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SUMMARY

This report presents an experimental investigation of the mean prop-

exties of turbulent, three-dimensional, incompressible air jets issuing

L
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into a quiéscent air ambient from various rectangular orifices parallel

to, and at the suxrface of, a flat plate. An analytical approach to

B SRR AT P, %

estimate the shear stress distribution at the plate is also presented.

The flow field of a2 three-dimensional wall jet is found to be

characterized by three discinct regions in the axis velocity decay.

o Q3. B F 2.

From the results obtained it is concluded that for three-dimensional

wall jets the maximum velocity in the flow in the near field exhibits a

decay rate dependent on orifice geometry, while far downstream of the

[CO . N

jet exit it decays at the same ra‘.e as that in a radial wall jet flow

e

field independent of orifice geometiy. Furthermore, it is shown that

=

the growth of the mixing layer normal to the plate is apparently inde-
pendent ox orifice shape while the near field spanwise growth is

affected by initial geometry.

1 This research was supported by the Air Force Office of Scientific
Research under Contract No. AF 49(638)-1623, Project No. 9781-0l.
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Irregularities in the spanwise distribution of streamwise imean
velocity attest to the 'strong three-dimensionality in the near field of
the wall jets studied. These irregularities are manifested as local
excesses, or defects, in the velocity profile. Such results indicate
that the charactevization of the wall jet flow field generated by a

finite slot as guasi-two-dimensional may be of questionable validity.
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I. INTRODUCTION

An experimental investigation of the mean properties of turbulent,
three-dimensional, incompressible jets of air issuing into a quiescent
air ampient, tangent to, and at the surface of, a rigid flat plate is 1
presented. A schematic diagram of the flow field appears in .Fig. 1. r

Herein such flows are termed'three-dimensional wall jetsf An explora-~

tory investigation of such a three-dimensicnal flow field was pre-

i s

sented by Viets and Sforzal. Their results are extended in this:
report.

Experimental investigations of "two-dimensional" as well as radial
wall jets have been performed by Sigallaz, Bakke3, Bradshaw and Gee4,

Poreh et al.s, among othersG—ll. A very useful annotated bibliography

on wall jets has bheen prepared by Rajaratnam and Subramanyalz.

Sigalla's2 primary objeciive was the determination of the surface
skin friction distribution in a so~called "two-dimensicnal® wall jet
whereas Bakke's3 study centered upon a comparison of his experimental
observations with Glauert's theoretical predictions for a radial wall
jet. Bradshaw and Gee4 extensively explored both mean and turbulent
properties of "two-~dimensional" wall jets and presented measurements
of mean velocity and turbulence intensity profiles, skin friction
coefficients, etc. A similar investigation of radial wall jets has
been performed by Poreh et al.5

In the present investigation the flow fields were generated by

a rectangular orifice. Each orifice possessed a different eccentricity,
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here defined as the ratio of the height to the length of the orifice,
but all orifices were of equal area. Hence, all the flows were
observed under conditions of equal initial momentum flux.

It was found that all conventional three-dimensional wall jets,
i.e., those whose orifice eccentricity is less than or equal to unity,
may be characterized by three distinct regions in terms .of the axial
decay of the maximum velocity as suggested by Viets and Sforzal. This

feature is analogous to that encountered in the description of three-

dimensional free jets as demonstrated by Sforza et al.l3 Furthermore,
irregularities in ‘the spanwise distribution of the mean streamwise
velocity for the conventional three-dimensional wall jets have been
E observed, similar to the mean velocity irregularities in three-dimen-
' sional free jets reported by Trentacoste and Sforzal4. These irreg-
i ularities in the mean velocity profile, manifested as local excesses
and defects, pose a difficulty in specifying what region of a wall jet
flow field generated by a lbng, slender slot is even quasi-two-
dimensional. Hence the use of the quotation marks about the term two-
dimensional in the previous discussion. The implications of these
features of wall jet flow field will be discussed subsequently.
Finally, an estimate of the streamwise variation of the skin
friction coefficient for three-dimensional wall jets is presented.
The results of the analysis, which is based on an integral form of the
conventional boundary layer equations, indicate that the streamwise

variation of the skin friction coefficient is independent of the
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spanwise growth of the mixing layer and is a function of the ratio of
the characteristic dimension of the mixing layer (the half-width)
normal to the plate to the streamwise coordinate, X. The major
assumption utilized in the derivation is that the spanwise surface
shear stress is similar; this result is shown to be reasonable,

particularly in the far field of the wall jet.

