STABILITY AND MIXING OF SUBMERGED TURBULENT JETS
AT LOW REYNOLDS NUMBERS
by
Christopher D. Ungate, Donald R. F. Harleman,
and Gerhard H. Jirka

Energy Laboratory Report February 1975
Number MIT-EL 75-014

(OFN






STABILITY AND MIXING OF SUBMERGED TURBULENT JETS

AT LOW REYNOLDS NUMBERS
by
Christopher D. Ungate
Donald R. F. Harleman

and

Gerhard H. Jirka

ENERGY LABORATORY
in association with

RALPH M. PARSONS LABORATORY
FOR
WATER RESOURCES AND HYDRODYNAMICS

Department of Civil Engineering

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Sponsored by

New England Electric System and Northeast Utilities Service Company
under the
M.I.T. Energy Laboratory

Electric Power Program

Energy Laboratory Report No. MIT-EL 75-014 February 1975
R. M. Parsons Technical Report No. 197






ABSTRACT

An experimental study is made of the variation of volume
and centerline dilution as a function of Reynolds number in non-
buoyant and buoyant round jets discharged vertically from a sub-
merged nozzle. The jet Reynolds numbers covered the laminar-
turbulent transition with values ranging from Re = u D/v = 100
to 20,000 where u_ = jet exit velocity, D = jet diameter, and
V = kinematic viscosity. DMeasurements of jet temperature profiles
are obtained by using both fast and slow thermistor probes.

Turbulent dilution is found to be independent of Reynolds
number for non-buoyant jets above a critical Reynolds number of
about 1,500. For buoyant jets (densimetric Froude numbers in the
range 25 to 50), the critical Reynolds number is about 1,200.
Reasonable agreement is obtained with the results of previous in-
vestigators for dilution values at high Reynolds numbers. Dye
studies of transition Reynolds numbers are compared with a study
by A.F. Pearce (1966) and good agreement is found.

The results are useful in determining the minimum length
scale ratio for hydro-thermal model studies, especially those of
submerged multiport diffusers. It is concluded that modeling of
turbulent jets is acceptable provided the model Reynolds number
is larger than the critical Reynolds number and provided no other
constraint becomes binding. In addition, the model jet's laminar
length, if any, must be insignificant when compared to the total
length of the path of the jet.
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I. Introduction

Multiport diffusers are used to discharge heated cooling water
from power plants into natural bodies of water in order to satisfy
thermal discharge criteria by inducing dilution of the discharge.
The use of such diffusers and the application of mathematical pre-
diction models have been discussed by several investigators (10,14).
'When proposed sites for diffusers have complex topography and non-
uniform or unsteady ambient currents, an initial design can be
tested or modified by means of a hydraulic scale model. A
discussion of modeling requirements must necessafily include the
assumptions and tradeoffs of such models, since, in general, all
relevant dimensionless parameters cannot be kept equal in model
and prototype. For models of thermal discharges, the model and
prototype densimetric Froude number, which relates gravity and
buoyancy forces, must be identical. Since, in addition, it is
common practice to have approximately the same temperature rise
in both model and prototype, it is then impossible to equate model
and prototype jet Reynolds numbers. This fact not only brings
into question the use of models whose jet Reynolds number falls
into the laminar-turbulent transition, but also limits the physical
size of such models by limiting the length scale ratio. The purpose
of this study is to investigate the variation of jet dilution with
Reynolds number, particularly in the laminar-turbulent transition

of importance in model studies.



II  Statement of the Problem
As stated previously, a basic requirement for any thermal
discharge problem is the equality of densimetric Froude numbers.

The densimetric Froude number is given by:

\'J

A
AL o1yt
Py

where V

characteristic velocity

L = characteristic length

p= reference density

Ap= characteristic density difference.
For a submerged jet, the initial densimetric Froude number is
calculated using the jet exit velocity, nozzle diameter, ambient
dengity, and the density difference between the ambient water and
the jet discharge. Denoting, with the subscript r, the ratio

between model and prototype, the velocity ratio is given by:

v/ g1 (2)

Since it is common practice to have approximately the same temperature

in the model as in the prototype, the velocity ratio becomes:

V. =/ (3)
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An additional requirement for a jet diffusion model is that
the model be large enough to insure turbulent jet entrainment.

The jet Reynolds number is given by:

v
Re = —;£ | (4)

where v = kinematic viscosity of the discharge fluid.
For a submerged, axisymmetric jet, the Reynolds number is calculated
using the jet exit velocity and the nozzle diameter, and is constant
.along the entire path of the jet for both the laminar and the
turbulent case.

Denoting, again, with the subscript r, the model to prototype
ratio, it can be seen that vr = 1, since (%?)r = 1. Thus the
ratio of Reynolds numbers becomes, after substituting Equation 3

into Equation 4:

Re_ =L 3/2
r T

(5)

Thus it can be seen that the minimum size of physical scale models
of thermal discharges is limited by the turbulent jet entrainment
requirement. A typical prototype jet Reynolds number for a
diffuser discharge, such as the Maine Yankee Atomic Power Station‘
(15), is approximately 2.5 x 106. In order to meet the Reynolds
criterion just discussed, a length scéle ratio equal to or greater
than 1/100 was necessary for model studies of the cooling water

discharge. If the dilution of a lower Reynolds number jet were

11



known to be equivalent to that of a fully turbulent jet, a smaller
length scale ratio could have been employed for these model studies,
provided no other physical constraint would become binding.

