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DISTRIBUTIONS OF TIME-AVERAGE VELOCITIES OF DIFFUSING SLOT JETS
OF VARIOUS LENGTH-WIDTH RATIOS

by Vujica M. Yevdjevichx

1. INTRODUCTION

1.1 Statement of the problem investigated.

The diffusion of submerged jets in an environment, involving the
same fluid characteristics of both the jet and the environment, has been
studied extensively for two cases: (a) jets with a circular outlet orifice; and,
(b) rectangular jets having an orifice with a very large length-width ratio.

In the following text, these two types of jets will be called 'circular jet' s
and '"slot jet', respectively. In the latter case, the jet flow patterns in the
central cross section through jet axis, which is perpendicular to the long side
of slot orifice, approximate well at least for finite distances from the orifice,
the diffusion patterns of a two-dimensional jet of infinite slot length. The
slots are defined as jet outlet orifices of rectangular cross section, with long
side Lo and short side BO. The length-width ratio Lo/Bo and the orifice
area Ao = Lo Bo are the main geometric characteristics of rectangular slots.

Jets are usually divided into free jets and jets issuing into fluids
that are not at rest. Only free submerged jets with a single composition of
jet fluid and environmental fluid, are studied here. These jets are further
divided into laminar flow jets and turbulent flow jets. Only turbulent flow
jets are studied here.

The time-average velocity at a point in a turbulent flow is defined

) Professor of Civil Engineering, Colorado State University, Fort Collins,
Celorado.

%3 ) The expressions ''round jet'" or ''radial jet'" are also often used in
literature and are synonymous with ''circular jet."



as the mean value of a velocity which fluctuates in time as the consequence

of flow turbulence. Equations for time-average velocity distributions of
diffusing jets and other diffusion equations, for the case in which there is no
difference in properties of the jet fluid and the environmental fluid (such as
differences in density, viscosity, miscibility, etc.), have been studied the-
oretically and verified experimentally. These equations refer either to cir-
cular jets, or to two-dimensional slot jets of very large length-width ratios.
Equations for these two cases differ substantially, as will be shown later;
however, the diffusion characteristics of the square slot jet may be cohsidered
as approximating the characteristics of the circular jet.

Information is needed for the velocity distributions and the other
characteristics of slot jets for which the length-width ratio changes from
unity (square jet) to a very large value (two-dimensional infinite slot jet).
Experiments have been conducted at Colorado State University Engineering
Research Center to investigate the problem of distribution of time-average
velocity of diffusing jets when the length-width ratio of slots is finite and are
reported in this paper.

The objective of the experiments conducted and of this study is not
the deveiopment of a new theoretical approach to slot jet diffusion, but is
rather an investigation with intent of filling the gap in knowledge of velocity
distribution properties of slot jets for slots of finite and especially of small
length-width ratios. The case of a slot jet with an orifice of a very large
length-width ratio is assumed here to have the same characteristics for finite
distances from the jet orifice as two-dimensional jet of infinite slot length.
Main aspects of the problem are the shape and ''carry of the jet'" as the jet
fluid penetrates deeper and deeper into the environment, and the entrainment

of environmental fluid with the jet. This entrainment reduces any difference



in fluid properties between the miscible fluids of the jet and the environment.
Diffusing jets which enter an environment o approximately the same
fluid characteristics are frequently referrehd to as free submerged jets. The
term 'free' means that the boundaries of/;nsfironment are far from the jet
zones being investigated. The term ''submerged' primarily refers to liquid
jets which enter the environment far below the liquid free surface (if any),
so that the free surface has a small effect on the diffusion at least for limited
distances from the jet orifice, The terms '"free submerged jet'"' or simply
"submerged jet' will be used in this text exclusively with the definition given
here. The orifice is defined as the last cress section of solid boundaries
before the jet enters the environmental fluid,

1,2 Mechanics of jet diffusion,

When a concentrated jet enters the environment of a fluid which is
at rest, the jet turbulence and the viscous shear between the moving jet and
the fluid at rest create turbulence in the contact region, The jet will thus be
subjected to lateral diffusion and deceleration by the fact that the momentum
of the jet will be transferred to the surrounding fluid., The environmental
fluid in turn will be accelerated, causing the surrounding region of the jet to
be broug,lht intc motion.

Due to turbulent fluctuation, the fluid velocity of the jet and the
velocity of the entrained environmental fluid at any peoint in the environment
outside the regions of laminar regime fluctuate with time. This time fiuctua-
tion may be characterized by the distribution of the random variable, velocity,
and by the stochastic process of velocity time series at that point. The time-
average velocity is considered here as the main characteristic of the velocity
time series at that point. This time-average velocity as it changes from

peint to peoint determines, for the purposes of this study, the velocity



distribution cf a diffusing jet as it penetrates an environmental fluid. There-
fore, no effort is planned here tc investigate the other cheracteristics of the
velocity time series at a point, such as the characteristics of instantaneous
fluctuating velocity components u', v' and w', and their relationship in time
and space. This apprcach iz being used regardless of the fact that the tur-
bulent velocity fluctuation at a point plays an important role in jet diffusion.
The mean flow pattern of diffusing jets, in the region of jet penetration and
expansion, i3 defined here by the distribution of the timme-average velocity.
The reader is referred to the most recent literature for the characteristics
of turbulence in jet expansion especially with well designed experiments [ 55] .
A high-velocity jet entering a fluid at rest represents an irrecover-
able loss of energy. althcugh in some cases, there may be a temporary con-
version of kinetic energy into potential energy and vice versa. When a jet
enters a fluid at rest, such as the fluid in a large chamber, a large reservoir
or the atmosphere, the basic axiom of fluid mechanics requires that the entire
kinetic energy cf the jet be dissipated finally by turbulence thrcugh viscous
shear, and interaction with the environmental fluid. The mechanical prccess
of dissipaticn is simple; the kinetic energy continuously creates turbulence
which results in viscous shear as the means of energy dissipation. If the
kinetic energy of the jet 1s converted into potential energy of increased pressure
in a confined region. the pressure differences thus created with the adjacent
regions will accelerate and move the environmental fluid in bulk. This in turn
represents a reconversion cf potential energy to kinetic energy, with the
generation of new turbulence (inturbulent flow regime) and of new viscous

shear in both the turbulent and the laminar flow regime.

*) The numbers in brackets refer to the references at the end of this text.



It should be stressed here that (for the case of a jet diffusing in a
confined region) besides the momentum transfer from the jet to the environ-
mental fluid and its acceleration upon their contact, the conversion of a part
of the kinetic energy of the jet into an increased local pressure also accelera-
tes the environmental fluid and moves it in the direction cf the pressure
gradient. This is especially true for the case of confined environments like
ducts, tunnels, chambers and similar installations.

1.3 Boundary conditionz of the jet orifice and of the environment.

The diffusicn of a submerged jet in an environment depends. on the
boundary conditions. both of the jet orifice and of the environment, if the en-
vironment is cenfined. The relationship of the jet-bearing fixed contours to
the environment is of great importance. As the jet entrains the environmental
fluid, these contours determine the stream lines of the entrained fluid around
the jet. Some investigators have assumed cr experimented with the jet
orifice being the opening in a vertical wall with the jet horizontally directed,
or the opening in a horizontal wzll with the jet directed upwards or down-
wards into the environmental fluid.

The boundaries cf the envircnment when it is confined play an
importaiut role in jet studies. At a sufficient distance from the crifice the
diffusion of a jet in 2 duct or in a tunnel has clearly different preperties than
a jet which enters a practically unlimited envircnment such as the free at-
mosphere, a deep reservoir, or a deep sea. All transitions exist in prac-
tice between a duct-type environment and a very vas and practically un-
limited environment.

General patterns of jet diffusion and jet deceleration as it relates
to boundary cenditions are as follows. The entrance of a jet through a long

pipe into an unconfined environment (assuming that the jet orifice carrier



and jet fluid access have the minimum space occupancy in the environment)
represents a case in which & minimal obstacle exists for the entrainment of
environmental fluid with a maximal effect on the deceleraticn of jet. With
an increase of space cccupancy by fixed boundaries around the jet orifice and
with a decrease of dimensions of the environment, both the volume of en-
trained fluid and the rate cof jet deceleration will be somewhal decreased. A
jet diffusing in a ducted environment with small dimensions tends to preserve
higher velocities than in the case of an unconfined environment, especially
along the jet-axis for that portion of the duct before the effects of friction by
the walls prevail. The environmental dissipation of jet energy is supple-
mented, in a duct, by energy loss due to friction along the duct walls.
Distributions of time-average velocity in a ducted environment or
in a narrow chamber may be approximately determined by applying the
principle of "mirror reflection" of velocity distributions in an unconfined
environment to the duct walls. The time-average velocity distributions at
a cross section cf the duct or the narrow chamber may thus be determined
from the velocity distribution in an unconfined environment with the same
jet conditions. The chamber walls represent mirrors or reflecting barriers.
The parts of the velocity distribution for an unconfined environment, which
reach beyond the mirrors, are 'reflected and summed" with the interior
portion of the velocity distribution. If these 'reflected parts' in turn reach
the opposite side of the chamber, they are again reflected and summed to
the main central portion of velocity distribution. However, the summed-up
distribution cannot be more uniform than the velocity distribution in the duct
or the chamber for simple steady flow of the fluid through it. This mirror-
type reflection is conceived with the walls being a reflecting barrier only

and not the originator of new turbulence and head loss. This principle of



mirror reflecticn is, therefore, valid only for thosé parts of large ducts or
chambers, for which velocities along the walls and the fricticen resistance
generated at the walls may be neglected for time-average velocity distribu-
tion as compared with the jet diffusion, expansion and deceleration.

Any jet diffusion in a long ducted environment must reach a final
stage, or an equal flow rate and an equal velocity distribution at a cross
section some distance from the orifice. This '"mirror reflection'" approach
is valid only fer that portion of the duct or the chamber which is located
before this equilibrium cross section is reached.