75
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1I. EXPERIMENTAL APPARATUS

A. Wall Jet Facility

Photographs of the wall jet facility are presented in Fig. 2.
A 5 hp. compressor maintains a mﬁnimum pressure of 120 pounds in a
)2 .cubic foot sStorage tank. Immediately after leaving the tank the
air is dried and filtered. Further downstream in the supply line the
pressure is controlled by two manual loading pressure regulatoxs in
series. Controlled low pressure air then enters the 8 3/4-inch
diameter, 2l-inch long settling chamber from the 1/2-inch diameter
supply line. In the chamber the incoming flow passes through a double
baffle of perforated metal provided ‘to damp out pressure surges and
to Zfurther decelerate the flow. A typical end cap for the settling
chamber is shown in Fig. 3. Each cap has an orifice of different
eccentricity but an equivalent area of .1Q0 * .,002 sq. in. The end
cap to orifice area ratio is 260. The surface of the cap is machine
finished and the bolt holes'for securing the end cap are blind so as
to afford a smooth unbroken surface. No leaks were detected at the
junction of the settling chamber and the end plates.

The settling chamber is mounted on a rigid support which can be
adjusted in the three coordinate planes. The highly polished 4x6 ft.
aluminum plate is also adjustable for precise alignment with the
settling chamber and the steel channel section beneath the plate carry-
iné the traversing probe unit. The latter can also be adjusted and

locked in any of the three coordinate directions. With it, measurements




*
can be accurately taken within .005 inches in the 2 and Y directions.
B. Pressure Sensing System

The total head and static pressure measurements were obtained by
utilizing vertical manometers with water as the manometer fluid.
Pressure differentials of 0.05 inches of water were easily read with
this system.

For the total head measurements, the vertical manometer allows
a range of more than 50 inches of water. In the case of the static
pressure measurements in the flow, however, where small variations
occur, the manometer was used in an inclined position. A typical
static pressure profile normal to the plate is shown in Fig. 4 for a
particular orifice and X-station and is similar to that presented in
Ref. 17. The pressure dées noi return to exactly ambient pressure far
from the plate due to wetting of the manometer tube surface. The
measured values of static pressure were not used in the calculation
of the mean velocity since éhe observed effect was found to be so
small that the tedium involved in amassing the necessary data was
unwarranted in the present study.

The two probes used in the present investigation are shown in
Fig. 5. Both probes are of standard design; rno attempt was made to
evaluate the different static probe designs considered by some to be
essential to static pressure measurements in turbulent flows. This
was another reason for neglecting static pressure variation in computing

the mean velocity. A disadvantage of the probes utilized is the slow

.
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time response, especially in the bleed mode. On the average, readings

were taken every five minutes.
The total head and static pressure probes were mounted on a
manually operated carriage. This carriage rested upon an accurately

machined hexagonal bar, stpported by an inverted steel channel. As
|

mentioned previously, the plate was also adjustable, as shown in
Fig. 6. The entire assembly was painstakingly aligned.

The settling :chamber pressure was continuously monitored to avoid

fluctuations greater than #0.2 inches of water. Readings were taken

only when the chamber pressure was within this limit. All tests were

performed with an exit vedlocity of 208 fps.

C. Flow Visualization

For the surface flow visualization studies, the plate was sprayed

with a lampblack and kerosene solution; the flow was then initiated

and continued until the flow pattern was fully visible. By this method

it was possible to study the spread of the jet over the surface of the

plate. Unfortunately this technique could not be used to show the

spread of the jet normal to the plate. Therefore, photographic studies

of a mcdelled wall jet flow field in the PIBAL water tunnel were

performed in order to indicate more completely the gross features of

the turbulent mixing process under investigation. The photographs

obtained in this study will be discussed subsequently.
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IIX. PRESENTATION AND- DISCUSSION OF RESULTS

A. General Features

It has been shown by Viets and Sforzal that three distinct regions
may be defined for a three-dimensional wall jet (refer to Fig. 1).
These regions are described by the different rates of decay of the
maximum velocity along the centerline of the jet, and may be classified
as follows: '

(1) DPotential Core (PC) Region: Here the flow is chdracterized

by a constant maximum velocity which is équal, or vexy close to,

the jet exit velocity.

o

(2) Characteristic Decay (CD) Region: In this second region )
the maximum velocity decays as a constant power of X (stream-
wise distance) and indicateg that the mixing from the near
boundaries (*he top side of the orifice and the flat plate)
of the jet has reached the center of the flow region, but the
mixing from the far boundaries (the sides) has not yet per- :
meated the entire flow field. Therefore, in this region
orifice end effects are important; hence the axis decay of

mean velocity is termed characteristic of the particular

e P

PR

orifice considered.