The purpose of submerged jets is to dilute their discharge by
entraining and mixing ambient fluid through turbulent diffusion.
For jets which are in the laminar-turbulent transition range of
Reynolds numbers, it is reasonable to expect that this entrainment,
and hence the dilution, will decrease because of the lower turbulent
intensity of the jets. Pearce (18) has made a qualitative in-
vestigation of Reynolds number effects on submerged jets in the
laminar-turbulent transition by means of dye studies. He concluded
that flow in a submerged circular jet will normally have fully
turbulent structure for values of the Reynolds number exceeding -
3000. Jets which were in the laminar-turbulent transition could
then be considered less efficient in entraining ambient fluid than
fully turbulent jets. Model results under such conditions have
been judged to be on the conservative side with respect to the
dilution capacity of the jets. This study will examine quantitatively
the variation of jet dilution with Reynolds number in the laminar-

turbulent transition of importance to thermal model studies.

12



IIT Previous Studies

Little previous work has been published which studies Reynolds
number effects on jet dilution. The most important of these is
that of Pearce (18), who made visual observations using dye of the
structure of nearly non-buoyant jets over a Reynolds number range
of 68 to 13,100. His definition of jet Reynolds number is the
same as that mentioned earlier. Each jet was photographed and
from each picture the length of any non-turbulent zone, zlldo,
and the angle of spread of the turbulent zone, 2“2, was measured.
Pearce defined do as the initial jet diameter and a: as the angle
of spread of the outer jet boundary from the jet axis. Some
examples of his photographs are shown in Figure 1. His results

are summarized as follows:

Re < 500. Jet is essentially laminar. Any
instabilities are rapidly damped.

500 < Re < 1500 At some distance from the nozzle,‘the jet
becomes unstable and breaks down into
turbulent eddies. As the Reynolds number
increases, the laminar zone expands less
rapidly and decreases in length.

1500 < Re < 2500 The laminar length continues to decrease
until it disappears at 2000 < Re < 2500.
The angle of spread of the turbulent

zone decreases. The turbulent zone breaks

13
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down completely to turbulence.
2500 < Re < 3000 The spread of the turbulent zone continues
to decrease.
3000 < Re Jet has fully turbulent structure and cone
angle is constant.
On this basis, Pearce concluded that a circular jet whose Reynolds
number was less than 3000 was not fully turbulent and, therefore,
did not have full dilution capability.
Pearce's report cites many other works which discuss the
transition from laminar to turbulent flow in circular jets from
the point of view of jet structure and stability. Mollendorf
and Gebhart (17) have also reviewed this aspect of transition
flows, designating two general approaches: that of measuring the
laminar length of transition jets and that of introducing small
disturbances into the flow and studying jet instability. These
studies, while perhaps of importance for théoretical verification,
are hampered by the stochastic nature of the phenomena they
investiéate. After an attempt to answer the jet instability question
has been completed, these works still leave untouched the problem
of the relative importance of the various phenomena measured, such
as laminar length, tone angle or eddy size and structure, to the
dilution capability of importance to the engineer. Certainly

more efforts are needed to attempt to understand these relationships.

15



No reports are available in the literature which attempt to
directly measure dilution parameters in the full range of tramsition
Reynolds numbers. Albertson, et al (4), performed experimental
work on plane and circular isothermal jets. Their results showed
no Reynolds number effects on jet dilution in the range of Reynolds
numbers stﬁdied. The lowest Reynolds number studied was Re = 1500.
Ricou and Spalding (19) measured mass entrainment rates over a
range of Reynolds numbers and estimated a critical Reynolds number
of 25,000 over which the rate of entrainment was constant. Some
doubt exists as to whether the experimental method of measuring
entrainment used by Ricou and Spalding affects their results.

They placed a porous collar around the entrainment region of the
jet and measured the entrainment by noting the change in head
across the collar. Pearce quotes the work of Baines, who showed
Reynolds number effects on the velocity distribution and on the
length of the potential core in the zone of flow establishment
below a Reynolds number of 200,000. This, Pearce suggests, shows
that the flow was not fully developed even in this range.

The wide range of results quoted in this discussion and in
those of Pearce, Mollendorf and Gebhart, indicates the difficulty
in drawing conclusions concerning dilution capacity of tranmsition
jets from experimental evidence which quotes data on structural
properties, or which studies effects on jets over an incomplete

range of Reynolds numbers, or which quotes data of wide scatter

16



supporting differing conclusions. This study, by measuring jet
dilution, a characteristic parameter of practical importance, attempts
to provide evidence of overall behavior which can form a basis for

weighting the relative importance of these properties and quantities.

17



v

jet,

fluid

Analysis

A. Determination of Parameters

For the case of a vertical, axisymmetric buoyant or non-buoyant
shown schematically in Figure 2, issuing into a calm ambient

of uniform density, the following variables may be identified:

z = distance measured in the vertical direction along the jet
axis
r = distance from the jet axis measured in the radial direction

d = diameter of the jet, defined by the intersection of the

temperature profile with the local ambient temperature

d0 = nozzle diameter

u = vertical velocity

p = density

T = temperature

V = kinematic viscosity
subscripts:

o = initial value of variable
¢ = centerline value of variable
a = ambient reference value
AT = T - Ta

bp=p-0p,

18
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Figure 2. Submerged, Vertical, Axisymmetric Jet
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Abraham (1) has shown the results of dimensional analysis for

this case to be (with minor changes in definition):

r Ap

u z
U _ g2 I COF 6
4 f(d’d’Q,F’Re) ()
o o o 'a
S - f (.g._, i——, 20 7, Re) )]
s 2 o o Da
where ¢ = Ap/Ap0
c =1
o

The densmietric Froude number and the Reynolds number have been
defined previously. By making the Boussinesq approximation, density
deviations from the ambient density introduced by the jet discharge
are small compared to the local density p(r,z). By using temperature
as an indicator of changes in the concentration c, the previous

relationships become:

u z r

—=r_ (-, » F, Re)

ug 1 do do (8)

AT z r

AT = f2(d s 3 F, RE) (9)
o o) o

B. Definition of Dilution
A definition of dilution is needed to further simplify the

problem. A volume dilution can be defined as:

20



! u dA

= A
Sy =9 3 | (10)

0 ‘o
where A = crossectional area .