The application of the ''reflecing mirror'" or 'reflecting

barrier"

principle makes it appropriate to study only those cases of jet
diffusion in which the environment is uncenfined, or limited in such a way
that the boundaries do not substantially affect that portion of the jet and en-
vircnment which are invelved in the study. In other words, boundaries of
the environment are at such distances from the orifice that velocities are
small along them relative to the velocity at the center of the jet, and that
the region cf experimental investigation is not affected by them. This
criterium has been applied to experiments which were conducted in this
study, so that only the case of diffusing jets in an unconfined environment
with distant boundaries was investigated.

For the purpose of this study, jet contours were shaped in such
a way that they allowed the envirenmental fluid to be entrained by the jet
from all sides. The application of this principle will become clear by the de-
scription of experimental facilities and by the selection of the experimental
fluid, as explained in details in the next chapter.

1.4 Jstablishing and established zones in jet diffusion..

When a jet leaves its orifice, the sudden change of boundary



conditicns forces the jet to expand. The contact bet-ween the jet fluid and the
environmental fluid retards the jet by a decrease in momentum of the jet
filaments because of the momentum transfer to the adjacent fluid. When
this deceleration reaches the bulk of fluid on the jet-axis, the maximum
velocity at the jet center begins to decreasc appreciably with the distance.
According to Albertson, Dai, Jensen and Rouse [ 27]* this initial portion

of the jet is called the zcne of flow establishment. It is actually a zone of
flow transition and adjustment created by a sudden change in boundary
conditions as it represents a jet core. Figure 1 serves as an illustration
for definitions. The time-average velocity distribution at the orifice section
A-B is nearly uniform, with the maximum velocity Vo’ except at the edges
of jet. This distribution depends on the length of the orifice nozzle and the
conditicns of flow in the approach to the orifice. The shorter the nozzle

and the more regular the flow in the approach tc the orifice, the more uniferm
is the velocity distribution at the orifice. The velocity distribution at the
cross section D-D in the zone of establishment is composed of two parts:

the jet core 12 with approximately a uniform velocity, Vo’ and jet sides
23 with:'velocities which decrease with an increase of lateral distance from
the jet~a.1xis. The maximum or center velocity, Vm, at the cross section
E-E is still very close to the orifice velocity, Vo’ From the point C, in
that cross section, the maximum velocity, Vm’ begins to decrease
appreciably with the relative distance X/BO. Experimeats made in the Iowa
Study [ 27] show that for both a circular jet and a two-dimensional jet, V.

decreases along the jet axis in such a way that the experimentally obtained

%*) As this reference will be mentioned several times, and as the study is
made at the University of Towa, it will be called here briefly "lowa
Study' [ 27].
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relationship of log (Vm/vo) versus log (X/BO) or versus log (X/Do),
with Bo the slot width and DO the diameter of circular jet, can be fitted,
for each of the twe, by a straight line, from Xo/Bo or Xo/Do to the right,
as shown in figure 1 by the line G-H. This line represents a hyperbolic
decrease of the ratio Vm/VO. The center velocity from X =0 to X = X0
is very nearly censtant as shown by the line F-G in figure 1 from
X/BO =0 to X/Bo = Xo/Bo' The value X is defined for the purposes
of this study as the value of X at the intersecticn of lines FG and GH,
which is the distance ¢f the point C from the orifice. It does not mean
that the central maximum velccity is exactly '\"’O at the point C. 1t is
slightly lower than Vo as experiments show [27], but this somewhat de-
creased velocity, Vm" is still close to Vo

The velocity at cross section EE is distributed approximately by
Gaussian law (normal distribution function), as shown for a typical cross
section at the point K. The zone to the right of cross section EE is
called, in Iowa Study [27], the zone of established flow. It is the zone in
which the jet expansion and velocity distributions are dependent cnly on the
velocity distribution at the cress secticn EE. In other words, the velocity
distribution at cross section EE is adjusted to the new Doundary condition
of jet, which is a contact of the jet with a fluid instead of a contact with the
fixed boundary cof the orifice nozzle. The cross section EE is called,
in this study, the characteristic jet cross section. The velocity distribution
at the characteristic cross section may be thought of as being created by
jets with various velocities Vo and also with various orifice widths Bo
in such a way that from that cross section Vm/vo begins to decrease

sharply.

The characteristic cross section may be thought of as the position
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in the jet diffusion at which the eddies created by the contact of jet fluid
with environmental fluid (which eddies travel both inward and outward by
the turbulent diffusion process) have penetrated to the central core of the
jet. The exact position where the first low momentum eddy arrives from
the contact of jet fluid and environmental fluid at the center line and starts
to decelerate the core is subject to the probability laws of turbulent
diffusion, because the probability that eddies, generated by contact of the
two fluids and of varicus momenta reach the jet core increases with the
distance. Therefcre, a definition of position Xo/Bo cannot be thought of
strictly as a fixed point. The definition of the characteristic cross section
as an intersection of the twe straight lines on graphs with log-log scales
is only a practical definition in describing limits of the two zones in the jet
diffusion by neglecting a third or a transitional zone which represents the
transitional curve between the lines FG and GH in figure 1.

The zone of established flow is characterized by the process of
diffusion which is similar in all cross sections. The jet diffusion causes
central velccities to become smaller and the jet cross sectional area over a
given range of velocities to become greater with an increase of the dimen-
sionless distance X/Bo' The limit of an expanding jet, theoretically for
very large values of X/Bo is represented by a very small velocity of a
very large cross sectional coverage. However, the limiting conditicn for
X/B0 being infinite has no practical meaning.

Two Japanese researchers, Sato [33] and Hom-ma [ 37], divide
the total range of change of log (Vm/VO) versus log (X/Do) in four zones.
The zones A and C coincide with the establishing zone and zone of
established flow of the lowa Study [27] . while the zcne B is the transition

between the two. The zone D, in their study, represents the region to the
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extreme right of figure 1 with a faster deceleration than that of the zone C.
By their estimate, this zone D is not reliable because of a limited number
of experimental points in the zone. Furthermore, the peints in this region
coincide with the approach of jet to the boundaries normal to the jet, and
some deceleration may be due also to this factor.

According to these two authors the zene limits for XO/D0 are:

Hom-ma Sato.
A Zone 0-4.8
B Zcne 4.8 - 8.2 4,55 - 12
C Zone 8.2 - 36.5 12 = 36
D Zone 36.5

This study of slot jets will be based on the concept of only two
zones, establishing and estazblished, neglecting the transitional zone. The
extreme right zone (D Zone) of fast deceleration will be regarded as un-
certain.

The point G or C of figure 1 is evidently a function of the
velocityl distribution at the orifice cross section. Assuming a uniform

|

velocity distribution at the orifice, the Towa Study [ 27] gives Xo/Do = 6.2
for the circular jets, gnd Xo/Bo = 5.2 for two-dimensional slot jets. As
a square jet of the same orifice cross sectional area is assumed in this
study as having approximately the same decelerating characteristics as the
circular jet then area BO’- = D * 7/4 which gives D_=1.128 B, so
that the constant Xo/Bo for the square jet becomes approximately 7.0.
Squire [ 30] finds this constant for circular jets to be Xo/Do = B, 5.

Polyakov [ 50] finds that the point G of figure 1 depends on a

form factor which describes the velocity distribution at the orifice.
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Rosler and Bankoff [ 56] expand this analysis further. They obtain the
constant Xo/Bo according to their studies and other studies [50] by using
a different equaticn for Vm/VO versus X/DO than Iowa Study [ 27]. Be~
cause the difference is small, the constant cited in reference [56] may be
compared with those in reference [ 27]. According to Rosler and Bankoff
this constant is 6.52 for air jets and 6.58 for water jets. Corrsin [ 14]
gives 5.3 and later [23] the value 6.55. Hinze [ 25] gives 6. 35, and
corrected by Resler and Bankoff this value becomes 5.9. Polyakov's [50]
value is 6.54, and Tayler's [ 34] 6.56. The above values, therefore, are
in the range from 5.3 or better from 5.9 to 6. 58.

Baines [ discussion, reference 27] shows that the position of
Xo/Do is dependent on twe other factors: Reynolds number, Re’ and the
method of producing fivid circulation through the orifice. According to his
analysis of bot-h his data [21, 17] and data of other authors [ 14, 19 and
some others]. the values of Xo/Do for the case of blower type air cir-

culaticn range from 5.0 for R.= 104 to 7.0 for Re = 7x 104, and for

an air-line assembly from 5.0 for Re'—: 104 to 6.5 for Re = 105. He
has shown that the blower type air supply has abcut twice the turbulence
level of an air-line assembly, because the blower blades create additional
turbulence and vorticity which persist beyond the orifice in the jet itself.
He describes in detail [ 27] the two cases cf Vm/VO versus X/Do for
two R.: R_=2.1x10% with X /D =5.75 and R_= 7 x 10° with
g e o’ o e
X /D = 6.85.
o o

The above differences in the values Xo/Do or Xo/Bo depend,

therefore, on the accuracy of velocity measurements, on the definition

of the constant itself, on differences in Reynolds numbers used in experi-

ments, and on varicus assemblies for air or water supply. For the
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the
purposes of comparison in this study, the appreach of/iowa Study [ 27] will

be used, and the constants will be 5.2, 6.2 and 7.0 for two-dimensional
slot jet of infinite length, circular jet and square jet, respectively; however,
these constants will be considered as approximations only.

1.5 Hypctheses underiying the thecry of jet diffusion.

Analytical expressions developed theoretically for the flow
patiern of diffusing free submerged jets are based on the following assump-
tions [ 27]: (1) Pressure inside the system of jet liquid and environmental
liquid is hydrestatically distributed vertically throughout “he flow region.

In an envircnment ¢f a very light fluid, like the atmosphere, the pressure
ingside the air jet and arcund it may be considered as constant; (2) The
process of jet expansicn and deceleration in turbulent flow is dynamically
gimilar; and (3) The time-average velocity components parallel te the jet-
axis within the jet expinsicon region vary approximately according to the
Gaussian probhabiiity density function at a cross section perpendicular to
the jet-axis in the region of established flow,

The first assumpiicon of pressure being hydrostatically distributed
vertically for liguids or constant inside the moving fluid for gases is shown
to be valid [ 27 and discussions] for unconfined environments and is an
approximation for corfined regions. The retarding jet is usually associated
in confined regions with a conversion of a part of kinzstic energy into poten-
tial energy (pressure). and this phenomenon is not likely to support strictly
the hypothesis cof hydrostatically distributed pressures for liquids or con-
stant pressures for gases in confined envircnments.