(3) Radial Type (RD) Dacay Region: Finally, the mixing from
all the boundaries of the jet has permeated the entire flow
field. The maximum velocity decays like that of a radial wall

jet, i.e., an axisymmetric jet which impinges normally upon a ;

e :




wall and spreads radiaily over the wall. In this region: the
flow becomes increasingly oblivious of the orifice geoinetry.
The. division of the flow field into these regions may be more clearly

visaalized by referring to the schematic diagram in Fig.. 1.

B. Maximum Velocity Decay

Of primary concern in studies of the present type is the .decay
of fhenmaximum mean velocity with X; the streamwise coordinate. 1In
general, for a situation in which the flow field could be properly
termed two-dimensional Or radially symmetric, the maximum mean velocity
in a ‘profile taken normal to the plate in any purely streamwise direc-
tion is well-defined. However, as was stated earlier, the maximum
mean velocity in a three-dimensional wall jet does not occur necessarily
on the symmetry axis (here the X-axis) in the CD region. This is the
phenomenon described as velocity "irregularities" in%roduced, for the
wall jet flow fields, by Vigts and Sforzal. This feature of three-
dimensional wall jets will be discussed at greater length in a sub-
sequent section of this report. For the moment it is only necessary
to state that in the present report the term mean maximum velocity
denotes the maximum mean velocity in a profile taken normal to the
plate along the X axis in the plane Y=0.

Quite an extensive amount of work has been performed on turbulent
incompressible wall jets, as can be seen in the annotated bibliography

compiled by Rajaratnam and Subramanyalz.




= In the casé of “two-dimensional" wall jets, the decay of maximim

velocity has been reéported by Sigalla2 and Bradshaw and Gee to be

by !
3 ) roughly proportional to X—O's. However, the results of the present
investigation indicate that the definition of a two-dimensional
region within the flow field 'generated by a finite slot may be quite
arbitrary. 1Indeed, it is not clear, in view.of the velocity irreg-
ularities observed in the transverse profiles, what relationship
exists between the results obtained from slot jets and the truly two-
; dimensional counterpart. Sigalléz, among others, noted :similar irreg-

ularities in his data which, he found, could not be attributed to
experimental error.
It will be shown, subsequently, that long, narrow orifices (e<<l)
) generate flow fields which have highly irregular mean velocity profiles
in the transverse direction, within the CD region. It has been
i suggested that this phenomenon is closely related to the vortex struc-
ture of the wall jet flow field by Viets and Sforzal. A detailed
4 investigation of the nature of these mean flow nonuniformities is pre-

sented by Sforza and Trentacc -als.

In close agreement with other experiments, Bakke3 found that for
k- . . . . . . -1.12%£,03 .

; { a radial wall jet the maximum velocity decay is X . This
agrees quite well with the maximum velocity decay in the RD region for

' the "slender" (e<<l) and the "bluff" {e=0(l)) orifices as determined

by the present study.

b
>
8

ettt e . w3




i o A i stk W

£ ma i A A B

For the "slender" orifices of eccentricity e=0,025 and e=0,05
.- . . . . ~.41 o444
the maximum velocity in the CD region decays as X and X -7 ;
respectively. These results are in fair agreement with those of
$ 2 . - 4 . -1.15 . .o
Sigalla  and Bradshaw and Gee . 1In the RD reglon:Um;X for both
orifices, indicating a radial type wall jet decay as found‘by:Bakkes.

The results for these cases are shown in Figs. 7 .and 8.

