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ABSTRACT

An experimental investigation was made of the
general behavior of an air Jet impinging obliquely on
a circular flat plate, Gusface pressure distributions
ang velocity profiles of the resulting wall jet were
measured, Typlcal stagnation point radial velocity
gradients, thelr dependence on impingement angle, and
their correlation with local free Jet propertles were
also determined. Throughout the range of lmpingement
angles studied (90° >a 45°) , the wall jet thick-
ness was found to be relatively constant around the
plate perimeter, The azimuthal variation of momentum
flux per radlan depended strongly on impingement angle
and only slightly on jet strength and impingement
distance,.
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PREFACE

This report presents the results of an experimental
study of the behavior of jet flows which impinge obliquely
on a flat plate, The work was performed as a part of
ARAP's vasic experimental program under the Aerothermal
Phase of the dypervelocity Kill Mechanisms Program. The
primary aim of these studies has been to ald in the
understanding of basic jet impingement effects under a
wide range of conditions analogous to those which might
occur in the interior of a punctured reentry vehicle,

The detalled results of that portion of these studies
dealing with free Jet characteristics and normal impinge-
ment have been given in [1]. Since the present report on
oblique impingement effects is intended to be a complement
to this earlier report, the discussion herein of topics
common to both is somewhat less detailed. Together, the
two reports cover ARAP's complete experimental jet
impingement program,



1. INTRODUCTION

The results of an cxperimental investigation of the
properties of fre: and implinging underexpanded Jets from
& convergent nozzle have been reported elsewhere [1].

In that study, surface pressure dlstributions were
measured for the normal impingement of jets under a
variety of conditions determined by jet strength,
impingement distance, and surface shape. By making

use of highly detailed pressure distrioution measurements
in the stagnation region, the stagnation point heat
transfer parameter (due/dr)r=o was evaluated for each
case., A concurrent study of the free Jet alone provided
data for determining the degree of correlation between
values of (due/dr')r=O
For this case, because of axial symmetry, a knowledge of
(due/d:*)r,=Q based on the pressure distribution measured
along a single diameter through the stagnation point was
sufficlent to estimate the heat transfer characteristics
of the entire impinging and wall jet flow by means of
standard boundary layer analysis technliques,.

and the local free Jet propertiles,.

The present report covers the results of an exten-
sion of the earlier work to cases of oblique impingement.
The study was limited to lmpingement on a flat plate
so that the effects of surface shape revealed in [1]
were not determined. The lmpingerient angle a was
varied in most cases from normal impingement (o = 900)
to a minimum oblique angle of 45°, Because of the
asymmetry introduced under such conditions, the problem
of estimating the distribution of lieat transfer on the
surface is more complex. In this c,se, a true stagnha-
tion point heat transfer parameter cannot be represented
by the value of (due/dr)r=0 measured along a single
dlameter since there 1s an azimuthal variation of the
pressure distribution upon which this gradient depends.




Thus, for exanple, different values of (due/dr)r=0
vwould be expected to reault from pressure distributions
measured along diameters normal and parallel to the
plate's tilt aris., It is 8lsc necessary that the
azimuthal distributions of momentum and energy flux in
the resulting radlal wall jet be known in order to
determine the heat transfer on the surface away from
the stagnation point. Knowledge of these distributions
is also useful In cases where the wall jet itself
impinges on a bounded surface,

In the experimentel program ahbout to be described,
the wall jet flur distributions were found for each of
several impingementc conditions on the basis of velocity
profiles measured at a number of points along the plate
nerimeter, Measurements of the stagnation point
pressure distributions, however, were made only along a
diameter normal to the plate tilt axis and so were not
sufficient to computc the true heat transfer parameter,
Nevertheless, values of the radial velocity gradient
were computed from these distributions in order to
provide a measure of the effects of obliqueness. This
gradient is designated by {(due/dr)r=0]l in order to
Ggistinguish it from the value (due/dr')r,=O which has
been used to represent the actual stagnation point heat
transfer parameter for normal impingement..

The importance of considering certain secondary
factors when interpreting measured jet characteristics
has been discussed in [1]. Such factors include the
effects of obstructions in the entrained flow field,

&8 well as the overall stability of the jet proper.
Since the present measurements were made with the same
apparatus, it is clear that similar factors apply in
this case, although a quantitative estimate of their
importance has not been attempted. In particular, it



appears that the obliqueness of the impingement pliate
can produce a varying degree of asymmetry in the
entrained flow which, because of the "closed-loop”
nature of the flow system, can in turn affect the
impingement process itself, Thus, for example, the
measured change in location of the stagnation point
due to a change in impingement angle may be a function
not only of the uniqueness of the experimental setup,
but also of the degree of asymmetry ~oduced in the
entrained flow at each impingement angle.