The second assumption of dynamically similar processes implies
that the ratic of main forces acting on the moving fluid does not change with

the change of jet dimensions for @ given jet orifice type or jet velocity at
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the orifice, as long as the flew is either laminar or turbulent throughout

the region of investigation. This also implies that the similitude is ob-
tained regardless cf the selection of fluid as long as the fluids, such as air
and water, are of moderately low viscosity. However, because the flow
regime at distant regions of envircnment is laminar while the main region
of jet expansion and diffusicn ig in a turbulent regime, this assumption of
dynamically similar processes must be restricted to the regions of the same
flow regime.

The third assumpticn of time-average velocity being distributed
by Gaussian law in a crcss section is still scmewhat controversial., The
velocity distribution in a cress section taken perpendicular to the jet-axis
depends on the type of jet orifice. The cross section plane for the study
of velocity distribution is usually taken perpendicular to the jet-axis with
the velocity distributions in that plane inciuding the peint cn the jet-axis;
however, many of the traverses in that pizne for which the velocity dis-
tribution is investigated in this study do not include the point on the jet-
axis. The experimental evidence in several experimentations [1, 2, 11,
13, 16, : 17. 19, 27, 55, and others] and in experiments made for this
study sh!ows that for the jet area sufficiently distant from the orifice, the
hypothesis of Gaussian or normasl distribution for time-average velocities
along a traverse is acceptable from the practical point of view., The
accuracy in determination of time-average velocity is usually such (thé
accuracy being a function of the time-average velocity measuring device,
the precision in locating the point of measurement, and variation in
Reynolds numbers) that differences between a fitted normal function to
the determined time-average velocities and the hypethetical true distribu-

tion can hardly be discriminated, at least in the region of large velocities.
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It is clear from the physical aspects of jet diffusion that the velocity at the
tails of its distributicn becomes zero at finite distances from the jet-axis,
while the normal distributicn implies velocities being zero only at infinity
[11]. The fit of a normal function to measured velocities shows that the
main departure is at the very tails, especially for cross sections not far
frem the characteristic cross section (EE in figure 1). Several authors

[ 27. discussion] have shown that this hypothesis of Gaussian veleocity dis-
tributions is not necessary in the derivation of equations for diffusion of
the submerged jets. Hcwever, this hypcthesis will be used in this study
simply to cempute parameters of the velocity distributions based on the fit
of a normal function tc experimental data.

The principle used in the thecretical development of the time-
average velocity distribution of diffusing jets, is that of constancy of flow
momentum. The flow mementum in creszg sections normal to the jet-axis
does not change from cne cross section to the next. In other words, the
momentum flux Is constani for all normal sections of a given flow pattern.
This is valid only fzr uncenfined environments, for which there are no
external' fcrces avaiisble to chiange the momentum flux.

Several hypotheses fcr the jet diffusion prcocess such as the
mixing length concept [1, 2, 4, 11, 13], vorticity transport concept and
constant eddy viscosily across any croess secticn of the diffusing zones
[6, 7, 8, 9, 12] and other hypotheses [ 18] have been used in the past to
develeop theoretically the velocity distributicn pattern in a free submerged
and diffusing jet. The comparison of theoretical and experimental velocity
distributions has always shown a gap which has caused questioning of the
validity of =ssumptions underlying the thecretical equations. However, the

detailed and careful measurements by several authors [ 14, 20, 54, 55]
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have produced results which have led to better theoretical derivations, and
thus to a better bridge between analytical and experimental results.

It is not known to the author of this study, at the present time,
whether the probability appfoach in the form of random walk has ever been
attempted in theoretically deriving the time-average velocity distributions
in diffusing free submerged jets. It has been applied to velocity distributions
in pipes and channels with relatively good succesg.

The jet at the orifice cross section suddenly changes boundary
conditions in such a way that the 'absorbing barrier' of the duct or the
pipe walls, through which the jet enters the environment, disappears. The
transitional probabilities of fluid passing laterally from one space element
(ax, Ay, az) to the adjacent ones are not zero as in the case for those ele-
ments which are beycnd the absorbing barriers. It is expected that the
random walk hypothesis of jet diffusion, with transiticnal probabilities
adequately defined or determined, would show a surprising similarity
with the time-average velocity distributions obtained by accurate experi-
ments. As the use of the digital computer is haady, the integration of
random walk equations poses no difficult problem.

1.6 Decrease of maximum jet velocity with distance.

This report is primarily oriented to solving practical problems
of slot jet distributions for slot orifices with finite lerngth-width ratios.
Therefore, it seems appropriate to start with the information available
in the literature for circular jets and two-dimensional slot jets.

The results of these jet investigations usually have been re-
presented as relationships of dimensionless ratios. One such ratio is the
Vm/VO, where Vm and VO are as defined in figure 1. Another ratio

is X/DO or X/Bo’ the relative distance from the orifice in terms of the
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characteristic orifice dimension. The literature gives both relationships,

either as,
o
\7—’ = f1 (T))
m

or as AV
m

where n = X/D

or n = X/B

The first form gives '\/'O/Vm as geing to infinity with an increase of n
while the second form gives Vm/VO as ccnveying to zero with an increase
of n. As the velocity distribution in jet diffusion is primarily concerned
with the velocity decrease with distance, the second form of representa-
tion appears more convenient for practical purpeses; therefore, it is used
in this study.

The fowa Study [27] clearly revealed that one expression is
valid for the decrease of the maximum velocity along the jet-axis for the
two-dimensional (infinite length) slot jet, and another expression is valid
for the circular jet. The relative maximum velocity Vrr_/vo decreases -

along the jet-axis of the two-dimensional slot jet [ 27, equation (39)] as

Vv
m X
v \/ Bo = 2,28 (1)

O

while Vm/VO for a circular jet [27, equation (47)] decreases as

‘VT
V

m X
D

it
D
N
—
o
~

(6] (€]
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these :
A log-log plot of/two equations is represented in figure 2 as two straight

lines. This comparison shows that the "carry of fluid" in circular jets
is less efficient than in the case of a two-dimensional slot jet, if the dia-
meter of a circular jet is equal to the slot width of the two-dimensional
slot jet. As an example, for X/B_ = X/DO = 100, the ratios Vm/VO
are 0.228 and 0.062 for the two-dimensional slot jet ard the circular
jet, respectively. This essential difference between the two types of jet
makes them different in their application. However, if DO and BO are
equal, much more fluid will pass through the orifice for two-dimensional
jets than for circular jets. Assuming that the orifice flow rate and efflux
velocity are equal for both types of jets, the circular jet presentis quite
a different picture for jet penetration, as it is shown later in this text.
Assuming that a square slot has the same area as the circular
jet, or DO = 1,128 Bo’ it is expected that for a sufficient distance X
from the orifice the two jets will have very similar velocity distribu-
tions. Equation (2) in the case of square jets becomes
Vm % - 7.0 (3)

VO O

The question now arises, wﬁat will be the relationship
Vm/Vo = f (X/BO) as the ratio Lo/Bo of slot orifice changes from 1
to infinity by keeping the area A = LO BO constant. For a very large
ratio Lo/ Bo’ the slot jet approximates, at least in its central cross
section through the jet-axis and perpendicular to the long side of the
orifice, the two-dimensional jet with V_/V = f (X/ Bo) given by
equation (1). An equation of hyperbolic type for diffusing slot jets is

needed for practical purposes, which contains the ratio LO/Bo as a
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v,

parameter. The main objective of experiments conducted for this study
was a search for that expression which contains the ratio LO/BO for
slot jets of finite dimensions Lo and B

A slot jet having finite values L0 and Bo’ or a relatively
small ratio Lo/Bo’ has an establishing zone which is affected on two
sides by boundary effects, as it is shown in figure 3. The maximum
velocity along the jet-axis, which is VO, is not much affected by jet
expansion in the triangle CDE in the horizontal plane, and the effects
of sides T2 and 34 are not felt significantly in the triangle FGH in
the vertical plane. The velocity ratio Vm/VO stays close tc unity aleng
the jet-axis for the distance AE. From E to H the relationship
V'm/VO = f(X/ Bo) should be approximately the same as for a two-dimen-
sional slot jet cf infinite length. as described by equations (1) and (3).

The distance of the point H from the efflux orifice is approximately

L X L X
O O - O O (4)
BO BO BOZ

Effects of the sides 12 and 34 on the relaticnship Vol ¥ =1 (X/Bo)
are expected to depend thus on the ratio LO/BO.

1.7 A summary frem literature of flow pattern equations for cir-

cular jets and two-dimensional infinite slot jets.

The dimensionless ratios V/Vo’ Q/Q., M/M_, E/E
and o/X describe the flow patterns at different positions in the diffusing
jets. The values V, Q, M, E, and o refer to velocity, flow rate,
momentum, energy and standard deviation of the velocity distribution
at different cross sections perpendicular to the jet-axis, respectively,

while Vo’ QO, Mo" and EO refer to the same magnitudes at the
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orifice of jet efflux. The velccity V is the velocity componeunt in the
direction of jet-axis at any pcint in the diffusing jet field. Of special im-
pertance is the maximum velocity Vm along the jet-axis, because its
ratio Vm/vo which decreases with distance is usually taken as a
measure of the deceleration of the jet.
The coordinate axis X will be assumed always in the direction
of jet-axis, the Y axis ncrmal to X and te long side of the slot, and
Z axis along the long axis of the slot, normal to X axis. The origin is
at the center of the orifice (see figure 3). |
For the two-dimensicnal slot jets, in the zone of established
flow, the Iowa Study [ 27] gives the normal distribution of velocity VX

as

Vv S 2
log,, _Ji_\/__%_ - 0.36 - 1.84 ;a (5)
(o}

This equation becomes equaticn (1) for Vx = Vm‘ and Y = 0.

