 shows that from Reynolds number 200 to
4000 there is about a 40% increase in the entrainment coefficient, whereas from Reynolds
number 4000 to 10000 the increase in entrainment coefficient is only 2%. Therefore it is
obvious that at the higher Reynolds number range, Reynolds number effects are

negligible on the plume trajectory and at lower Reynolds numbers entrainment

coefficient is a strong function of Re, .
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6.6.2 Reynolds number Effects on Plume Rise

Figure 6.16 show the increase in plume height with the increase in velocity ratio.

From Equation 6.2, a new function 4, /d, can be calculated by substituting the

maximum measured value x/d, =20 and using the highest Reynolds number with =4,

d B’

N

h 1/3
'“*"‘.—_(ls—Mz] -4.5B, (6.5)

Figure 6.16 shows the comparison between the measured and predicted values of plume

rise (h

max

/d,) calculated from Equation 6.5, with the maximum experimental Reynolds

number shown beside the data point.

Figure 6.17 shows the effect of Reynolds number on plume rise. The plume rise

h is normalized by % . From the plume rise Equation 6.2.

o (6.6)

Substituting Equation 6.4 into Equation 6.6

h 150 ¥
=(1+ j 6.7)
ax Red

h

11K

The Equation 6.7 is a derived equation, and not a direct empirical equation. Figure 6.17
shows that the curve obtained from the Equation 6.7 is in good agreement with the

experimental data. From Reynolds number 200 to 4000, the decrease is 50% but from

Re,=4000 to Re,=10,000 the decrease is about 5%. It is concluded from these results
that for Re, >4000, the change in plume rise is negligible with changing Reynolds

number at a fixed velocity ratio M.

92



6.6.3 Jet exit to crosswind velocity ratio effects on entrainment coefficient

To determine the entrainment coefficient dependence on the velocity ratio,
values were varied so the theoretical predictions for M =1 to 16 would match the
experimental data. A function was fit to those values of entrainment coefficients.

Figure 6.18 is a plot showing the entrainment data and the function used to predict £, .

1+O.063M2
=1.1] ————= 6.8
2 (1+O.14M2J ©:8)

This function was found by an empirical fit. From Equation 6.8, 5 =1.1at M =0 and
B. =0.51 at M>16. The empirical function used by Johnston and Wilson (1997), in

their study of stack jets, is also shown in Figure 6.7. The difference for their stack jet and
the surface jet in the present study was probably due to that fact that the Johnston and
Wilson (1997) data was only for Re, =1800, whereas in the present study, data were
collected for a wide range of Reynolds numbers. The dotted curve in Figure 6.18 is from
Briggs (1984) for stack jets, added as an afterthought in editing the thesis. Briggs' curve
comparison was done only after all functions were determined, and no adjustments were

made to fit the present study S, to Briggs' (1984) equation. We were relieved to find

that the curve from the Briggs' (1984) equation is actually a slightly better fit to the data

than the empirical equation obtained in the present study.

6.6.4 Effects of initial turbulence on the plume trajectory

As discussed in Chapter 4, considerable time and effort were devoted to building
a turbulent jet source. The question is, "How important are the effects of the initial jet

turbulence on the plume trajectory?" As shown in Figure 4.9 the initial jet turbulence can
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be reduced using a fine mesh exit screen without changing the jet velocity profile shape.
Data were collected at different velocity ratios and various jet Reynolds numbers.
Figures 6.19, 6.20 & 6.21 show the comparison of the jet trajectories with and without
the exit screen. The jet produced from the source with no screen had about 10-15 %
turbulence intensity, whereas the jet produced with the screen on the source had about
2-3% turbulence intensity. As expected, the jets with higher initial turbulence intensity
have less plume rise, probably because they entrain more ambient fluid than jets with an
exit screen that have low turbulence intensity. The difference between the two

trajectories is roughly Ah=0.50d_ except at M =2 where they are almost the same, as

shown in Figure 6.20. The conclusion that may be from this is that if the source used in

the scale model is laminar (low turbulence), the extra rise is only A2=0.504d_ .