Also, a centerline temperatureldilution can be defined as:

g =2 : (11)

Strictly speaking, the centerline dilution is not a dilution, but
actually a centerline reduction factor which can be related to the
volume dilution by making some assumption about the structure of the
jet. Since the literature commonly refers to Equation 11 as
centerline dilution, this terminology will also be used here.

Since only temperature has been measured in the jet, only Sc
can be directly evaluated. The volume dilution can be derived by

making the following assumptions for u and AT:

U _ ¢ (L

Lot (12)
[

AT r

AT, £ (3

where d = diameter of the jet defined by the intersection of the
temperature profile with the local ambient temperature
Assume that the velocity and temperature profiles are related as

follows:
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=) (14)

where A = experimentally determined spreading ratio accounting for
dissimilarity of velocity and temperature profiles.

Taylor's theory of free turbulence finds that RZ = 2 for a circular
turbulent jet. The value of A will change as the level of turbulent
intensity changes. For sections where the turbulent intensity is
low, the spreading of the temperature profile will be smaller than
that for a turbulent section; thus, an assumption of a turbulent A
will underestimate the flow at a section of lower turbulent
intensity, and give a lower value of dilutionm.

Substitution of these assumptions for the velocity and
temperature profiles into Equation 10 gives:

uC XZ
SV =-Q_;fA fT dA (15)

Conservation of heat content is given by:
pocpoQoATo= prcpuAT dA (16)

where cp = gpecific heat at constant pressure

To simplify this equation, it is assumed that pocpo ~ pcp = constant.
This indicates that the heat content per unit volume and degree
temperature change is constant, which is strictly true only for

the non-buoyant jet. This assumption will be valid for buoyant jets

22



if the mass per unit volume (or density) does not change appreciably
from section to section in the jet (the Boussinesq approximation).
This will be true except for sections close to the nozzle where there
are large density differences. Using Equations 12, 13 and 14, the

conservation of heat content becomes:

2
A%+l
QAT = u, AIC fA £ dA (17)

Evaluating this for u, and substituting it into Equation 15 gives:

A2
AT S, £ dA
g =_—0o4a T

v T2
ASHL
AchA fT dA

(18)

By noting the definition of Sc, it can be seen that this equation
relates Sv and Sc’ by making use of a structural assumption about
the jet. This had been proposed earlier in this discussion.

Substituting the distribution of temperature assumed in
Equation 13 into Equation 18 yields

2
AT (A
IA (ZT;) dA
8= (19)
v 2
AT A+1
fA sz;) dA

The advantage of this formulation for S, is that it allows SV to be

v
evaluated by measuring only the temperature distribution, which is

more easily and accurately measured than the velocity distribution.

23



This formulation also minimizes the error produced by the definition
of the jet diameter. The jet diameter defines the limits of the
numerical integration of measured temperature profiles in Equation 19
and small errors in the limits of integration will produce only
small errors in Sv since the values of the temperature distribution
at the edge of the jet are small.

By using these relationships for Sv and SC, Equations 8 and 9

become:

= £(Z_
SV or SC f(do, F, Re) (20)

C. Results of Previous Investigations

All experimental studies of jet dilution have neglected
Reynolds number effects and assumed fully developed turbulence in
the jet. For the case of non-buoyant, turbulent axisymmetric jet,

the volume dilution has been given by:

- z_
Sv = s;; 3 (21)

o

where S§ = experimentally determined constant relating the rate of
increase of S, with respect to z/do

Values of S$ found by previous investigators are shown in Table 1.

The value of Sg quoted by Daily and Harleman (9) for assumed

Gaussian profiles is significantly less than that found for a

constant value of the eddy viscosity. Since the velocities at the

edge of the jet predicted by the Gaussian assumption were smaller

than those actually found, the value of S$ for a constant eddy

24



Tabie 1

VALUES OF COEFFICIENT S% FOUND

FOR NON-BUOYANT AXISYMMETRIC JETS

‘ z
Sy = S§)
o

V
‘ Pa | 5

Investigator Reynolds # o Froude # Sg Comments
i *ﬁi :
iAbramovich (3) Turbulent ;1.00 o 0.33

Brooks (6) l?urbulent 1.00 o 0.33

Albertson et al i 21500 1.00 o 0.32, air jets
Daily and ‘ based on Hinze
Harleman (9) ; 70000 i.00 © 0.42| constant eddy

viscosity
Daily and Gaussian
Harleman (9) 70000 1.00 ® 0.28| Assumption
Schlichting (21) ; Laminar [1.00] = 32
Re
!

25




viscosity is a better estimation.
Also included in Table 1 is a boundary layer equation solution
for the non-buoyant, laminar, axisymmetric jet, found by

Schlichting (21). The expression for the volume flow rate is:

Q = 8mvz (22)

Substituting this into Equation 10 yields

s -Q _8mz _ 32

z
- = (23)
v Qo “di Re do
Yo T4

Thus, for the laminar jet, this solution predicts S} = 32/Re.
The centerline dilution for the non-buoyant, turbulent axisym-

metric has been given by:

s =S

e " St @6

o
where St = experimentally determined constant relating the rate of
increase of S  with respect to z/do

Values of Sg found by various investigators for the non-buoyant
jet are given in Table 2.