The volume flux ratio Q/QO is given as

Q. : X
g - oe \[B (6)

O

The momentum ratio is unity, or

B
= 1.86 \/ <2 (8)

The ratios Q/QO, M/Mo’ and E/EO are graphed in figure 4 for the
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two-dimensional jet.
For the circular jet, in the zone of established flow, the above

equations (equations 5-8) are:

\Y 2

logygp X X - 0.79-33 I (9)
Vo Py .

where r is radial distarnce from the jet-axis, which replaces Y in
equation (5). For r = 0, equation (9) becomes equation (2). For the

circular jets

Q X
= = 0,32 - (10)
Qo Do
M
WM C ! (1)
o
and
E . O
—E—o = 4.1 X (12)

The ratios Q/QO, M/M . and E/EO as functions of X/DO for the
circular jet are given in figure 5.

The dimensional analysis [27] shows that ratios Vm/Vo’
Q/QO, M/Mo’ and E/EO may be expressed as various functions of
X/BO for two-dimensional jets, and of X/Do for circular jets. For
slot jets of various .LO/BO ratios, the above equations should include
this second dimensicnless ratio. The velocity ratio, V/VO, includes
also the ratios Y/X and Z/X for slot jets, and r/X for circular jets,
and they determine the position of points to which the ratio V/VO refers.

According tc the Iowa Study [ 27] the ratio of the standard

deviation, o, of the velocity distribution in a cross section to the distance
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from orifice is a constant for the two-dimensional jet and for the circular

jet, or

- = C (13)

in order to satisfy the condition c¢f dynamic similarity, and has a value
of C = 0.109 for the two-dimensicnal jet, and C = 0.081 for the
round jet. However, according to S. Corrsin [27, discussion]

the assumption of dynamic similarity alone, by the authors of the Iowa
Study, dces not give the linear spread of a jet, and ¢/X = constant
cannot simply be assumed. The authors cof the Iowa Study in their closing
of discussion revised the statement by asserting that 'the constancy of
the momentum flux together with the similarity of the velocity profiles
at successive sections will be found to require that ¢/X = C. That is,
the jet will spread at a linear rate defined by the constant C.'" This
problem, whether the two-dimensional or circular jets expand linearly,
is still to be finally decided by more accurate experiments.

1.8 Jets of miscible but different jet and environmental fluids.

The jet fluid and the environmental fluid very oZten have a
small difference in properties and are miscible. Usually, the gravita-
tional forces appear in that case which affect jet patterns. This study
is concerned neither with this case, nor with the case in which a jet
enters a moving stream instead of an environment with the fluid at rest.
However, some references for those cases are given at the end of this
text [15, 24, 26, 45, 46, 47, 48, 49, 52, 53].

1.9 Applications.

The theory of diffusing jets is applied to many engineering

problems. Among the most important are those applications which
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utilize one or another of the jet properties, such as the capacity of the

jet for energy dissipation: rapid mixing of fluids; replacement of molecular
convective diffusion by a turbulent diffusion; stirring of fluids which are
inaccessible for mechanical stirring; entrainment of large masses of. a
fluid in a given direction; recuperation of kinetic energy of jets entering

a ducted flow; and similar applications.

Often there are advantages, structural or otherwise, for using
slot jets of various length-width ratios instead of the circular or, two-
dimensional jets. From these practical aspects, the study of slot jets
with slots of finite length-width ratios is considered attractive and useful.‘
Therefore, the stress in this study is on those characteristics of slot

jets which are necessary for engineering applications.
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CHAPTER 1I

2, EXPERIMENTAL FACILITIES AND EXPERIMENTS

2.1 Selection of experimental fluid.

Both water and air were considered for use as the experimental
fluid for this study. Three alternative facilities were studied for water
as the experimental fluid: (a) The Indoor Hydraulics Laboratory, using
sumps below the laboratory floor as the environment for investigation of
free submerged water jets; (b) Outdoor Facilities, nzmely the new pump-
ing station in the Outdoor Hydraulics and Hydrologic Laboratory, and .the
use of College Lake as the environment for investigaticn of free submer-
ged water jets; and (c) Horsetooth Reservoir which is near the Hydraulics
Laboratory, as the environment, with the improvisation of a pumping
facility on a raft or boat. After a detailed study, the conclusion was
made that all three alternatives with water as the experimental fluid
would result in a more expensive, and a more time consuming approach
than the use of air as the experimental fluid. Stratification of water
according to water temperature both in the lake and in the reservoir was
another adverse factor in this analysis. Since the sumps in the Indoor
Hydraulics Laboratory are limited in content, they would represent a
confined region rather than a practically unconfined environment.

The availability of a 50 h. p. centrifugal air blower and the
large space inside the Indoor Hydraulics Labceratory, as well as the ease
with which the experiments could be perfermed, were the main factors
in deciding to use air as the experimental fluid for the investigation of
diffusion of free submerged slot jets of various length-width ratios.

The similitude of fluid mechanics phenomena between air and
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water in highly turbulent flow has been long establisted. This is especial-
ly valid for the same range of Reynolds numbers of beth fluids.  As the air
velocities used in this investigation were very large at the orifice (be-
tween 180 and 520 f.p. s.), the Reynolds numbers were relatively large,

so that the similitude of the diffusicon processes for the air and the water
in this range of Reynolds numbers was assured.

The experiments conducted in the Hydraulic Institute of the
University of the Iowa Study [ 27], by using air as the experimental
fluid, and the experiments conducted in Japan [ 33, 39] and Nerthwestern
University, Evanston, Illinois [ 56] by using both water and air as ex-
perimental fluids do not show a substantial difference in re=ults between
the use of water and cof air in these investigations. Much of these
differences may be attributed tc variations in Reynclds numbers of the
experimental runs, to errors in the measuring instruments, and to
experimental techniques rather than to the use of different fluids.

The effect of Reynolds numbers on the diffusicn process in a
fully developed turbulent flow is still a somewhat unclear subject as was
noted above. Measuring techniques are still not perfected tc such a de-
gree as !to determine uniquely how the change of Reynolds number
affects the diffusion process, and the above equations for the change of
V/V'O, Q’/Qo’ and E/EO with the distance X/’BO or X,-/DO.

After a detailed analysis of all aspects cf using water zmd/of
air as the experimental fluid, the decision was made {¢c use a1 a« the
fluid in the investigation,

2.2 Experimental facilities.

Experimental facilities were installed in the Indoor Hydraulics

Laboratory at the Enginecring Research Center cof Colorado State Univer-



sity, Fort Collins, Celicrado. They consisted of a 50 h. p. centrifugal
air blower, two scaffelds, carriage equipment for moving and pesitioning
the Pitot tube, and measuring and recerding apparatus. Figure 6 shows
these facilities in a top view, figure 7 shows a Ncrth-Scuth cress sec-
tional view, and figure 8 shows an East-West cross sectional view; all
these figures are schematic representation, but the ma:n features o%

the facilities are represented.

The air suppiied by the blower was conducted through a transi-
tion from the civcular blower cutlet of 14" diameter to the square en-
trance of an elbow with 14" sides, and then through the elbow to the
orifice nozzle. This elbew transition is show in figure 9, The square
cross section and 90 degree elbow with four turn:ng vanes was used to
guide the air stream in such a way that the velccity prbfﬂo of the air
at the apprceach to the orifice nozzle was as symmetrical as practicaily
feasible, and directied vertically upwards. The top ¢f the elbow, where
the guiding vines end, continues as 2 stra:ght vertical box 12" long,
with a square cross section 14" by 14", as shown in figures 6 and 9.
This box was ciosed from above by a top cover with the nezzle mounted
in its center, as it is shown in figure 10. In this way. the air jet was
directed vertically upwards. A typical nozzle crcss sectien is shown
in figure 11. This arrangement enabled the air flow to be changed in
direction from the horizontal inlet to the vertical outlet, and te be
concentrated symmetr:cally through the nczzles of small cross section

Flow rates were governed by regulating the inlet area of the
blower. The completely open area gave the maximum flow rate. A
board with holes in 1t. covering the inlet, enabled the regulation of fiow

rate by opening a given number of holes 1n the board.
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The high speed centrifugal blower hcz‘:ted’the air from an
ambient temperature of 80-88 degreces to 150-170 degrees, A cooling
system was necessary to substantially decrease the temperature differ-
ence between the air cf the jet and the envircenmental® air. In order to

the

ccol the air jet,/lower part of the blower was set in a "water bath",
which consisted of a woeden box with cold water circulating through it.
This cooling device lowered the air jet temperature substantially, but
not sufficiently. The spray of water on the upper part of the blower
further decreased the air jet temperature to about 15 degrees above the
ambient temperature. This temperature difference, however,. rezulted
in a bucyancy force directed upwards aleng the jet. This force is,
therefore, a source cof errcr in measuring the velocity distribution at
varicus elevaticns above the nozzle orifice. However, two factors make
this error small: first. the jet cutlet velocities were very large (180-
520 1, p.s.) so that the velccities caused by the bucyancy ferce are
relatively small in comparison with the jet velocities at least for a couple
of feet above the nozzle orifice; and second, the mixing of the jet air and
the env::i.ronmrsntal air progresses fast along the jet-axie, so that the

|
buoyancy force decreases rapidly with the distance fron: the jet orifice
until at approximately two feet the air temperature was nearly the same
as the ambient temperature.

Ten rectangular nozzles with varying length-width ratios were
used. Five had an area of 1.844 square inches with length-width
ratics of 1.00, 4.93, 13.5, 30.7, and 54.2. The other five had an
area of 1.000 square inches and length-width ratios ef 1.00, 4.00,

16.00, 45.8 and 94.0. One round nczzle was alsc used for comparison

with the square nczzles: Its diameter was 1,125 inches. The nezzles
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were constructed from 3/4 inch plywoed as shown in figure 11 and were
coated on the inside with fiberglass to make a smooth surface.

Scaffolding was used to fasten the Pitct tube carriage vertical-
ly, and to provide a means for perscnnel tc work above the nozzle. The
carriage assembly was constructed in such a manner as to allow the Pitot
tube tc be moved in all three directions: vertically by moving the position
of the main carriage, horizontally in a North-South direction, by moving
the carriage of the Pitot tube rider; and, horizontally, in an East-West
direction, by moving the Pitot tube rider along the carriage for an exact
position of the Pitot tube.