94



14 L) I L) I | l ¥ l LS l L] I ' ]
13 B
12 - - ®o -
_ - -
11+ mO0 4 Ao
_ B A, i
10+ B A ° €0 |
- m A o .
= ol © :
=7 g‘: 4 o ® ]
RS oA ;
B i] ’ )
g 7 o w 0()’ < -
2 IV, ]
6- BA & |
&
o ] A&C l
© moe
~ 5432 é =
< 1 i
4 -
] O ® Re =395 i
A A Re, =820 -
2 ¢ & Re,=1730 ]
1 -
0 ) l 1 I | I ) I ] I L l 1] I L
0 10 20 30 40 50 60 70 &0
x / d, Downstream distance
Figure 6. 1  Repeatability of data measured at velocity ratio, M= 4, with a 30 day
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Table 6. 1 List of Flow Visualization Experiments

Source diameter | Reynolds Velocity Number of
d, mm number Re, | Ratio M %nstantaneous
image
1 12.7 390 1 200
2 12.7 820 1 200
3 12.7 1700 1 200
4 12.7 800 2 200
5 12.7 1600 2 200
6 12.7 3400 2 200
7 12.7 1600 4 200
8 12.7 3300 4 200
9 12.7 6900 4 200
10 12.7 9100 4 200
11 12.7 390 1 1200
12 12.7 9100 4 1200
13 12.7 820 1 1800
14 12.7 1700 1 1800
15 12.7 800 2 1800
16 12.7 1600 2 1800
17 12.7 3400 2 1800
18 12.7 1600 4 1800
19 12.7 3300 4 1800
20 12.7 6900 4 1800
21 12.7 9100 4 1800
22 12.7 390 1 2400
23 12.7 9100 4 2400
24 | 3.175 100 1 1800
25 | 3.175 200 1 1800
26 |3.175 430 1 1800
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Source diameter | Reynolds Velocity Number of
d, mm number Re, | Ratio M %nstantaneous
image

27 | 3.175 200 2 1800

28 | 3.175 400 2 1800

29 | 3.175 865 2 1800

30 | 3.175 400 4 1800

31 3.175 820 4 1800

32 | 3.175 1,730 4 1800

33 | 3.175 790 8 1800

34 | 3.175 1,610 8 1800

35 | 3.175 3,450 8 1800

36 |3.175 1,612 16 1800

37 | 3.175 3,280 16 1800

38 [3.175 6,913, 16 1800

39 | 3.175 9,147 16 1800

* data taken but not on thesis figures
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Chapter 7

Summary, Conclusions and Recommendations

7.1 Summary and conclusions

The primary objective of this research was to determine Reynolds number effects
on plume trajectory from scaled-down water jets in a water channel crossflow. In order
to study these effects, a large scale and a small scale model of a vertical surface jet from
turbulent source were designed, built and tested over a wide range of Reynolds numbers

in water channel experiments.

7.1.1 Plume rise and downwash model

In Chapter 2, the plume rise model used in this thesis was developed and an
equation for the rise of a plume was derived. The key approximations used in the model
were that

e The plume is "fully bent-over" with its axis parallel to wind direction for its entire
rise; and has a circular cross section in the plane perpendicular to its axis.
e The density difference between the plume fluid and the ambient fluid is negligible

(no buoyant plumes).

e The free stream (crossflow) velocity is constant, and the bent-over plume is

carried downstream at the ambient fluid speed, U, .

e Plume trajectory is not affected by the ambient turbulence.

e Entrainment coefficient, f, is the same constant for all plume cross-section

locations.
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The effects of trajectory-averaged entrainment coefficient on predicted plume
trajectories were considered. A physically realistic spatially varying downwash velocity

W, model is introduced in the plume rise equation. The physical model for observed

downwash is that the low-pressure area behind the plume affects the plume's ability to
rise. The emerging vertical jet produces a low-pressure wake, which acts like an obstacle

in the path of the ambient fluid.

7.1.2 Experimental methods and techniques

In Chapter 3, the experimental method and equipment used to simulate and
measure the plume trajectory and velocity profiles were discussed. Details of the water
channel facility, the Laser Doppler Velocimeter and the methods used to measure the jet
velocity profiles and turbulence intensity were discussed. Jet trajectory measurement
techniques were explained using a laser sheet lighting dye trace fluorescence flow
visualization technique. Images were collected by a Hitachi KP-M1 CCD monochrome
(black and white) video camera. The analog signal from the camera was digitized by a
computer video board (Matrox Pulsar version 1.0). Each of these techniques provided
valuable data such as mean velocity, turbulence intensity and plume centerline

concentration.