While there have been numerous previous investi-
gations of impinging jet flows (see [1]}, Cited Refer-
ences), very few have been concerned with the normal or
oblique impingement of underexpanded Jjets. Of these
few, only [2, 3, and 4] represent cases which have a
close bearing on the present problem. In [2], the
exhaust from a rocket engine was impinged on a flat
surface at small impingement zngles (a << 90°) , and
a limited number of velocity profiles were measured in
the resulting deflected jet. A more pertinent set of
measurements is to be found in [3] wherein air jets of
several supersonic Mach numbers were impinged upon a
circular flat plate. Pressure distributions on the
plate surface were measured for a wide range of
impingement angles at several axial locations in the
jet. Air jets from several underexpanded supersonic
nozzles were used in [4] for a study of interaction
effects on a simulated lunar surface., Limited data for
slightly oblique impingement cases are presented., The
impingement of the edge of an underexpanded Jjet on a
flat surface held parallel to its axis is the subject
of another report [5] having a less direct bearing in
this instance, Several other cases of pressure distri-

bution measurements for obliquely impinging low subsonic
Jjets are to be found in the literature of the V/STOL field.



2. FEXPERIMENTAL PROGRAM y

2.1, Basic flow characteristics.

The flow field produced by the impingement of a
turbulent, axially symmetric air jet against a flat
surface whose diameter is large compared to that of the
Jjet is conveniently described in terms of three flow
regimes as follows:

(1) The free jet regime upstream of any strong local
interaction effects due to implingement.
(2, The impingement regime wherein the interaction
of the Jet with the lmpingement surface produces
a change in flow direction.
(3) The wall jet regime consisting of essentially
radial flow along the surface lLeyond the point
at which the strong interactions of impingement
cause any local effects,
Although these three regimes can be considered separately
because of certain basic differences, they are not, of
course, independent; even the flow leaving the plate edge
in the wall jet determines to some extent the distribution
of the impinging jet entrainment flow, especially when the
entire region 1s closely confined by solid boundaries.
The flow regimes are i’ustrated schemstically in Figure 1,
which also serves to define the quantities of interest,.
The free jets used in this study were of three
types, each representing one of the basic flow conditions
possible for a convergent nozzle, These jets were the
same as those used in the earlier study of normal
impingement, i.e. a subsonic jet (g»/pgc = ,800) , a
moderately underexpanded jet (Qg/pgc = .372) , and a
highly underexpanded jet (pm/pgC = ,148). The basic
features of each type are shown in Figure 2, It 1is
geen that the primary difference between the two under-
expanded jets lies in the existence of a normal shock
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disk for the stronger Jet. Pressure distributions
resulting from the impiagement of the core region of such
Jets show a marked dependence on the exact local condi-
tions as determined by the shcck structure, Large radial
pressure gradients can occur in this region which for at
least one type of jet can cause separation of the flow
along the surface, Such a condition has been observed
near the stagnation point for the impingement at close
range of a highly underexpanded jet where the flow just
downastream of the normal shock disk is subsonic while
the surrcunding flow is supersonic [l]. In the wall jet
regime, the flow can be thought of as ¢ »nsisting of an
inner boundary layer-like region and an outer free mixing
region, Because of the action of ft.~: laminar sublayer
at the wall, however, the veloclty proiiles of the
boundary layer and free shear layer portions develop at
different rates thus preventing the formation of an
exactly self-similar velocity profile for the entire
wall jet,

¥Men the impingement angle 1s made oblique, more
mass and momentum flux are concentrated in the downstream
direction, There 1s also a shift of the stagnation point
in the uostream direction., For a two-dimensional or
axlally symmetric flow, it can be shown that thils is a
result of the manner in which the mass and momentum
fluxes are distributed in each direction. At the same
time, the angle at which the stagnation streamline
impinges remains normal to the surface, It is clear
that such a condition will produce radial pressure
distributions which vary with azimuthal position about
the stagnation point, The dlstribution will be symmetric
aloug a diameter parallel to the tilt axis (¢ = 90° and
270°) and will become increasingly asymmetric for dia-
meters approaching that normal to the tilt axis (¢ = 0°




and 180°). Under such conditions a velocity gradient
based on only one of these distributions is insufficient
to define completely the heat transfer, In the present
experiucnte, 1t was possible vo measure the distribution
only for ¢ = 0% and 1800. Thus the computed stagnhation
point velocity gradients [(due/dr)r___o]1 must be thought
of as only indicative of changes in the actual heat
transfer. However, the asymmetry present in the measured
distributions for these cases can be shown to be of large
scale compared to that of the stagnation point boundary
layer so that the analysis used to relate the radial
veloclty gradient to the curvature of the local pressure
distribution remains valid. Using a characteristic value
of (due/dr)r=0 = lousec'1
we have