The doors of the Hydraulics Laboratery were elways closed
during the experiments, which usually tock place outside the regular
working hours. This arrangement was necessary for two reasons: to
enable the decors to be clesed during the experiments and to avoid any
major change in envircnmental air temperature because of the outside
daily temperature fluctuations, and to assure a convenient electric
energy supply with a minimum local interference in the frequency of
the electric power supply.

Regardless of the precautions taken for avoiding air currents
by closing the doors, there were seme low speed air currents inside the
laboratory during the experiments. These currents and the difficulty
of fixing the nozzles with their X axis exactly vertical, as well as the
effects of blowcer blades made the jet expansion such that the point of
maximum velocity secmetimes deviated slightly from the vertical line
through the nozzle center. However, these deviaticns were relatively
small, as it will be shown later in the discussion of data analysis.

The measuring devices censisted of the following equipment:
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(a) A hypodermic needle stagnation tube, and a 0.120 O. D. stainless
steel Pitot tube; (b) A 1.0 psid Statham transducer for measuring the
velocity pressure; and (c¢) An x-y plotter (recorder), for recording
the voltage of the pressure transducer output as function of the linear
East-West distance along which the velocity distribution was measured;
and (d) A water manometer fcr the measurement of large pressures,
especially for high velocities at the orifice. Pressure lines from the
Pitot tube were run along the carriage to the scaffold, then down to the
floor where they were connected to the transducer.

2.3 Measuring techniques.

Prefiles of velccity pressure aleng a line at the nozzle outlet,
from which the efflux velccities and flow rates were figured, were cb-
tained by use of the hypodermic necdle stagnation tube, connected directly
to the water manometer.

Above the nczzle efflux section, profiles of velocity pressures
along a line were taken in an East-West direction, with the East-West
position and velocity pressure at each peint being recorced on the x-y
recorder. The North-Scuth position and elevation were recorded manual-
ly.

As the velocities must be sampled in space and in time because
of turbulent fluctuations, the proper procedure would have been to select
points and directions at which the time-average velocities would be
determined. For each of these points and directions a time series of
velecity pressure should have been recorded for a sufficiently long time
to decrease the sampling error in determining the time-average velocity
to a small tolerable magnitude. The time series of Pitol tube velocity

pressure then should have been transformed to velocity time series by
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using the velocity-pressure relationship frem the Pitot tabe calibration
and fer the proper density of the fluid at the time ¢f measurement.

180, corrections should have been made for turbulent velecity fluctua-
ticns sc that the time-average velceity would have been obtained,
rather than the momentum flux average velccity. From the velocity
time series the time-average velocity would have been determined. All
these average velccities for a cross section at the pceints of measure-
ment and in the given direction would have determined the velccity dis-
tributions either along a line cr cver a plane, usually of the velccities
perpendicular to that line or that plane. However, this moest ideal
measuring technique would have necessitated the spendirg of an enormous
amount of time fcr data coliecticon and also weould have required an ela-
berated procedure of data processing. This procedure, therefore, was
used only in measuring the velccity profile at the efflux sect:on ¢f the
iet orifice.

The folilowing measuring technique was applied te the cross
sections (planes) perpendicular te the jet-axis and at a distance X
from the orifice, Traverses for several different values of Z were
made of the relaticnship. velocity pressure versus the length in the
cross section plane. By slowly moving the Pitot tube rider, the
velocity prezsure profiles aleng the zelected lines in the cross section
plane were recorded. Figure 12 shows such a recorded prefile. Since
the veltage cufput was linearly related to the Pitct tube pressure, the
simple linear transformation of the scale of profile ordinates gave the
velocity pressure profile. The velocity pressure thus fluctuated arcund
an average central smooth line which represents the time-average

velocity pressure along the traverse line, As figure 12 shows the
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instantaneous velocity pressure is recorded along a traverse line. The
neighboring points give different instantanecus pressures, so that an
averaging process of this fluctuating velocitly pressure produces the
approximate distribution of the time-average velocity pressure.

2.4 Experimental procedures and data collection.

Two sets of runs were conducted, a set of runs consisting of

experiments with nozzles of the same cross sectional area. These two
"sets refer to areas of 1.844 square inches and 1.000 square inches
respectively. For each set five different length-width ratios LO/BO
were used, or altogether ten different slcts. The eleventh nozzle was
the circular one with the area 1.000 square inch.

Three different flow rates were used for each nozzle. They
were governed by regulating the area of the blower inlet, and had values
of approximately 2.2, 4.2, and 6.5 c.f.s. for nozzles of 1.844
square inch area, and 1.3, 2.3 and 3.7 c.f.s. for the 1.000 square
inch area nozzles. The reason for changing the set of flew rates with
area was the result of an attempt to keep the nozzle orifice velocities
V0 for the various discharges the same in both sets of nczzles.
Approximate values of VO for the three flow rates were 180, 330,
and 520 f.p.s. for all eleven nozzles. Flow rates were computed by
graphical integration from the velocity pressure profiles taken at the
nozzle outlet.

The data taking procedure for each nozzle was as follows:
'The blower was started and the air temperature at the nozzle exit
measured. When the jet air at the efflux reached approximately a
temperature of abcut 98°F, it was held censtant by use of the external

water bath and water spray over the blower. Wet bulb and dry bulb



temperatures of the ambient air were taken at the beginning and end of
each run and averaged. Barcmeter readings were taken from a con-
tinuous recorder. The ambient temperature was vsually arcund 85°F,

After the nczzle temperature had stabilized, velocity pressure
prefiles were taken with the hypodermic stagnation tube at the nozzle
outlet and the velocity pressure on the jet-axis was taken with the same
stagnation tube a elevations of 1.00 and 1.50 feet above the nozzle.
The flow rate was then changed and the same procedure followed for the
other two flow rates. Flow rates were set by measuring the velocity
pressure at the nozzle cutlet on the central jet-axis.

Velocity pressure profiles above the jet were taken at eleva-
tions ranging from 1.4 feet to 14.4 feet, with approximately 5 equal
logarithmic intervals starting at the lower elevation. At each elevation,
except at 14 feet, five velccity pressure line profiles were taken in
the East-West directicn: one on the East-West plane of symmetry and
two on either side of that plane. One to three profiles were taken at the
14 foot elevation depending con the discharge, becsause velocities at this
elevation were quite small. A velocity pressure measurement for each
run wa.&li also taken on the axis of symmetry at an elevaticn of 21,75 feet.

The method of recording each velocity pressure profile was tc
start the Pitot tube measurements outside the measurable flow region
at a fixed North-South position and draw the Pitot tube ecress the flow
in an East-West direction at a rate of about one te two feet per minute
(recerding the velecity pressure and East-West lecation on the x-y re-
corder), until it had reached the opposite side of the flow region. After
recording the profiles for one flow rate at any elevaticn, the flow rate

was changed and the profiles for the next flow rate were recorded.
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When profiles for all three flow rates had been taken, the carriage was
moved to the next elevation and the procedure was rzpeated.

2.5 Data processing.

The digital computer was used in crder tc minimize the time
for data processing. The graph of velocity pressure versus the distance
was smoothed by drawing an average line through the fluctuating values,
as it is shown in figure 12, Values of vcltage from this everage line
were taken at equal horizontal distances and tabulated. This data was
then punched onto data cards, and all computations were carried out by
a digital computer.

2.6 Error sources in the data,

There were several factors involved in the experimental
equipment and in the data taking technique which could have introduced
errors into the observed data. These factors are mentioned below for
the benefit of the reader in his evaluation of the reliability of the con-
clusions derived. No attempt has been made to analyse the exact effect
of these factors; however, it is felt that the total effect of these factors
introduced no more than a couple percent of the errors in the computed
velocities.

2.61 Turbulence gencrated by the blower. Because the

blower was of centrifugal type, the air exiting from the blower necessarily
was highly turbulent. The only resemblance of an attempt to straighten
the flow was the use of turning vanes in the elbow. Above the vanes was

a stilling chamber 14" x 14" and 12" long. The velocities in the elbow
section, however, were approximately 1 to 3 f.p.s., which allowed

a short period for the air coming from the blower to develop into a

uniform flow. The actual condition of turbulence along the path approach-
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ing the nozzle and in the nozzle was not investigated.

2,62 Length of nozzles. It is felt that the nozzle lengths

(parallel to the flow) used in these experiments were too long. The
length of the nozzle permitted a boundary layer tc develop. Its effect
was noticed by the slight curvature cof the velocity profile near the edges
of the orifice. In order to direct the jet vertically with the slightest
possikle deviation from the thecretical axis, it was found that a nozzle
of some length was necessary.

2.63 Temperature difference between the jet at the efflux

section and the atmosphere. The temperature difference between the

flow leaving the orifice and that of the ambient fluid was usually about
15°F. This temperature difference resulted in a buoyancy force
directed upwards aleong the jet-axis. As was staed earlier in this text,
the jet outlet velocities were large (180-520 f. p. s.) so that the velocity
caused by the buoyant force was very small in comparison with the jet
velocities, and the mixing of the hotter jet air and the environmental
air progressed fast encugh along the jet axis sc that at an elevation of
1.5 feet there was less than 1°F difference in temperature between
the jet fluid and the ambient fluid.

2.64  Shifting of jet-axis. Regardless of the precautions

taken to avoid introduction of external air currents in the laboratory
(closing laboratory doors and turning off all heaters in the laboratory),
there were some low speed horizontal air currents obszsrved in the
laboratory during the experiment. These currents plus the difficulty
of fixing the nozzles with their X axis exactly vertical, made the jet
expansion such that the point of maximum velccity in the cross sections

sometimes deviated slightly from the vertical line through the nozzle



center. However, these deviations were relatively small and in the
order of about 2 cr 3 inches from the vertical axis at an elevation of
15 feet above the nozzle.

2.65 Data taken at elevation of 21,75 feet. The data taken

at this elevation consisted only of a measurement of maximum velocity.
It was found that these velocities did not fit the general trend of the
other data; they were usually somewhat lower than the general trend of
data would indicate that they should be. Since there was not sufficient
data tzken in this region to substantiate a definite change in behavior of
the jet and since this point was quite near the ceiling, this data was dis-
carded. It is thought that the cause of the lower velccity may have been
the effect of the ceiling boundary which was quite clecse to this point of
measurement (see figure 7). For the free submerged jet it is assumed
that the fixed boundaries are at such distances that they do not affect
the flow patterns; this condition was not satisfied at the elevation of

21, 75 feet.