7.1.3 Design of a turbulent jet source

In Chapter 4, a turbulent jet source was developed to produce a turbulent jet with
a flat exit velocity profile that was relatively independent of the jet Reynolds number.
The objective was to design a source with an easy reproducible inner geometry, which

would be easy to design at any scale to produce the same jet exit profile and turbulence
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intensity regardless the size of the source and the flow rate. In the present study, several
different design options were built and tested. Simplicity was an important factor in the
source design because with a simple design it was easy to build a larger or smaller source
with exactly the same geometry. The results from the large and the small source were
compared to see if the scaling geometric of the source mixing chamber and inlet
distribution plenum had any effects on the jet properties. The jet produced by the source
had approximately 10-15% turbulence intensity as the velocity ratio with the cross flow
varied from 1 to 16. The jet velocity profiles were weakly dependent on the jet Reynolds
number and they were almost the same. The effects of jet turbulence on the mean

velocity exit jet profiles were studied for the "large” (d, =12.7 mm) source. The jet

turbulence intensity was reduced from 10-15% to 2-3% without changing the mean

velocity exit jet profiles.

7.1.4 Modeling Reynolds Number Effects on Jet Source Turbulence

In Chapter 5, a homogeneous mixing chamber model was developed to predict the
turbulence intensity in the jet coming out of the turbulent source. Reynolds number
behavior of dissipation model was discussed and that dissipation model was applied to
mixing chamber. The values obtained from this model were compared with the
experimental data measured in the water channel, and to the data available in the
literature. In the mixing chamber dissipation model in the present study, the ratio of the

B

inertia *

was about 6, well

viscous /

viscous dissipation constant to the inertia constant, B

within the range from 2.0 to 40 for that ratio found elsewhere in the literature. The

coefficient of area contraction of the incoming jets was estimated as C,=0.64 for the
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large inlet holes (d,, =6.35mm, 1 diameter long) into the mixing chamber and C,=1.00

for the small inlet holes (d,,=3.175mm, 2 diameter long) into the mixing chamber.

7.1.5 Comparison of plume rise model to data

Chapter 6 presented the analysis of the plume rise model. The plume rise model
was compared with the experimental data. It was found that the jet exit Reynolds number

Re,, downwash, jet to crossflow velocity ratio and air entrainment coefficient had

interrelated effects on plume rise. In this thesis, an entrainment coefficient, which is the
function of the velocity ratio and the jet Reynolds number, was used. The experimental
data clearly shows that the plume experiences downwash along its entire trajectory. The
downwash velocity model was robust in its prediction of the plume trajectories, matching
the experimental data very closely. Downwash coefficient was found to be a function of
velocity ratio. Reynolds number effects on the plume trajectory were studied. A
discussion of the effects of the Reynolds number on the entrainment coefficient and
plume rise was conducted.

At low Reynolds number, Re, =200 to 4000, there was a 40% increase in the
entrainment coefficient but by Re, =4000 the increase in entrainment coefficient was

only 2%. In the higher Reynolds number range, Reynolds number effects are negligible
on the plume trajectory and at very low Reynolds numbers entrainment coefficient is a

strong function of Re,. Similarly, at lower Reynolds number, such as Re, =200t04000,
there was 50% decrease in the plume rise but at Re,>4000 the decrease is only 5%. It

was concluded from these results that for Re,>4000, viscous effects have a negligible
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effect on plume rise at a fixed velocity ratio M. Jet exit to crosswind velocity ratio effects
on entrainment coefficient were studied.

Effects of initial turbulence on the plume trajectory were studied by reducing the
initial turbulence in the jet from 10%-15% to 2%-3% with a fine mesh exit screen
without changing the jet velocity profile. The results show that reducing the initial
turbulence in the jet without changing its velocity profile causes a less than one source

diameter increase in the plume trajectory rise.

7.2 Recommendations

e The strong surface downwash effects on the surface jets should be incorporated in
the current regulatory dispersion models for jet released hazard assessment.

e In future a more thorough study of the inside geometry of the turbulent jet source
should be performed to quantify its effects on the jet velocity profiles and
turbulence intensity.

e Concentration measurements should be made to calculate the added mass
acceleration effects on entrainment coefficient. Further study should be done to
collect the data, which would be useful for the dilution calculations.

¢ A complimentary study should examine the Reynolds numbers effects on plume

trajectories from a vertical stack source.
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