found for normal impingement,

g = vv/a = .0036 inch

where a = (due/dr)r=o . Although the pressure distri-
butions 1n the present study are less prrcise than those
measured for normal impingement, they are sufficiently
detalled to show little if any asymmetry at distances

as great as 206r=o from the stagnation point. Thus
the expression used to relate the pressure distributions
and the radial velocity gradlient can be the same as that
derived in [1] for normal impingement, with the restric-
tion that it does not define the true stagnation point
heat transfer., The relation is as follows:

[/Aue

(& o) - SE /T (- Z) (1)

where pg is the surface pressure at the stagnation point,

™ is the flow stagnation temperature, r. is the wetted

radius of the plate, and R 1is the specific gas constant,




2.2, Apparatus and Instrumentation,

The impinging air Jjet used in these experiments
issued from a convergent circular nozzle with an exit
diameter dN = ,511 inch. The nozzle was mounted on
a 4,75-inch i.d. settling chamber which was supplied
with air from a sturage tank through an automatic regu-
lator valve. A maximum settling chamber stagnation
pressure of 125 psig was available, The flat plate
impingement model was of aluminum, 1/2 inch thick and
9.42 inches in diameter. There were 27 surface pressure
taps along the vertical diameter and 17 aloung the hori-
zontal diameter, The four taps just above the center
were spaced 1/16 inch apart. The remaining holes had
coarser spacing, but were located symmetrically with
respect to the center, Several pairs of these outer
holes were used to make plate alignment checks with
respect to the flow by nulling the pressure difference
between them, The lateral and vertical positions of
the plate were controlled by means of screw adjustments
built intc the mount, The axial distance was changed
by sliding the plate and its mounting structure along a
pair of steel angle rails affixed to the settling
chamber mounting stand. The plate was mounted on a
pivoting steel tube in such a way that the pivot axis
passed along the plate surface through its center., A
Jack screw was used to adjust the impingement angle.
With this arrangement, the position of the plate center
tap remained fixed for all impingement angles. The
nozzle and plate assembly just described was the same as
that used in the detailed study of normal impingement
reported in {1]. The setup is shown in Figure 3.

For the purpose of determining the azimutnal distri-
bution of tre wall jet, velocit: profiles were measured
at the edge of the plate by means of a total head rake,



Figure 3,

Views of convergent nozzle angd flat plate apparatus,
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This rake consisted of eight parallel tubes, each of .032-
inch o,d. stalnless steel tubing and mounted 3/16 inch
apart, The rake was held on a quadrant to the rear of
the model in such a way that 1t could be located along
the plate perimeter anywhere between ¢ = 0° and 90o
(see Figure 1 for definition of ¢ ). Thus the rake
tilted with the plate when the impingement angle o was
changed. A screw adjustment provided travel of the rake
ir a direction n normal to the plate surface. In
addition, 1t was possible to pivot the rake avout a line
through the tips of the total head tubes so that an
accurate measure could be made of any flow leaving the
plate in a nonradial directicn. In order to detzrmine
the true direction of any such nonradial flow, a direction-
sensitive wedge-type probe was mounted at one end of t*e
rake, The rake assembly is shown in poslition on the plate
in Figure 4,

Pressures were mcasured by means of liquid manometers
or Bourdon-type test gauges according to tke pressure
level involved, The settling chamber stagnatiorn tempar-
ature Tgc was taken to be equal to the arhblent air
temperature T, » an assumption which was found to be
valid during the earlier part of the progran when Tgc
was measured directly.

2.3. Results of Pressure Distributlion Measureme:is and
Photographlc Studies.

2.3.1. Pressure distributions. The program of pressure
distribution measurements consisted of 12 baslic jet
strength-impingement distance combinations., Each of the
three types of 2t already described was impinged on the
flat plate at four different axial locations. In terms
of nozzle diameters downstream of the nozzle exlit, these
distances were x/dN = 1,96, 7.32, 23.5 and 39.1. (Fer
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the subsonic (Qn/p:c = .800) and mocderately underexpanded
(gw/pgc =.372) jets, x/dN = 1.96 falls in the core region,
x/dN = 7.32 1s near the end of the core, and x/dN = 23.5
and 39.1 are in the fully devecloped region. The core of
the highly underexpanded Jet (pm/pgC = ,148) probably
extends beyond x/dN = 23.5 .) The effect of changing the
angle of impingement was then observed for each of those
12 impingement conditions. In general, impingement angles
of 909, 75°, 60°, and 45° were used. 1In a few cases,
angles of 300 and 15O were tried, although 1little useful
information resulted,