2,66 Measurement cof velocity pressure. The errors in

velocity measurement resulted from several causes. First, as
mentioned previously under 2.3 ''Measuring Techniques'', the profiles
of instantanecus velccity pressure were taken along the traverses at

the cross sections rather than using the time series technique as ob-
served at each point. Second, the instantaneous velocity pressures
were measured by voltage cutput from a pressure transducer. Because
the Pitot tube was connected to the pressure transducer by plastic tubes,
some attenuation of pressure extremes was produced both by the
connecting plastic tubes and by the inertia of transducer diaphragm,

This in turn decreased scmewhat the standard deviation of the
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instantaneous velocity pressure around the mean velocity pressure as
compared with the true standard deviation at the peint. As the time-

average velocity is a function of the square root of pressure, \/p, the

square roct of average pressure f is usually greater than the
average value of square root of pressure, \,7';—— Thus. the Pitot tube
gives somewhat greater velocities when the average pressure is used
than when time fluctuaiting velocity pressure at a point is converted to
the velocity and then velocity time series averaged. The greater the
standard deviation of velocities zrcund the average velocity. the
larger is thiz overestimate ¢f time-average veliccities. Therefore, the
attenuation of extreme velccity pressures by measuring technique used
and the use of time-averaging ¢f Pitet pressure in cecmputing the time-
average velocity both work in the same direction of overestimating the
velccities,

The next error comes from the drawing of an average
velocity pressure line on the pressure fluctuating aleng a traverse, as
shown in figure 12, The correct procedure for finding the average point
velocities from the fluctuating curve of velccity pressure aleng a tra-
verse wguld have been to smooth the curve by an averaging procedure,
or to draw the upper and lecwer envelopes of the curve, compute the
velocities and then take the average as a better approximation than
drawing the aver.:ge curve as was done in figure 12. However. a check
of the errcor involved between the procedure used and the ideal pro-
cedure for finding velocities amounted to about 0.1 to 0.7 percent.

2,67 Effect of Reynolds Number. Since no aftempt was

made to account for Reynolds number in analyzing the data (or

assuming that Reynolds number has a small effect cn the jet diffusion
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for highly turbulent flcws), scme small errcors are inherent because

of the effect of Reynolds number on the diffusion process,
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3. ANALYSIS OF EXPERIMENTAL RESULTS

3.1 Values computed from processed data.

The procedure for processing the raw data in order to obtain
the computed values is as follows. The time-average voltage readings
corresponding to the velocity pressures, as represented in figure 12 for
several traverses, were punched on computer data cards as discrete
values for given Y-values. The Y-values were measured from the tra-
verse center; this center being defined as the point on the traverse
straight line, which is the intersection of this line and the X-Z plane as
represented in figure 3. The jet air density, for each run, which had
been calculated from the measured air temperatures and humidity, was
also punched on computer cards. Then the time-average voltages were
converted to the velocity pressures and these in turn were converted to
the time-average velocities by a digital computer. From these velocities
the following magnitudes were computed:

(a) Mean, Y, of the velocity distribution along the traverse
in relation to the traverse center;

(b) Standard deviation, o, of the velecity distribution about
the value Y 5

(c) Maximum velocity, Vm’ which would be at the Y if the
velocity distribution was normally distributed with the above computed
standard deviation, o;

(d) Volume flux per one foot of width Z, normal to the
traverse;

(e) Momentum flux per one foot of width Z, normal to the
traverse; and,

(f) Energy flux per one foot of width Z, normal to the

traverse.
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These computed parameters and magnitudes were used in the
derivation of other values and of the main relationships to be shoWn later.
For the maximum time-average velocity along the jet-axis, there were
two values available: (a) The maximum measured value on the velocity
distribution curve (the velocity corresponding to the maximum voltage
or velocity pressure on the curve of voltage or velocity pressure dis-
tribution, as shown by dashed lines in figure 12); and, (b) The maximum
velocity at Y, computed by the above described procedure. As these
two cases will be pursued further in the text as two parallel analyses,
whose results will be averaged, they will be called briefly: Vm
directly determined, and Vm computed, respectively. The purpose for
the use of the computed value Vm is a comparison with the value direct-
ly determined which is considered as having a larger subjective error.
This error is produced by the method of drawing the timme-average
velocily pressure, as shown in figure 12, for which it is difficult to
avoid some subjectivity, while the computed value Vm has reduced this
subjective error to a minimum. However, this computed velocity is
subjected to another type of error which is due to the fitting of a nor-
mal function to the time-average velocity distributions.

3.2 Comparison of maximal time-average velocities along the

jet-axis from this study with previous studies, for the circular and the

square orifice jets.

Figure 13 is a comparison of experimental results for cir-
cular jets between those of the Towa Study, line (1), and those obtained
in this study, line (2) as fitted to the points designated by symbols 1, 2,
and 3. The line (2) coincides with the line (1). Except for the two

points at the highest flow rate with Vo = 522 f.p.s. for
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X/Do = 10.7 and X/Do = 16, all other points, with Vm determined
directly, fluctuate well arocund the line (1) given by the Iowa Study, wi h
Vm/Vo = 6.2 Do/X‘ These two points with a large deviation from the
line may be the result either of a large Reynclds number, Re= 2.12 x 105
(this number is defined by using DO a2s the geometric characteristic of
the orifice instead of using the hydraulic radius R = Do/4), or the
peoints may be in error because of the measuring technique used (the wse
of the hypodermic needle in a highly turbulent flow of blower type air
supply).

Table 1 gives the Reynolds numbers for all experimental
runs of the 11 different nozzles which include three different flow rat=s
for each nozzle, altogether 33 experiments. The Reynolds numbers are
given for two different characteristics lengths of orifice: (a) Hydrailic
radius with R = DO/4 for circular orifice, and R = Lo BO/Z( LO + Eo)
for the slot crifices; and (b) Do or BO as the characteristic lengtL.
In the first case, R, fluctuates from Re? 0.4 x T to
R = 6.6x '104, while in the second case it fluctuates from

e
R~ 0.8 x10% 1o R, ¥ 2.6 x 10°, Assuming that Baines [27] had

e
used the second definition of Reynclds number (with D0 or B0 as the
characteristic length), and by using his empirical relationship of

X /D, versus R_[27, fig. 26], then for R_ = 0.8 x 10% - 2.6 x 10°
and for the blower type of air supply, Xo/Do should fluctuate some-
where between 5.0 and 6. 0. The experimental points for three flow
rates, with VO = 180, 329, and 522 f. p. s., respectively, show that
there is an effect of the Reynolds number, indicating that for

Re = 7.34 x 104 the value Xo/Do may be somewhat smaller than for

the value Re = 21.2 x 104. However, the precision of experimenta
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points in both Baines data and in the results of this study is not such
as to enable a clear discrimination of the way in which Xo/Do changes
with a change of Reynolds number.

The fitting of a straight line (line in fig. 13) of log Vm/Vo
versus log X/Do to the experimental points of V /Vo for V_|
determined directly, except to the two extremely high points at
X/DO =10.7 and X/DO = 16, shows no practical difference between the
Iowa Study, witﬁ Xo/Do = 6.2, and this study. However, a fitting of
the same relation to the points of Vo, _/Vo for V__ celculated, (line.

3 in fig. 13) shows a straight line which has a somewhat higher position
on the graph then that of the Icwa Study. The value Xo/Do is here
6.55 as opposed to 6.2 for the previous case. The points of Vm/V0
for the computed Vrn are designated by symbcls 4, 5, and 6.

The relationship of Vm as determined directly versus Vm
computed is represented in figure 14, A straight line of 45° is plotted
with two straight lines around it. These two lines define the envelope
of the deviations of velocities from the 45° line within + 5 percent. The
points 'plotted show that the computed velocities Vm are close to
those d?etermined directly for Vm greater than 35 f.p.s., with the
spread of points mostly confined within the + 5 percent deviation from
the 45° straight line. For smaller values of Vm’ in the range 5-35
f.p.s., there is a general tendency for Vm computed to be somewhat
greater than Vm determined directly. Because the relative turbulent
fluctuation about the time-average velocity is greater for small values
of Vm (see fig. 12), the simple fitting of the time-average velocity
pressure line through the recorded velocity pressures along traverses

(like the dashed lines shown in fig. 12) may be partly responsible for
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TABLE 1

Reynolds numbers for 33 experiments with slot jets and circular jets

Hydra " VB p
I, in. B_in Radius V. _If.p.s. |R_= __YEEZ_ B = st
(¢) 0 £t 0 e I e M
in 104 in 104
1. 340 1. 360 0.0282 171 2. 13 8.55
326 4.06 16. 3
532 6.62 26. 2
3.005 0.610 0.0212 183 1.71 4.10
338 3.16 7.57
533 4,98 11.9
5.005 0. 370 0.0143 179 1.13 2.43
335 2. 11 4,54
534 3.43 1:25
7.510 0. 245 0.00991 183 0.800 1.64
336 1.47 3.01
542 2. 37 4.86
10.010 0.185 0.00763 183 0.617 1. 25
‘ 332 1.12 2. 26
530 1.78 3.60
0. 995 0.995 0.0206 183 1.67 6. 74
330 3.02 12.1
524 4.79 19. 3
2.000 0.500 0.0167 184 1. 35 3. 36
332 2.43 6.07
527 3.86 9. 64
4.000 0. 250 0.00983 179 0.781 1.66
326 1.42 3.02
511 2,23 4.73
7.012 0.153 0.00625 184 0.508 1.04
336 0.928 1.89
514 1.42 2.89
9.870 0.105 0.00433 205 0. 396 0.800
353 0.683 1. 38
494 0. 955 1.93
1.425 circular 0.0234 180 1. 91 7. 34
(D) 329 3.48 13.4
o | D22 5.53 21.2

% Air density p in 10? 1bs. sec?/ft? was approximately in the limits

1.

78 to 1.83.