For the buoyant, axisymmetric, turbulent jet, no previous
studies have been found which calculate the volume dilution SV'
For the centerline dilution, previous investigators have used

Equation 24 and evaluated Sz. Their results are shown in Table 3.

The values of Sg given there are generally higher than those for

26



Table 2

VALUES OF COEFFICIENT S: FOUND

FOR NON-BUOYANT AXISYMMETRIC JETS

Zz
Se = St
o

p
Investigator Reynolds # '65 Froude # S: Comments
: ()
Sunavala (22) Turbulent |1.00 ® 0.220| Mixture of
ases
Hinze, van der Mixture of
Hegge Zijnen(13) |Turbulent |1.01 o 0.190| gases
Forstall and Water jets
Gaylord (11) Turbulent |1.01 o 0.192| salt solution
Ruden (20) Turbulent [1.00 © 0.170| Hot air jets
Becker, Hottel 0il smoke
and Williams (5)| 54,000 1.00 L 0.185| in air jets
Corrsin and Hot air
Uberoi (8) 11,400 V1. 00 L 0.185| jets
Keagy and Mixture of
Weller (16) 27,200 1.03} 4300 0.170| gases
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Table 3
VALUES OF COEFFICIENT S: FOUND
FOR BUOYANT AXISYMMETRIC JETS

Z

= gk £_
Sc Sc d
o

Pa
Investigator Reynolds # rn Froude # S: Comments

o
Keagy and Mixture of
Weller (16) 5,020 0.65 1070 [0.262| gases
Keagy and Mixture of
Weller (16) 35,000 7.20 740 |0.075| gases
Sunavala, Hulse Hot air
and Thring (23) 20,500 1.24 1470 [0.238]| jets
Sunavala, Hulse Hot air
and Thring (23) 17,900 1.24 830 10.238] jets
Sunavala, Hulse Hot air
and Thring 21,900 1.24 725 |0.238] jets
Sunavala, Hulse Hot air
and Thring (23) 24,600 1.24 620 0.238| jets
Corrsin and Hot air
Uberoi (8) 39,400  [2.00 64 |0.250]| jets
Cleeves and Hot air
Boelter 5,400 2.93 4 |5.800]| jets
Cleeves and Hot air
Boelter (7) 1,805 2.24 10 [2.600| jets
Cleeves and Hot air
Boelter (7) 2,700 2.39 16 |0.970]| jets
Cleeves and Hot air
Boelter (7) 4,770 2.35 28 0.600] jets
Cleeves and Hot air
Boelter (7) 6,900 2.41 71 0.460] jets
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" the non-buoyant case in Table 2. rThe values of S: calculated for
the work of Cleeves and Boelter (7) are significantly higher than
those of the other investigators. Their results may be affected
by the fact that they used a length of pipe for the jet discharge
rather than a nozzle, thus changing thé initial velocity distribution
from a uniform profile to a fully developed, turbulent profile. Also,
.their results may be affected by the use of very high nozzle tem-
peratures (1200°F), which may have introduced Mach number effects,
and by the presence of combustion at the nozzle caused by the method
used to heat the air jets. Their work is presented to show the
tendency for buoyancy to aid the rate of dilution increase.

D. Temperature as an Indicator of Dilution

Abraham (2) has shown theoretically, and supported experimentally,
a general relationship between centerline dilution and distance
from the nozzle as a function of densimetric Froude number, assuming
a fully turbulent jet. His results are shown in Figure 3, where
Fl/2 corresponds to the definition of Froude number used here,
cm/co corresponds to 1/Sc and x/d0 corresponds to z/do. This graph
shows that buoyancy increases the centerline dilution for lower
Froude numbers (F < 15-20). For higher Froude numbers, buoyancy
is effective in increasing dilution only after a certain distance
from the nozzle, below which the jet momentum is the primary mechanism
causing turbulent diffusion and hence, dilution. This distance at

which buoyancy becomes effective increases as the Froude number
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increases.

Figure 3 forms the basié for using temperature as an indicator
of jet dilution. Reynolds number effects on dilution for non-
buoyant jets can be studied as long as all measurements are made
below the distance after which buoyancy starts to aid dilutionm.
Thus, experiments were chosen for densimetric Froude numbers of 10,
25, 50 and 100, each over a complete range of transition Reynolds
numbers. Physical constraints limited testing to from 22 to 55
nozzle diameters above the jet. Figure 3 shows that Froude numbers
of 50 and 100 are unaffected by buoyancy in this range. Thus,
experiments for these Froude number values are the primary indicators
of the effect of Reynolds number on dilution. Runs conducted at
Froude numbers of 25 and 10 will be affected by buoyancy to an
increasing extent. These results will be presented to document

the effect of buoyancy in this range of transition Reynolds numbers.
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v, Experimental Apparatus and Data Reduction

A. Apparatus

All experiments were conducted in the center section of a 3!
deep 50' x 4.5' steel water tank. One side of the center section was
constructed of glass so as to allow visual observation and photo-
graphs of experiments. The Size of the tank was large enough to allow
sufficient time to conduce expériments without stratification effects.
A schematic of the experimental setup is shown in Figure 4.

All nozzles were mounted vertically on a copper tee in the
central section of the tank. The copper tee allowed water to be
supplied from opposite directions to offset any rotational or
swirling effects in the jet. Nozzles of 1/6, 3/16, 1/4, 3/8, 1/2,
and 3/4 inch diameter were constructed from copper reducer couplings
to assure a fairly uniform velocity distribution at the nozzle
exit. A picture of the nozzle apparatus is shown in Figure 5.