Viets and Sforzal have shown that for .a three-dimensit .al wall

jet with an orifice of eccentricity e~d.10, the maximum velocity decays

x0-162 _ . -1.144

as nd for the -CD region :and RD region, respectively.
It was thought that perhaps the plate used in that experiment wag too
small and thus -generated adverse effects due to flow "spillage" off
the sides. For this reason the complete flow field was re-investigated
‘using the more refined apparatus described previously. The makximum
velocity decay is shown in Fig. 9 and is found to be proportional to
X-o’16 in the CD region and X—l°09 in the RD region. These results
agree quite well with the pkeliminary results of Ref. 1. Again the
decay in the RD region is equal to that found for the radial wall jet.
For the square orifice (e=1.0), there is a direct transition to
a radial wall j decay. This is shown: in Fig. 10, where the maximum
velocity is seen to decay as x~ 114,
The flow field for the e=10.0 orifice (i.e., the e=0.l0 orifice

with its narrow side tangent to the plate) was investigated primarily

out of curiosity since it fits neither the "slender" nor the "bluff"

10
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+the normal half-width, i§”tne\iéf§é§L‘dist

orifice description. As seen from Fig. 11, the maximum velocity

-76 and is neither so-ca.led two-dimen-

decay is proportional tg¢ X
sional nor radial in behavior. It will be shown that near the exit
the flow is. essentially tkat of a three-dimensional free jet emanating

from the same orifice.

C. Velocity Half-Widths
Two velocity half-widths appear in the present problem: one

noxmal to the plate (Z%), the other paralliel to tt (Yg). ‘The former,

12

ncé between the plate and
the point in the .profile (hormal§to the plate) where the mean velocity
is- one-half its maximum value in that profile. .Similarly, the tFans-
verce half-width (Y%) is the distance between the Y=0 plane and theé
point in the profile (parallel to the plate) at which the mean velocity
is one~half its maximum value in that profile.

Figs. 12 and 13 present the transverse half-width growths for
the e=0.025 and e=0.05 orifice; Here it is seen that Y% is a constant
in the near region of the flow fiield and then begins to increase as
the flow develops further.

For the orifices e=0.10 and e=1.0, a different type of pattern
is observed. Figs. 14 and 15 show that for both orifices Y% first
decreases, crosses over Z%, and then rapidly increases. Here, the
transverse half-width is said to "neck-down" in the CD region.

From Figs., 16 and 17, which are composites of the haif-width

growths for the *slender" and "bluff" orifices, two important

11
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conclusions can be deduced. First, the Z% (normal half-width) growths
in the X-direction are essentially the same for all the conventional
wall jets tested. Secondly, far downstream the Y% (transverse half-
width) growth becomes oblivious of the orifice geometry, since again
the growth rate becomes identical for all the flows. It may be noted
here that the normal and transverse growth rates are not equal; the
gpreading across the plate is the more rapid far downstream. ’

For the e=10.0 orifice, the two half-widths are presented in
Fig. 18. Note the sharp Y% growth, indicating a rapid transverse
spreading of the jet as it flows along the plate. Within the range of

streamwise distance studied, it is apparent that there is little

change in the growth normal to the plate.

D. Similarity of Velocity Profiles

For each one of the wall jets tested the flow region was inves-
tigated for flow similarity. Glauert16 has obtained theoretical
descriptions for wall jets for cases in which similarity exists for
both two-dimensional and radial wall jets. Here, for the three-
dimensional wall jet flows investigated, similarity was observed in
both the CD and RD regions. These results have been compared with
Glauvert's predictions.

Figs. 19 through 24 present centerline similarity profiles
normal to the plate for the e=0.025, e=0.05, and e=0.,10 orifices., 1In
tﬁe characteristic decay regions these profiles agree quite well with

Glauert's two-dimensional profiles (a=1.25). Those in the radial decay

12
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region are in very good agreement with his results for the radial wall
jet profile (a=1.3). It must be noted that the differences- in the
profiles described by the two different values of a are not great.

Figs. 25 and 26 present the normal velocity similarity profiles
for the e=1.0 and e=10.0 orifices, respectively. Here again both
compare well with Galuert's similarity velocity profile for a radial
wall jet, even though the maximum velocity decay is not that of a
radial wall jet in the case of the e=10.0 orifice. The latter result
implies that the half-width growth is quite a powerful factor in
ensuring flow similarity.

An extensive study was performed on the e=0.10 crifice wall jet
to determine whether or not profile similarity exists off the Y=0
plane. Figs. 27 and 28 present such normal (X,Z plane) similarity
profiles for the RD region. These indicate that normal profile simi-
larity exists up to ¥=2.0 off the centerline, but ceases at Y=2.5.

Similarity profiles in the transverse direction for the RD region
are also presented for all the orifices in Figs. 29 through 33. All
of these profiles were taken at a height z=Zm off the plate except for
Fig., 31. In Fig. 31, profiles for the e=0.10 orifice at an arbitrarily
picked height of 2=0.06 inches from the plate are depicted. For all
the orifices except e=10.0 the similarity profiles are approximately

the same.