Viscosity p in 10

lbs. sec/ft? is 4. 1.
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these differences in Vm in the range 5-35 f.p.s. This comparison

of Vm—values, computed and determined directly, shows that the

difference is small, and that bcoth values for Vm may be considered

as sufficiently accurate for practical purpcses. The further analysis

of experimental results will, therefore, be based on both methods

of obtaining Vm’ with an averaging procedure used for the final results.
Figure 13 shows also the comparison between the square

orifice jets among themselves and with circular jets. The line (4) gives

the square jet relationship of log Vm/V0 versus log X/BO, which is

a transformed equation from the relationship of the Iowa Study for

circular jets, by the relationship D0 = 1,128 Bo’ with Vm/vo =7.0 BO/X.

The experimental points in this study for Vm /Vo versus X/B0 of

square jets produced the line (5) in figure 13 by the least square fit

2 were used, and

of a straight line. Two different orifice areas BO
the experiments had three different flow rates for each of them, alto-
gether 6 experiments. The value XQ /BO, obtained by transforming
the value XO/DO = 6. 2 for a circular orifice from the Iowa Study to
Xo/Bo for a square orifice is 7,00, while this study produced

Xo/Bo = 7. 2. Taking into account the differences in Reynolds num-
bers between the two studies, as well as the inherent measuring and

computational errors in both studies, the agreement seems satisfactory.

3.3 Deceleration of slot jets for various orifice length-width

ratios.
The deceleration of slot jets of various orifice length-width
ratios was analyzed by the relationship Vm /VO versus X/BO, for

both the velocity Vm determined directly, and the velocity Vm

calculated. Figure 15 represents a general plot of all experimental
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data available for Vm/VO versus X/Bo from this study for Vm direct-
ly determined. The bottom left points refer to the circular orifice and
represent, therefore, the relationship Vm/Vo versus X/Do’ while all
other relationships are Vm/VO versus X/Bo' The deceleration for the
circular jet and the two~dimensional slot jet of infinite length-width

ratio as given by the Iowa Study are the lines (1) and (2) of figure 15,
respectively.

For each of the ten slot jets with finite slot length-width
ratios (two of them being square slot jets with LO/Bo = 1), a straight :
line, having a slope equal to that of the line defining the deceleration of
the circular and square jet, was fitted to the experimental points lying
below the line describing the infinite two-dimensional jet in the Iowa
Study. The intercept of each of these lines with the ordinate,

Vm/Vo = 1,00, was d’ei..ermined by applying the method of least squares
to the points defining the straight lines mentioned above. The length-
width ratios varied from 1 to 94, which was found to cover a sufficient
range for the slot jet investigation. Nine lines resulted, and their in-
tersections with the line Vm /V0 = 1 are defined as X1 /Bo. Their
inter-sec!tions with the line of the two~dimensional jet (lines 2 and 3 in
fig. 15) are defined as XZ/BO' Since the intersections of parallel
straight lines with the twoe fixed straight lines are uniquely related, the
values X /B0 and XZ/Bo are also uniquely related. |

Figure 16 shows the same relationship as figure 15, except
that figure 16 relates to the Vm/Vo ratios determined from the cal-
culated V__ velocities. Values of X, /BO and XZ/Bo for both cases

of V_, V__ determined directly and V__ calculated, are given in
m m m

Table 2.
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The general patterns, as detectable from figures 15 and 16,
are that the experimental points Vm/VO versus X/BO follow
approximately the line of the two~dimensional slot jet of Lo/Bo = O
for values of X/Bo up to a value X/Bo = XZ/Bo’ which depends on
Lo/Bo' For larger values X/B0 beyond XZ/BO the experimental
peints follow approximately the straight lines in graphs with the log-
log scales, which lines are parallel to the slope of circular or square
jets. It should be stressed, however, that the Vm values refer to the
center maximum velocities on the jet-axis at distances X/B0 from
the orifice.

Figure 17 shows only the points Vm/vo versus X/Bo
(using V., directly determined) for the slot jets where X/Bo <X, /B,
for each Lo/Bo ratio. Most of these points are somewhat above the
line of the two-dimensional jel given by the Iowa Study, but the de-
viations are relatively small. A least squares fit to the points in

figure 17 for a straight line parallel to the line of the Iowa Study gives

e e = 242 (147

»

which is similar to equation (1) of the Iowa Study where the constant
is 2.28 instead of 2.42.

Equation (14) is based on V_, directly determined. The
constant on the right side of equation (14) would be scmewhat greate~
for V calculated.

m

The relationship of Xi/Bo and XZ/Bo is obtained from

equations (1) and (3), by using equation (3) with varicus positions

X, /BO, and equation (1) as the line for the two~dimensional jet. Th=
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TABLE 2

TRS " 2 ] 3
VALUES OF ><1/},O AND XZ/PO

| For v_ determined dir’gctly For V computed
, m m
Ib/B’o X./B X,/B #%| X_|B **x X, /B X, /B *| X, /B **
1" 7o 2770 2" 0 1i"7o 270 2'770o
Circular
orifice 6.20 7.404 €.57 6.53 8.19 7.27
1.00 7.11 9.725 8.63 7.69 11. 3% 10. 40
4.00 13.07 32. 87 29.19 13.6 35.67 31.67
4.93 15. 06 43.61 38.73 15.5 46, 36 41,17
13.5 23,20 103.7 92,09 24.6 117.0 103, 9
16.0 25. 30 123.1 109. 3 26. 3 133, 1 118, 2
30,7 32. 25 201.0 178.5 34.6 230.3 204.5
45,8 35.82 246.9 218, 2 38.6 286.5 254, 4
4.2 42.66 350. 1 310.9 46, 3 411.4 365. 3
94.0 51.17 503.7 447, 3 54.5 570.4 506.5

* Intersection with two-dimensicnal jet in the Iowa Study.

s Intersection with theoretical iwo-dimensional jet of this study.
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lines for various LO/BO ratios, parallel to the line of the square jet,

are

.m X 71 (15)

and the two-dimensional jet line is

Vv '
m X _

v, VB b (16)
o) fe)

with b = 2.28 from the Iowa Study, or b = 2.42 from equation (14).
The intersection XZ/Bo of the slot jet lines, equation (15),

and the line of equation (16) is

=5 = | ey | (17)
Bo bB0

Figure 18 gives the relationship of Xl/Bo versus LO/BO,
fitted by the least squares methed. For Vm determined directly,

(fig. 15)

X

1 — ——— e
B 7.32 | = (18)

and for V_ calculated (fig. 16)

0.437
= 7.68 |=2- : (19)

P

O i

!
i

These two equations represent, therefore, the points XI/BO

along the line V_ /V_ =1 for various values I. /B . An average re-
2 m o o' o =4
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lationship from equations (18) and (19) is

- = 7.5 =2 . (20)

For LO/BO = f, Xi/Bo = 7.5, which is somewhat greater than 7, 2
determined in this study, or 7.0 in the Iowa Study.
To compute XZ/BO from equation (20), the expressions be-

come

BoC 10.82 o (21)
for b = 2.28 of the lowa Study, and

0.87
X2 L

5 = 9,605 | =~ (22)
(¢} Q)

from the data of this study.

A direct plot of XZ/Bc> versus Lo/Bo and a fit of a straight
line in log-log scales, fcr both Vm directly determined and Vm
computed, with an average relationship between the two, shows
equations (21) and (22) to be well determined from Xi/Bo and the
corresponding b value. Figure 19 is a plot of equations (21) and (22),
for a comparison with XZ/Bo = Lo XO/BOZ, the value of X?_/BO
schematically represented in figure 3. Therefore, for slot jets with a
given LO/BO ratio, the deceleration of the jet, as measured through the

decrease of V. [/V_ versus X/B_, Iis
m' o o



1000

1

GO -

(61}
O

FIGURI 19 = RELATIONSHIP OF XZ/BO VERSUS I'u/ L*o:

{) Determined from eq. (21), es given py the Iowa Study;

(
(2) Determined from eq. (22), as given by data from this study;
() XZ/BO = X(, LO ; for 3&2_ = 5 2 obtained in the Iowa Study;

B B_ 13
o} 0 o
(4) '.\'Z/Bj = }_{_Q__ __'EL_L ;| far 0_ = 5,8 obtained from data of this study.
g 3 B 1
0 o) 0

|

:

|

{
|
|
i
{
t
I
|
|
i
|
|
i
|
i



49

Vi
s g, (23)
0
for X/B_ < X_/B_ = 5.8,
v
X
v yEs— = 242 (24)
o o
for 5.8 < X/B0 < XZ/BO; and,
v < 1, 0.435
L D S T e O (25)
Vo BO BO BO

for X/BO > XZ/Bo where X2/BO is given by equation (22).
In the last two expressions, equations (24) and (25), the values of
X1 /Bo and XZ/BO have been taken as the average values between thcse
given for the two methods of determining the maximum velocity Vm.
The last three expressions, equations (23), (24), and (25), can
be used to approximately determine the decrease of the maximum velc-
city along any slot jet-axis as a function of the L_/B_ ratio. However,
for a first approximation, the value of Xz/Bo may be determined by
using the expression XZ/Bo =X LO/BOZ and the above equations (23i
through (25).
Figure 20, based on equations (23) through (25) for Vm/Vo.
and con equation (22) for XZ/BO’ represents final results of this study
as it relates to the deceleration of the maximum velocity along the slct

jet-axis.
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3.4 Deceleralion of slot jets of various length-width ratios but

with the same orifice area.

Figures 21 and 22 give relationships Vm/VO versus X in
feet of the two series of five nozzles, each series with a constant area
A0 = LO Bo’ or AO = 1,84 and 1.00 sq. in., respectively. The slot
orifices varied from Lo/Bo =1 to 54.2 for the first series, and
Lo/Bo =1 to 94.0 for the second series, plus the circular orifice jet
for the second series.

Taking VO for each of the five slot nozzles of a series as a
constant, which means the same flow rate Q through all nozzles, then
figures 21 and 22 represent a comparison of penetration or deceleration
of slot jets with various length-width ratios keeping the slot area equal.
The results show that the initial Vm/vo values are smaller for slot
jets of high Lo/Bo values than for the square jet or circular jet.