Hot water was supplied by a steam heat exchanger either through
a constant heat tank or directly, if additional pressure was needed
to maintain a sufficient flow rate. A by-pass line was installed
to alloﬁ preliminary adjustment of temperature before water was
issued into the tank. Flow was measured by means of individually
calibrated Brooks low-flow rotameters with spherical floats.

These flow meters, when individually calibrated, are accurate to
+ 1% of full reading. Calibrations were performed using water with
temperature typically encountered during experiments to minimize

inaccuracies caused by temperature effects in the calibration.
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In addition, water passed through a cylinder of one cubic foot
capacity before entering the tank, in-order to reduce temperature
oscillations and the presence of air bubbles in the hot water input,
particularly when hot water was supplied directly from the steam
heat exchanger. This cylinder reduced temperature oscillations

to + 0.8°F at the nozzle or about + 4% of the temperature difference
between the nozzle and the ambient fluid. The cylinder reduced

the occasional presence of air bubbles to once every 5 or 10
minutes during these rums.

Temperature measurements were taken using a glass bead thermistor
(Fenwal Electronics #GA51SM2) with a time constant of 0.07 seconds.
The thermistor was calibrated in a constent temperature bath system
to an accuracy of + 0.02°F. The thermistor was mounted at the end
of a vertically positioned length of 1/4" OD, thick walled copper
tubing and encased in silicone construction sealant. The probe was
mounted in a direction parallel to the tubing and located at a
sufficient distance from the end of the tubing to allow the silicone
sealant to be gently tapered to the outside diameter of the tubing.
These precautions minimized the effect of the presence of the probe
in the flow of the jet.

The probe and tubing were mounted in a Lory point gauge driven
by a small D.C. motor. This motorized point gauge assembly was
mounted on a rolling platform which traveled on a carriage supported

by rails atop the tank walls. Both the platform and carriage were
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driven by additional point gauge assemblies. The movement of all .
three gauges was converted to an electrical signal via a Bourne
potentiometer.

The electrical signals from the temperature probe, an RMS
meter and any one of the gauges were plotted by a Houston Instrument
x-y-y' plotter. The RMS meter measured the fluctuations of the
temperature signal and had a time constant of 2.0 seconds. The
traversing speed of the gauges was adjusted to allow an accuracy
of 1/16" on measurements of the RMS meter. This procedure assured
virtually instantaneous temperature measurements.

Photographs of the experimeﬁts were made using a Topcon Super
DM camera with a motorized drive and a 70-260mm Vivitar lens.
Kodak black and white Tri-X film, ASA 460, was used with aperture
f4 and shutter speed 1/60 second. The camerawas located at a
distance of 15 feet from the jet and at an angle of about 11° to
the perpendicular from the tank wall, due to the presence of an

obstacle along the perpendicular.

B. Experimental Procedure

Before experiments began, a computer program was developed
which examined the sensitivity of the proposed range of densimetric
Froude and Reynolds numbers to changes in the controlling parameters:
nozzle diameter, flow rate, and the jet and ambient temperatures.
On this basis an experimental program was outlined which would
allow data to be collected with maximum ease and accuracy. Before

any data was taken during an experiment, calculations of the Froude
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and Reynolds numbers were made based on the actual reading to compare
with desired values.

Temperature was initially adjusted, using the by-pass line, to
a reading which would allow the desired jet température plus any
flow rate dependent heat losses between the by-pass line and the
nozzle. Final adjustments of flow rate and temperature were made
~ based on the jet temperature measurement using the thermistor probe
located at the nozzle exit. When the desired values of Froude and
Réynolds number were reached, temperature profiles were made
vertically along the jet axis and horizontally across the jet
at distances of 7, 10, 15, 18, 22, 30 and 40 or 55 diameters from
the nozzle. Several horizontal passes were made through the jet
at each vertical level to insure the profiles close to or exactly
on the jet axis was reached. Close watch was kept on the input
temperature and flow rate to make sure that these values did not
change significantly. After all measurements were made, warm dye
(FD&C Blue #1, dissolved in water) was added to the jet and
photographs were taken.

After each experiment, the water in the tank was either
changed completely or the upper layers removed and additional
water recirculated to remove all stratification effects. At least
two hours was allowed between successive experiments to damp any

velocity fluctuations in the tank.
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C. Data Reduction

As stated previously, temperature measurements were recorded
graphically in the form of a vertical axial profile and several
horizontal profiles at various vertical distances from the nozzle.
From the horizontal profiles, the plot which showed the highest
peak temperature was chosen as the plot closest to the jet axis at
that distance. Figure 6a shows a typical series of horizontal
profiles and the plot chosen for use. Comparison of the peak
temperatures on each of these plots with the corresponding point
on the axial profile showed that the axial plot was never completely
on the jet centerline. Thus, the horizontal profiles were used
to provide all the data on each experiment.

After the appropriate profiles were selected, a line was drawn
through each profile, from which data points were taken either by
hand or by an x-y digitizer for eventual use by computer. Figure
6c shows four typical profiles in the range of Froude numbers
encountered in experiments; indicating the degree of temperature
fluctuation in the profiles, the method of determining the line
from which data points were taken for the temperature profile,
and the method of determining the jet diameter for a profile.
Placement of the line giving the profile data points was accomplished
by noting the average value of the temperature at a particular
point and by studying the profile, particularly those at lower

Froude numbers, for intermittency or points of low temperature
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fluctuation which indicated the passage of an eddy by the thermistor
probe. Definition of the edge of the jet was given by the inter-
section of the temperature profile with the local ambient temperature.
After a profile was digitized, the temperature was averaged about

the point of peak temperature to produce a plot of temperature

versus radial distance, from which all parameters wéfe calculated.
Figure 6b shows the result of this process for the profile chosen

in Figure 6a.