13
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E. Velocity Irregularities

Nonuniformities in the velocity distribution in planes parallel
to the plate have been reported by a number of investigators studying
the flow field of "so-called" two-dimensional wall jets. In most
cases, only brief mention is made of these irregularities, e.g.,
Sigallaz, Schwarz and COsart7, Bradshaw and Gee4, Kruka and Eskinazie;
by others, such as Nishimuralé, data has been presented, and in Viets
and SforZal data is presented and an explanation is offered.

Here, as shown for the three-dimensional free jet by Sforza,
Steiger, and Tréntacostel3, and Trentacoste and Sforza14, the velocity
irregularities appear in the near field (CD region). In the three-
dimensional free jet the velccity irregularities are believed to be
caused by the induced velocity distribution connected with a system
of vortex rings surrounding the jet.

The wall jet flow field is cenerally considered to be split into
two parts as one proceeds in a direction normal to the plate. That
is, an inner portion which exhibits the characteristics of a boundary
layer flow over a flat plate and an outer portion which exhibits the
characteristics of a free jet type flow field. It is kelieved that a
system of vortex rings surrounds this outer portion of the flow field,
as in the case of the free jet, and induces velocities which give rise
to this irregular behavior in the velocity distribution parallel to
the plate. As the flow proceeds downstream in X, these vortex rings:

merge and diffuse (as in the case of the free jet), thus reducing the

14




effectiveness of their induced velocity field..

Far downstream in the RD region, no trace Qf this irregular
behavior in the velocity distribution parallel to the plate .can be
observed, thus indicating that .complete diffusion of the surrounding
vortex rings has taken place. A more complete description of this
phenomenon has been given by Sforza and Trentacostels.

Some representative results of these irregularities from the
present investigation for the e=0.10 orifice at different heights
above the plate are presented in Fig. 34. They are present at X=2 in.
but cease to exist at X=3 in. as is shown in Fig. 35. Results for the
orifices e=0.05 and e=0.025 are presented in Figs. 36 and 37, respec-
tively. These transverse velocity profiles were taken at the height
where the velocity in the profile normal to the plate was a maximum,
Here again, as for the e=0.10 orifice, the velocity irregularities

decay with the streamwise coordinate X.

F. Extent of Two-Coordinate Flow

For the more slender jets tested, i.e., e=0.025 and 0.05, there
appears to be a region of two-coordinate flow. That is, the irregular-
itiee are no longer discernible and a relatively flat velocity profile
in the spanwise direction is observed, as in Figs. 36 and 37. Further-
more, this occurs within the CD region of the jet. One would be
tempted to suggest that this restricted region of the flow field is
guasi~two-dimensional. There are three objections to this conclusion:

(1) The magnitude of the nonuniformities generally increases

15




© A TRAT AT 3, i
N -

18

e

as Z increases beyond zmax' A maximum is achieved and then the
magnitude of the velocity irreguiarities. decreases as Z is
increased further. Thérefore,:there may exist irregularities

in the flow field at Z>Zmax =zven though there is a small

extent of uniform velocity in the spanwise direction at Z=Zmax'
(2) The contours of constant velocity, as shown in Fig. 38,
indicate that the flow field is somewhat oval in cross-section.
Therefore, the spanwise extent of uniform flow is quite small
near the plate, increases as Z increases, and then diminishes
as 2 increases beyond Zmax“ In turn, the spanwise extent of
two-coordinate flow throughout the full profiles normal to

the plate is much smaller than indicated by the flat portion
of the velocity profiles at the Zmax station.

(3) Finally, and most impcrtantly, tne stations at which

thig uniformity of maximum velocity across a small poxrtion

of the flow field in the Y-direction appears is immediately
preceded by the region of large valocity nonuniformities.

This phenomenon has been suggested to be due to the presence
of a strong, concentrated vortex superstructure, and its
attendant induced velocity field, by Sforza and Trentacostels,
Therefore, it appears that the vortex structure, which is
dependent upon the orifice geometry and is highly three-

dimensional in character, has strongly influenced the flow

field prior to its attaining a small measure of uniformity.
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This indicates that the concentrated vorticity has been
effectively dissipated by turbulent mixing and the more
regular profile is a result of this dissipation. The
resulting smooth profile is achieved by turbulent diffusion
and its subsequent decay is diffusive in character, i.e.,
smooth, with a "rounding-out" of the profiles.