Both regions of slot deceleration as given by equations (24)
and (25) are analyzed and compared here for two slot jets: (2) square
jet with L _/B_ =1, and (b) a hypothetical slot jet with L,/Bg = &,
for "a'" sufficiently larger value than unity. As L, B, = A, thenin
the square jet LO = Bo = \/K;, and for the slot jet B, = W,
and L = \[:Ko. Equation (24) is valid for the slct jet for all values
of X between XO and XZ’ with X0 =5.8 Ao/a with X2 deter-
mined from equation (22) as X2 = 0,605 ao' 31 \/A—O— In the range
X, to X,, the square jet has Vm/VO = 7.5 \/A—O/X, and for
Wi /V0 = v, the square jet has X5 = 7.5 \/A—O/v. Equation (24) gives

A

for the slot jet with LO/BO = a the value X, = 5,85 o . The

4 e —

A a

difference AX = X3 -* X4 becomes
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FIGURE 22 - DECELERATION OF FIVE SLOT JETS

OF VARIOUS LENGTH-WIDTH RATIOS
AND A CIRCULAR JET, BUT WITH THE

SAME ORIFICE AREA, Ao = LO Bo = {.00

SQ. IN., FOR Vm DIRECTLY DETERMINED.

-
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X, (1.28v Va -1) _ (26)

AX

for Xog X, < X,, orthe relative difference AX/X4 becomes a con-

stant for given ''v'" and '"a', within the given range of X,. This

difference, therefore, decreases with a decrease cf '"v'" for a constant

"a'", but increases with an increase of '"a' for a constant ''v.'" For

a =100 and v = 0.1, this relative difference is 0. 28, or 28 percent.
For the region of X > XZ’ the square jet values of X are the

same as above, and equation (25) gives the X value of slot jets for

L /B =a as X;= 7.5 \/TA\;/(V a ™O088y e ditterense #X = X, %,

becomes

(a0 065..1)

AX = X (27)

o

for X5 > X, or the relative difference AX/X5 becomes a constant
for a given "a', and is independent of '"v.'"" For a = 100, this relative
difference is 0. 35, or 35 percent. For a = 10, it is only 0. 16 or 16
percent.

Figures 21 and 22 show that the circular and square jets
penetrate deeper into the environmental fluid at rest for a given Vm/Vo
ratio, than the slot jets, when the penetration is measured by this ratio.
However, as it will be shown later, this greater penetration of jets with
geometrically more concentraied orifice cross sections (circular,
square, low value Lo/Bo) consequently has a smaller volume entrain-

ment of environmental fluid than the slot jets of greater length-width

ratio.
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.3.5 Ellipticity of isovels

Isovels are defined here as isclines of equal time~average
velocities which are parallel to jet-axis in a cross section perpen-
dicular to the jet-axis. For a twe-dimensional jet, the isovels the-
oretically are parallel, and for a circular jet they are circles. Ina
slot jet with a finite value Lo/Bo’ the isovels are expected to be
elliptical after a limited length of jet expansion, where the effects of
slot angles have been attenuated or washed cut.

.

Figure 23 shows the isovels of the slot jet having the largest
value length-width ratio (Lo/Bo = 94) experimented with in this
study, for the position three feet above the nozzle. Though the isovels
a{re based conly on five recorded traverses, using velocities from the
fitted Gaussian curves, they show evidently that slots having vei‘y large
LO/B0 ratios have a limited domain cf elliptical isovels before the
distribution of velocities practically approximates circular isovels.

It was ncted in some cases that the long elliptic axis, of the original
isovel which is parallel to the Z-axis of the slot side Lo, may even change
the direction by 90° at a greater distance from the orifice, as shown in
figure 23. Though the experimental evidence is limited and noncon-
clusive, some experiments point out that diffusion effects from the

ends of the long side cof the orifice may be producing an alternation in
the direction of ellipticity. However, it seems that an attenuating effect
exists in this alternation, with a convergence to the circular isovels.
The effect of this change in ellipticity may be caused by the blower

type air supply, with the influence of vorticity induced by the klower
blades. It is evident that the isovels of slot jets tend to those of

circular jets with the progress of jet expansion. This explains the
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fact that the slot jet velocity deceleration follows the slope of the circular
jet deceleration line for sufficiently large relative dis:ances, greater

than XZ/Bo’ which in turn depend on LO/BO ratio.

.3.6 Flow rate increase with distance

Figure 24 shows the relationship of Q/QO versus X/Bo in
log-log scales, for various LO/BO ratios with Q the flow rate at any
cross section X, and Qo the flow rate through the orifice nozzle.
The perimeter of a slot orifice is P = 2 (LO + BO) =2{a+1) V AO/a
with a = Lo/Bo the orifice length-width ratio. An increase of '"a'
means an increase in perimeter because (a + 1)/ Va increases

with "a'; for a =1, P=4 \A_; for a=9, P=6.67 v A . and

o’
for a =100, P = 20.2 \/7\; The longer the perimeter of the orifice,
the larger is the contact area between the slot jet and the surrounding
fluid in the establishing and even at the beginning of established flow
zone. Therefore, for the same position X along the jet-axis, the
entrained flow rate should increase with an increase cf Lo/Bo ratio.
A plot of Q/Q0 versus X in cartesian scales (not presented here),
shows this fact more clearly than figure 24,

Because the number of traverses at a cross section perpen-
dicular to the jet-axis, X distant from the orifice, was limited to
five, the accuracy of flow rate determination was not very great.

This resulted in a relatively wide spread of points Q/Qo versus
X/BO in figure 24. Regardless of this low accuracy, the trend is
clear that the slot jets with larger Lo/Bo values having the positions
in figure 24, which are all to the right of the sloping line for circular

jet, and they are parallel to the slope of circular jet beyond a value

X

2Q° For values X < X, . the relationship of CQ/QO versus X/B0

Q



FIGURE 24 - FLOW ENTRAINMENT OF SLOT JETS WITH FINITE
ORIFICE LENGTH-WIDTH RATIOS:
1) Cirecular jet, given by the Iowa Study;
. Circular jet, for data from this Study;
Two=dimensional jet, given by the Iowa Study;

4) Square jet, for data from this Study; and

(
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5) Slot jets of various LO/Bo ratios, ob-

tained from data in this Study.
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for two-dimensional jet is valid for slot jets of any Lo/Bo fatio.
Similarly as for the relationship Vm/VO = f (X/BO), the values
XiQ/Bo as intersections of straight lines (fitted to points in fig. 24 by
least squares method) and the horizontal line Q/QO = 1 are plotted
versus LO/BO, figure 25. A least squares fit, figure 25, line (1),
gives |
0.462

X
_1Q . _o
= . 3. 35 0 ’ (28)

The intersection of the straight lines parallel to the circular jet line,
which pass through XinB0 as given by the above equation (28), and
the straight line of two-dimensional jet, as given by equation (16),

determine XZQ/BO values

f_ggg;_ L L, 0.924 .
B ’ B '
o o}
&
The relative flow rate Q/Q0 increases, therefore, as follows:
2 = oe2 \[F- (30)
‘Qo ¢}
as given by equation (6) of this report for
X X
X 2 2 s :
B < —B~-9~ , and —-B—Q- given by equation (29);
o o o
and, -0.462
L
Q@ - 0 X
o 0.298 ( = ) £ (31)
o o
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Because of the inaccuracy in determining the distribution of
time-average velocities in Y-Z plane by recording the velocity pres-
sures only along five traverses, equations (28) through (31) must be
considered only as first approximations. Figure 26 represents the
results of equations (30) and (31), as the final approximate results of

this study for the change of Q/'QO with X/BO.

3.7 Energy flux decrease with distance

Figure 27 shows in log-log scales the relationship of relative
energy flux E/EO through a cross section perpendicular to the jet-
axis versus the distance X/BO, with E = energy flux in that section,
and E_ energy flux at the orifice. The points E/EO versus X/BO
have been plotted, and the straight lines parallel to the straight line
of the circular jet fitted by least square method for various LO/T%o
ratics. A plot of E/EO versus X in cartesian scales (not represented
here) more clearly demcnstrates that the relative energy flux at a
given 5( distance decreases with an increase of Lo/Bo ratioi than
figure 27.

The same procednres used for Vm/VO and Q/Qo gives the ‘
following equations for E/Eo by using figure 25, line (2) as the fitted

straight line relationship of XIE/BO versus LO/BO,

0. 368
_1E . 5 g5 e (32)
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FIGURE 27 = ENERGY FLUX GIVEN BY THE

RELATIVE ENERGY RATIO E/EO,

OF SLOT JETS WITH FINITE ORIFICE
LENGTH-WIDTH RATIOS:

(1) Circular jet, given by the lowa Study;
(2) Circular jet, for data from this Study;™—

002k (3) Two-dimensional jet, given by the lowa Study;
(4) Square jet, for data from this Study;

(5) Slot jets of various LO/BO ratios, obtained from.

data in this Study.
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and then
EZE. = 10.23 _}19.. e (33)
B : B
(o] O
with i Bo ==
'E; = 1. 86 -X-w (34)

as given by equation (8) of this report, for

X

% 2F
X < - ; and, for X./BOZ-XZE/BO‘

5 o

0. 368
1, B

E i o .

. 0

These relationships, equations (32), (33) and (35), should be
considefed only as first approximations because of the errors in-
volved in the Study. Figure 28 represents the results of equations
(32) through (35), as the final approximate results of this Study for

the change of the E/]FCO with X/Bo.

3.8 Standard deviation of time-average distributions in the central

traverse.

Figure 29 shows the change of standard deviation of time-average
velocity distributions in the central traverses with the distance along the
X-axis. This is the central traverse at a given X (see fig. 3). This
data, though subjected to several sources of errors, shows that even
for the circular jet the ratio /X, or the standard deviation over the

distaﬁce along the jet-axis, is not a constant. All points in the graph,

as well as the approximate straight lines drawn through the points for
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some values LO/BO, show that ¢ /X decreases with the distance X.
Though this study has not produced a sufficient accuracy of o fér a
detailed analysis either of o /X versus X/B0 or ¢/X versus X, it
may be expected that o /X is not constant, and that its change with

X/BO or X warrant further investigation.
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