A computer program was developed to compute all parameters.
Calibration plots and density and viscosity curves were internally
stored in order to calculate Froude and Reynolds numbers and all
dilution parameters directly. The limits of integration of the
temperature profiles were based on the jet radiusidefined above.
Particular profiles which were influenced by stratification in the
tank were eliminated when calculating characteristic parameters.

A profile was considered to be influenced by stratification whenever
the local ambient temperature of the profile rose significantly
above the constant ambient temperature in the lower layer of the

tank. Thus, profiles were eliminated when:

Ta1 ~ Ta > 0.1 (25)
T -T
c a
where Tal = local ambient temperature

Photographs were analyzed to obtain the laminar length and

cone angle for each experiment. The laminar length, zlldo, was
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measured using a linear scale, which was drawm on the glass window
of the tank and which appeared in each picture. The cone angle, Za:,
was measured usiﬁg Pearce's method of drawing a straight line as
a mean through the irregular vortex boundary of the turbulent
section of each jet. Pearcg noted that this line could instead by
drawn through the very outer edge of the vortices and then obtain
a larger value of the cone 'angle. Since he was not concerned with
the absolute magnitude of 2a:, but rather with its relative variation
with Reynolds number, he chose to use the mean line through the
boundary.

D. Sources of Error

1. Sources of error in flow measurement

Previous mention was made of efforts to minimize errors caused
by swirling effects in the jet, by the shape of the nozzle, by flow
rate fluctuations, by temperature effects in flow calibrations and
by the presence of air bubbles. Additional errors might have
been caused by the presence of walls 27" on either side of the
‘nozzle, but this seems doubtful after c1§se observations of dye
patterns during experiments. An additional source might be the
fact that all nozzles projected from the bottom of the tank rather
than issuing from a point flush with the tank bottom, thué possibly
providing increased access of the jet to ambient water for entrain-
ment. Pearce's study of the difference between flush and projecting
nozzles was inconclusive; therefore, this effect does not seem to

be important.

43



2. Sources of error in temperature regulation and measurement

The description of experimental equipment outlines efforts
to minimize the effect of the temperature probe in the jet, the
effect of stratification in the tank, and the effect of oscillating
temperatures from the steam heat exchanger. The asymmetry in some
of the profiles taken can be explained by several factors: the
stochastic nature of turbulence in the jets; the effect of the probe
time constant, although this was appreciably minimized by the low
traversal speed used; and by probe interference, particularly at
low Reynolds numbers.

The accuracy of the profiles could also be affected by the
method for determining the average profile from the graphic output.
In addition, the profiles might have been affected by the relative
temperature measurement error for low temperature differences.
Given the absolute accuracy of the probe is + 0.02°F, temperature
differences less than 0.5°F will decrease accuracy to greater than
47. This may be particularly important at the edges of the jet
and at distanced far from the jet. However, the diameter of the
jet taken from the profiles was never used directly in the data
reduction except for defining the limits of integration of the
profiles, as discussed earlier. Also, physical constraints eliminated
the possibility of using temperature measurements far from the jet.

3. Sources of error in photographs

All photographs recorded an image that was about 10%Z smaller
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than the actual jet because of refraction effects due to the camera
angle. Absolute distance measurements were made by means of a
linear scale placed on the glass window of the tank and also recorded
in the pictures. Measurements from this scale were about 2%
larger than the image recorded by the.camera, again due to the
camera angle. This error slightly offset refraction effect errors.

These errors particularly affected the measurement of the
laminar length frbm photographs, but did not have significant effect
on the cone angle measurements, since they are not dependent on
scale. 'While the errors in experimental photographs are larger
than those for other parts of the experimental setup, they will not
be particularly significant because the pictures are not used to show
agreement in an absolute sense with other inﬁestigators. This
argument is the same used by Pearce in his discussion of the
accuracy of photographs, mentioned earlier.

4. General discussion of errors

It must be noted that all of the effects mentioned above varied
in importance depending on the particular parameters of each
experiment. Flow rate fluctuations and the presence of air bubbles
were more important when the steam heat exchanger was connected
directly to the nozzle rather than through the constant head tank,
for runs where a high flow rate through a small nozzle was required.
The interference of the temperature probe was relativel& more

important during runs of low Reynolds number when the jet included

45



a laminar length. This probably caused some asymmetry in the
profiles. Determining the average profile was more difficult for low
Froude number runs because of an increased level of temperature
fluctuation, as shown in Figure 6¢c. Definition of the jet radius

as the intersection of the profile with the local ambient temperature
was more difficult for profiles at large distances from the nozzle
than for those closer to the nozzle, as shown in Figure 6d. The
former, however, were usually eliminated due to stratification

effects.
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VI. Results and Discussion

A. General Presentation of Results

The general results of all runs are given in Tables 4-7. Each
table is a grouping of approximately equal Froude number experiments
listed in order of increasing Reynolds number. For each experiment,
a regression analysis was performed by computer to calculate the
equation which best fit the data for Equations 21 and 24. 1In
addition, regression analysis was performed on Abraham's (2)
equation relating centerline dilution and distance for non-buoyant
jets, adapted as follows:

d

s = 6" | (26)
Correlation coefficients indicating goodness of fit are also listed.