The conclusicn that may be drawn from the above is that in
certain cases a small region wherein the flow is spanwise-uniform about
the X-axis may be isolated. However, it adpears that there is no
reason to assume that this flow is connected to its two-dimensional
counterpart since its previous history is strongly dependent on the

three-dimensional vortex superstructure of the flow.

G. 1Isovels

For each X~station the maximum velocity, determined from the
normal centerline velocity profile, was used to nondimensionalize the
velocity field at that station. For the orifice of e=0.10, contours
of constant u/umax at X=3, 5, and 7 inches are presented in Fig. 38.

From these contours the streamwise development of the flow field and

-the influence of the wall is readily apparent.

H. Comparison of Wall and Free Jets

Three-dimensiocnal wall jets have many features in common with those
of their free jet counterparts. Both flow fields may be conveniently
divided into three distinct regions based on the streamwise decay of

the maximum velocity. Each region in the wall jet flow field is

17




analogous to its free jet counterpart:

(1) Both have potential core regions,

(2) Both have characteristic decay regions in which the

orifice geometry has an important effect.

(3) Both have an asymptotic decay region where the effects

of orifice geometry become unimportant and where the flow
behaves as if it‘were generated by a point source., For the
wall jet this region is termed the radial decay region wherein
the flow field is in many ways similar to that of a radial wall
jet. 1In the case of the free jet the asymptotic region is
termed the axisymmetric decay region because the flow field
approaches axisymmetry in its entirety.

Indeed, the maximum velocity decay for both free jets and wall
jets are very similar in appearance as shown in Fig. 39. 1In both cases
the maximum velocity distribution in ‘the CD region is clearly dependent
on the orifice geometry. However, as the flow proceeds further aown-
stream, all the decay rates approach the appropriate asymptotic
value: um“X“l and x—l'l for the free jets and wall jets, respectively.
It is interesting to note that the dissipation due to wall shear is
less effective than that due to free shear in retarding the maximum
velocity. For example, at X=10 in.,, the maximum velocity in the wall
jet is roughly 10% to 20% greater than that of the free jet.

Further evidence of the similarities between wall jets and free

jets, with respect to the streamwise decay of maximum mean velocity,

18




is depicted in Fig. 40. Here the exponent n, which describes the decay
of maximum velocity according to the relation um~X-n, is plotted for
various values of e for both wall jets and free jets within the CD
region. It is evident that the variation of n for increasing e is not
monotonic for both types of flow fields.

Trentacoste and Sforza14 found that the free jet with e=.10 had
superior mass entrainment properties compared to the axisymmetric Jet;
the former also displayed the "slowest" decay rate of maximum velocity.

19,20 indicate that optimum mass entrainment is

Other investigations
achieved by free jets with 0.083<e<0.125; the e=0.10 jet falls in

this range. It may develop that a similar result will transpire for
the wall jet flow field, i.e., that wall jets generated by orifices
with an eccentricity e=0.10 have optimum mass entrainment character-
istics. Clearly, this would be of great importance in connection with
slot~jet injection systems.

It appears then that the effect of the wall on maximum velocity
decay is not very pronounced. However, its influence on the streamwise
growth of the wall jet is appreciable and readily apparent. In the
case of the free jet, Trentacoste and Sforza14 observed that free jets
generated by "slender" orifices possess similar half-width growths.
That is, all half-width data in both principal planes may be reduced

to a single plot for all regions of the flow by utilizing a growth

parameter based on the eccentricity of the orifice.
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In the case of the wall jet it has been shown in Fig. 17 that
the half-width growth normal to the plate (Z%) is practically equiv-
alent for all conventional orifices tested. A perusal of Fig. 16
shows that in the CD region the e=0.025 and 0.05 jets have transverse
haif-width grnwths (Y%) which are monotonic,while those in the e=0.10
and 1.0 jets are not monotonic. The similarities between these
growths for the free jets and wall jet is closest in the case of the
e=0.10 orifice as shown in Fig. 41. It is clear that the presence of
the wall inhibits the "necking-down" of the more siender wall jets
which had been observed in the free jet flow fieldsl4.

Far downstream all the wall jets spread transversely at about
the same rate. It may be pointed out that this spreading occurs at
a faster rate than in the free jet. Therefore, it appears that the
wall, which constrains the flow to the region 2>0, encourages spillage
in the transverse direction. This effect serves to keep the normal
growth in the wall jet smaller than that in the free jet and the
transverse growth larger. It is noted that, ultimately, in the far
field all the wall jets have about equal spread over the plate in the
transverse direction.