The correlation coefficients are defined as:

_ ,SSR,1/2
cc = (ggf) (27)
where SSR = sum of the squares due to the regression
SST = total sum of the squares due to raw data

Figure 7 compares the results of this study for the fully
turbulent runs of Re = 4000 with Abraham's results of Figure 3
for the various densimetric Froude numbers. An increase in
dilution for increasing Froude numbers is shown. This variation

of dilution with Froude number is similar to that predicted by
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Abraham, although all Froude numbers show a higher dilution than
those given by Figure 3.

B. Non-buoyant Jets

Inspection of both Tables 4 and 5 will show two generally
different types of behavior for non-buoyant jets. Runs of Reynolds
number below 1500 have a larger exponent for Equation 26 than those
above Re = 1500, which conform closer to Abraham's.results:.

4.0 < C1 < 6.0 and n = 1,0. This change in behavior can again be
seen by examining Figure 8, which shows SC versus Re for z/do =15
and F = 50 and 100. Dilution conforms fairly well to a value
postulated by Abraham until a Reynolds number of about 1000-1500,
below which dilution decreases.

Figure 9 shows the coefficient S: plotted versus Reynolds
number for Froude numbers of 50 and 100. These results show fairly
good agreement with values found by investigators listed in fable 2
for Reynolds numbers above 1500.

Tables 4 and 5 also give Sg for F = 50 and 100 and two different
assumptions with respect to A. These results show fairly good
agreement with the values given in Table 1 for the similarity
assumption of Xz = 1 for Reynolds numbers above 1500. Although
the values of S§ are lower for Az = 2, the difference is not

significant. For round turbulent jets, and utilizing Gaussian

profiles, Equation 18 gives:

2
&= <1—f—21-——> (28)
c A ’
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For AZ = 1 and AZ = 2, SV/Sc should equal 2.0 and 1.5, respectively.

Using Equations 21 and 24, this can be expressed as:

S Sk
El = E% 29)
[od (o

Computation of this ratio, also shown in Tables 4 and 5, reveals
experimental values that are roughly 20% higher for lz =1,

but which agree favorably for 12 = 2, especially for Reynolds numbers
above 1500. Thus it seems that Taylor's assumption that XZ = 2 for
turbulent jets is supported by these results for non-buoyant jets.
Figure 10 shows S§ plotted versus Reynolds number.

Table 8 gives the results of the analysis of the photographs
for these runs. Figures 11 and 12 plot laminar length and cone
angle, respectively, versus Reynolds number. Pearce's results for
convergent nozzles are also plotted on each graph, as well as the
envelope for results using parallel sided nozzles.

The data of this study shows general agreement with that of
Pearce's convergent nozzles. Pearce pointed to the difference in
initial velocity profiles for convergent and parallel sided nozzles
to explain the increased scatter of Figures 11 and 12. In a
convergent nozzle, the velocity profile at the entrance is uniform,
while in a parallel sided nozzle, the velocity profile is fully
developed. 1In the process of establishing similarity profiles in

the jet flow, a uniform profile would tend to generate greater shear
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and thus entrain more ambient fluid than a fully developed profile.
Lateral spread of velocity and temperature distributions would be
more rapid. This is confirmed by the larger cone angles for the
convergent nozzles compared to the parallel sided nozzles.

Because of the increased scatter of the cone angle data,
Pearce relied mainly on the laminar length to make his conclusion
that a jet is fully turbulent for Re > 3000. The data of this
study for the laminar length support a slightly lower Reynolds
number above which a jet is fully turbulent. The values of the
laminar length found in the experiments are generally lower than
those of Pearce but the laminar length is always of the order of
the length of the turbulent potential core for Re > 1500. The
slight difference is probably due to the photographic distortion
discuésed earlier, but since relative changes in laminar length
versus Reynolds number are mainly of interest, the conclusion
supporting a 1owér critical Reynolds number is still valid.

Figure 13 shows.photographs of non-buoyants for a range of
Reynolds numbers. They compare favorably to the pattern of transi-
tion noted by Pearce, and described in Chapter III. The jets had
a laminar length until about 2000 < Re < 2500. The resistance to
instability was noted by Pearce for Re < 500. The experimental
data in that range does not support his statement, but the general

lack of runs in that range cannot support a different conclusion.
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C. Buoyant Jets

Tables 6 and 7 show the results.of Froude numbers 10 and 25 for
jets affected by buoyancy. A pattern of results similar to those of
the non-buoyant jet is shown. Runs of 'Reynolds number below 1000-
1200 have a larger exponent in Equation 26 than those above
Re = 1000-1200. A few runs below Re = 1200 have low correlation
coefficients, indicating a change in slope caused by a laminar
length breaking down to turbulence. Figure 14 plots Sc versus
Re for z/do = 15 and shows an increase in dilution due to the effect
of buoyancy. For Reynolds numbers below 1200-1500, the experimental
results show lower values than Abraham's results.

Figure 15 shows Sz plotted versus Reynolds number for F = 25
and 10. These experiments show general agreement with values of
Sz found in Table 3. The generally higher values of S: for buoyant
jets over non-buoyant jets is confirmed by these results and shows
that dilution increases more rapidly for lower Froude numbers than
for higher Froude numbers for Re > 1200.
* plotted versus Re for F = 25 and 10 and A2 -

v
2. Values of S%/St shown in Tables 6 and 7 for buoyant jets do

Figure 16 shows S

not agree as well with the value predicted by Taylork assumption
of Az = 2. The values of this ratio for a Froude number of 10
support an increased value of A. Since buoyancy increases the
turbulent intensity, the temperature profile would be expected to

spread further from the velocity profile than for the non-buoyant
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case.