It was thought that the e=10 wall jet, which is merely the e=0.10
orifice turned onto its narrow end, would behave in a fashion similar
to the e=0.10 free jet. The fact that the narrow side of the orifice

was tangeni to the flat plate indicates that the effect of the wall

would be least for this case., The velocity profile is shown in

20
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Fig. 42; here, at X=l1 inch the wall jet results agree very well with
those of the free jet. At X=2 inches the wal% has started to affect
the flow (Fig. 43). Note that here the veloé¢ity irregularities are
present in the normal profile. They are not in the transverse profiles.
Indeed, velocity irregularities i turbulent shear flows,as described
by 8forza and Trentacostels, appear in planes parallel to the plane

of the major axis of the flow field. This is a consequence .of the
vortex superstructure of such flows according to the model offered by

Sforza and Trentacostels.

I. Flow Visualization

In order to depict the-flow pattern for each orifice, the surfaceé
of the :plate was sprayed with a solution of lampblack and kexdsene.
By this method it is possibie to see the streamline pattern on the
surface of the plate and thereby to study the spread of the jet.

Photographs of the surface flow visualization studies. for all
orifices tested are presented in Figs. 44a-44e. The mixing zones
initiated by the spanwise edges of the orifices are clearly visible.
Note thai near the centerline of the jet the flow pattern in the near
field appears well-ordered. The streamwise extent of the wedge-shaped
portion of the flow field characterized by this orderliness decreases
as the eccentricity of the orifice increases. The fan-shaped areas
emanating from the edges of the corifice depict the encroachment of the
transverse mixing process upon the "uniform" inner flow. This aspect

of end effects in three-dimensional wall jets is well-illustrated by
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the surface cgating technique.

Anothei interesting feature of these flow visualization studies
is. the "spyeadability" of the various jet flow fields. These experi-
ménts were all conducted at a jet velocity of 208 fps, yet the dis-
persion of the jets are widely different. It is evident that the
e=1.0 orifice generates a jet which: gpreads a larger layer of high
momentumA(high enough, that is, to move the surface coatingi than any
of the others tested. This seems logical since the experimental
results show that all normal growths are substantially equivalent and
that the e=1.0 jet had the ﬁost rapid maximum velocity decay; hence
this jet should spread the most in the transverse direction.

Finally, visualization studies of the wall jet flow fields were
conducted in the PIBAL water tunnei facility. No effort was made to
match exit Reynolds numbexs for the jets. The flow fields were gen-
grated by passing dyed water through a scaled~down settling chamber
and orifice 'plate intc a clear, still water ambient. The observed flow
was generally classified és laminar or turbulent.

cide and top views of turbulent wall jets generated by orifices
of e=0,05 and 1.0 are shown in Figs. 45a,b and 46a,b, respectively.
The spreading effectiveness of the e=1.0 jet is amply illustrated.

A three~guarter vizw of a jet generated by an orifice of e=0,10
under laminar and turbulent concditions is presented in Figs, 47a and b,

respectively. The enhanced diffusivity of the turbulent flow field

is clearly shown. .
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J. Surface Friction

The experimental determination of skin fridtion coefficients for
three-dimensional wall jets is a ‘tedious task and has been deferred
to later studies. Based on the observations reported herein, however,
it is pessible to indicate what results may transpire when a full study
of the skin friction for these cases is completed.

Consider the usual three~dimensional boundaiy layer equations in
the present case of the wall jetk:

= ¢!
uy + vy, + W, =0 (1)

uuy + vuy 4 wa, = %[(Txy)Y+(TXZ)ZJ (2)

where the effect cf pressure gradient and the transversc momentum
(cross-flow) equations are neglected in this ad hoc analysis. These

equations may be combined to yield

(o) ot (uv) g () = LT 5ok, ) ) (2)

which, when integrated over the area of the half-space boundied by the

plate at 2zZ=0, yields

+0 P20
2 - -
J wgavaz = - [ (r solay . (4)
-0 0 -0
To arrive at this point the following assumptions have be2a made:

(i) no slip at the wall;

(ii) quiescent ambient far from the plate centerline;
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(iii)- shear symmetry in the XY plane.

Now, by introducing the nondimensional variables

u = w/u, n=Y/Y, and ¢ = 7/2,

into Eq. (4), and assuming profile similarity for the mean axial

velocity ratio U, cne obtains

T Y, 4o
as _ w,0 % .
My = .- f (Tw/Tw,o,dn (5)
-0
where
+00 40
m=| [ Wamc, (6)
- O
2
] umY;iZ;i ' (7)
and

Twlo = Tw'o(X, 0, 0) .

Here the quantity Tw/Tw o has been introduced in order to set the stage
1
for the keystone assumption of this develoupment, namely, that there

exists "shear similarity" in the wall jet flcw field, i.e.,

1 /1 =1.(n) . (8)

w w,0 w

This assumption appears to be reasonable for the RD region where mean

Velocity profile similarity is observed, while in the CD region it is
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probably inadequate, although it should provide a useful qualitative
guide for the present. With these assumptions, the integral momentum

flux relation becomes

T Y
mad o wo 3, (9)
.4 P
where
+oo_
= Tan . (10)
~C0

Now, in general (seze Eq. (7)),
8 ~x ™, m0 ' (11)

with m depending on the region of interest (CD or RD) and the eccentric-
ity of the orifice. Hence one may write

dg/ax = - m6/xX . (12)
Using Egs. (7) and (12) in Eq. (9), one obtains for the centerline

wall shear

2
- 2 %
)0 m(M/T)pum it (13)
Then the skin friction coefficient
Z
= 2 5
C Tw'o/%pum 2m(M/T) 3 - (14)

f,o

Of interest here is the fact that Y% does not appear in the skin
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friction coefficient for the three-dimensional wall jet; the lateral
spread of the jet, to this approximation, alters the magnitude of

Cf_0 but not its streamwise variation. It was previously shown that
¥l

Z% ~ X (15)

This result, when coupled with the Reynolds number based on the normal

half-width

(Re)% ~Re =" ~ X, (1e6)

may be utilized to determine the variation of centerline skin friction
coefficient with streamwise distance X or maximum Reynolds number Rem

as shown below:

2
_ X r \4
Cf,o K X X Rem . (17)

Eg. (17) is the skin friction coefficient at the wall and along
the centerline of the flow for a wall jet having shear similarity.
Tables I and II compare Cfo' the Z% half-width growth, and the maximum
velocity decay for the 2-D, radial, and 3-D wall jets. The streamwise
dependence of the skin friction coefficient is calculated from Eq. (17),
using the data of past investigators and compared with their result.

Bradshaw and Gee4 found that the so-called two-dimensional value,

Ce ~X—'069 and, using their data, Eq. (17) yields cfo~X-'09. For a

2-D
radial wall jet Poreh, et al.5 determined the skin friction coefficient

.10

decay to be proportional to X **", which is in exact agreement with

26
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the result obtained by using their data and assuming shear similarity,
i.e., solving for Cf,o by Eq. (17). This supports the assumption

that perhaps such similarity does indeed exist for a wall jet type
flow, especially in the RD region. A more precise experimental validi-

fication of this concept of shear similarity appears to be a worthwhile

endeavor.
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IV. CONCLUDING REMARKS

An experimental study of the bulk properties of turbulent, three-
dimensional, incompressible wall jets issuing into a quiescent air
ambient has been presentéd. The results obtained indicate some
characteristics of such flow fields and their relationship to flows

dependent upon only two space coordinates. Comparisons with the free

~ jet counterparts were also discussed.

The more interesting results may be listed zs follows:

{1) These flow fields are characterized by three regions
defined by the maximum velocity decay rate.

{2) The maximum velocity decay rate becomes oblivious of orifice
geometry as the flow proceeds downstream; it eventually takes
on the value found for radial wall jets.

{3) The half-width growth normal to the plate is independent of
orifice geometry while that téansverse to the plate is
influenced by the orifice shape until stations very far
downstxeam from the exit are reached.

(4) Velocity nonuniformities irn the transverse direction were
observed in the near field of jets emanating from slender
rectangular orifices. This feature suggests that the
characterization of flow fields generated by slender slots
as quasi-two-dimensional may be of questionable validity.

The centerline shear stress distribution along the wall was

obtained from an integral analysis of the boundary layer equations by

28
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assuming shear similarity in the flow. The results obtained agree

) - reasonably well with those found experimentally. A further study to

WS s o

determine more accurately the validity of the shear similarity assump-

oSty gt

tion was suggested.
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