Figure 16 shows a similar behavior of the coefficient S§
versus Re as Figure 15 shows for'S: versus Re. The rate of dilution
increase is fairly constant for Re > 1200; beiow 1200 the data of
Figures 15 and 16 rise to a peak, and after Re = 700, fall off
rapidly. This pattern of variation is similgr iﬂ'form to the
familiar Reynolds number effect on other physical quantities, such
as drag and friction coefficients. The results shown in Figures
9 and 10 for non-buoyant show a similar pattern, although the
fall off below Re = 700 is not as well substantiated. The
increase in the rate of dilution for 700 < Re < 1200-1500 is more
pronounced for the buoyant jets, and this is probably due to the
buoyancy aided breakdown into turbulence which occured for jets in
this range. The fact that only a few experiments show increased
dilution in this range of Reynolds numbers does not allow any
substantive conclusions to be made concerning the effect or
probable cause of this dilution rate increase.

Table 9 gives the laminar length and cone angle for thé buoyant
runs. These are plotted in Figures 17 and 18. The variation of
laminar length and cone angle with Reynolds number for buoyant jets
differs from those for non-buoyant jets. The laminar length for
the buoyant jets is slightly smaller than those for non-buoyant jets,
which is to be expected since buoyancy would tend to inﬁrease jet

instability. Cone angle for Re > 1500-2000 are generally a few
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degrees larger for buoyant jets over non-buoyant jets, which supports
the increased value of A for buoyancy aided turbulence discussed
earlier. As the Reynolds number decreases below Re = 1500, the
cone angle generally decreases for buoyant jets. Experimental
results for plume-like behavior show a lower value of A for the
thermal plume than for the turbulent jet. Thus the results showing
a decrease in cone angle for lower Reynolds numbers seem reasonable
because of a lower level of turbulence.

Figure 19 shows photographs of experiments for buoyant jets.
The horizontal, dotted line on each picture indicates the extent
of the inertial, non-buoyant range as predicted by Abraham (1).
Changes in cone angle and laminar length can be noticed for these

buoyant jets compared to the non-buoyant jets of Figure 13.
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VII. Cohclusions

A. Non-buoyant Jets

1. Turbulent jet dilution occurs for Reynolds numbers greater
than 1500. The structural properties noted by Pearce (18) are
generally supported, but direct measurement of dilution reveals that
a predominantly turbulent jet, defined as a jet whose laminar length
does not exceed the length of a turbulent jet's potential core, has
turbulent jet dilution capability.

2. Modeling of turbulent jets is acceptable for Re > 1500,
provided no other physical constraint becomes binding and provided
the jet's laminar length does not become significantly large
compared to the maximum distance avai;able for ent:ainment along
the path of the jet axis. This maximum distance is defined as the
distance along the path of the jet axis from the nozzle to a
physical boundary, such as a solid obstacle, an ambient layer of
significantly different density, or the free surface.

B. Buoyant Jets

1. Turbulent dilution occurs for predominantly turbulent
jets whose Reynolds numbers are greater than 1200 and whose Froude
numbers are in the range from 10 to 25. The definition of a pre-
dominantly turbulent jet used for non-buoyant jets also applies
here. Since greater buoyancy increases the level of turbulent
intensity, jets with even lower Froude numbers than those encounﬁeréd

in this study may have an even lower critical Reynolds number. This,
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however, is only implied by these results.

The evidence presented here supports a slightly different
description of jet characteristics in the laminar-turbulent transition
for buoyant jets than for the non-buoyant jets described by Pearce.
For buoyant jets, the cone angle increases with increasing jet
Reynolds number until about Re = 2000, when it.becomes constant at
a value larger than the cone angle of a turbulent, non-buoyant jet.
The laminar length decreases with increasing jet Reynolds number
until it disappears at Re = 2000-2500. The laminar length of a
buoyant jet is less than the corresponding length in a non-buoyant
jet. The instability of a buoyant jet occurs at a lower Reynolds
number than the non-~buoyant jet. The only laminar buoyant jet
investigated in this study had a Reynolds number of 100, while
buoyant jets for Reynolds numbers greater than 340 became un-
stable at some distance and broke down to turbulence.

2. Modeling of buoyant jets of Froude numbers 25 and 10 is
acceptable for Re > 1200, provided the constraints on the laminar
length mentioned in the conclusions for non-buoyant jets do not

become binding.
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VIII. Future Work

There always exists the alternative of improving the ex-
perimental equipment and apparatus used in any experimental study.
Improvements in the equipment used in this study might include
refined flow measurement and temperature regulation by mixing hot
and cold water in a large mixing chamber to the correct temperature,
before issuing the water through the jet. This would help damp
temperature oscillations and help remove air bubbles entirely.
A means of obtaining temperature profiles in'a form that is easily
available to a computer rather than using graphs would simplify
data reduction.

With respect to the results for non-buoyant jets, more
experiments are needed to substantiate nearly laminar Reynolds
number behavior as well as the range 700 > Re > 1200 where there is
some evidence of an increased dilution rate. A useful strategy
which was not discovered in time for use in this study is to make
use of ambient water temperature below 40°F commonly occuring during
the months of January and February at the Ralph M. Parsons Laboratory.
Because of the neariy constant density of water below 50°F, a fairly_
low density difference between the jet and ambient water can be
obtained with a relatively high temperature difference for measurement
purposes. Thus, very high Froude number jets over the entire range
of transition Reynolds numbers can be studied.

‘With respect to buoyant jets, further study is needed to
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investigate Reynolds number effects over a greater range of low
densimetric Froude numbers. The range of increasing rate of dilution

for 700 < Re < 1200 needs further study.
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