In order to obtain the greatest possible detail near
the stagnation point and to trace its movement wlth o ,
a special procedure was required. The high resolution
distributions obtained in the earlier study of normal
impingement by means of a model translation technique
could not be duplicated in the present case withcut the
application of cumbersome a-dependent corrections to
specify the exact location of each pressure tap for each
run sinzce the model pivot axis translated wi h th2 model.
In view of the large number of runs to be made, it was
decided to measure each distribution just twice for each
impingement condition, once with the plate set at a®
and once with it set at (180 - @)° . By reversing the
distribution resultir; in the latter case and superim-
posing it upon that o>f the former, it was possible, in
effect, to double the number of data points in each
distribution and to cxtend the range of closely spaced
pressure taps to either side of the center. Nevertheless,
the minimum spacing o data points thus achieved was
still only 1/16 iach. Therefore, it must be assumed that
values of the veloc.ty gradient [(due/d:o)r=0]l
from the local curvature of these distributions at the

determined

stagnation point are inherently less accurate than those
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found in the previous study for a = 90o in which at least
four times as many data points were recorded. In addition,
several other factors should e considered in assessing the
accuracy of the present results. One of these is the
vertical flow asymm>try introduced by th-s plate when
tilted at angles of o and 180 - a . Because of inter-
action with the structural members below the model, the
entrained flow field may have been sufficiently different
in the two cases to cause a change in the stagnation point
shift, thus affecting the superposition of the data. 1In
Aadition, slight errors in the initial alignment for
Q = 90O could account for a similar spurious stagration
roint shift, since the model tilt axis would not pass
through the normal stagnation point. A third possibie
error source, that of structural deflection under the
highest impingement loads, is felt to have been negligible,
Although each of these factors is minor in itself, their
combined effect may nct be negligible,

The degree of superposition achieved by plotting the
raw data for a with that for 180 - @ was somewhat
erratic., In some cases it was evident that the disagree-
ment involved not only a different stagnation point
displacement, but also a difference in magnitude of the
stagnation pressure, Such a condition could only be
confirmed for cw .. in which the local maximum of the
pressure distribution was defined by each set of data
independently. While this situation could also have been
due in part to the combined elfects already mentlioned, it
is more likely that a difference in the jet stagnhation
pressure for the two runs was to blame,

An attempt was made to apply a systematic compensating
correction for at least a part of the over-all error effect
Just described. This was done in the case of the initial
vertical misalignment., Since the runs for each impingement
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‘ase started with a measurement of the distribution for
Q = 900 , & geometric correction based on the measured
lack of symmetry for that case could be used. Although
the plate was aligned vertically by nulling the pressure
difference between symmetrically opposed holes before
each series of runs at a particular x/dN , the data indi-
cate that this initial alignment may not have been

maintained for subsequent 90O cases (other axial locations)

in the same series., The procedure for making the correction

is illustrated in Figure 5. The distance between the true
Jet centerline, as defined by the pressure distribution
peak, and the assumed centerline, as represented by the
center tap of the plate for a = 90O , 1s def'ined &as ¢

The locations on the plate of the shifted stagnation point

are designated by 6r1 and 6r2 for obligue impingement

angles o and 180 - a , respectively, while the correction

to be applied to the radial coordinate for each set of data
is A , The true centerline location 1s chosen such that

(6r2 - A) -(6r1 - A) =0 (2)
where A= —< (3)
sina b

and where the signs are as indicated in the sketch, 1In
Figure 5(b) , this hypothetical case is shown in terms of
the pressure distributions. For an actual case, a compar-
ison is made in Figure 5(c) betwecn the correction based
upon Equation 3 and that required to bring the two sets of
data into coincidence, 1In the case shown, the value of

€ = ,019 reprecents an actual misalignment of .09 inch at
a distance of 20 inches from the nozzle exit, The amount
by which the points in Figure 5(c) miss the curve is taken
to represent the cumulative effect of all other errors
including the small axial displacement Azosa which was
not mentioned earlier,
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The results ol the stagnation reglon pressure distri-
bution weasurements are presented in Figures 6 through 17.
The pressures are giveir in the form or a coefliclent
referred to the stagnation point pressure for normal
lmpingement, i.e,

D -~ b
- o0

&

C0)n - P
\Pplgg = Pe

It is appArent that the a»plication of the above-mentioned
correction has resulted in cases of both under- and over-
compensation as well as approximately correct compensation,
The latter caces must be considered fortuitous, however,
since the remaining errcoir sonrces were undoubtedly still
present., Because it was f'elt that the over-all success of
the appliea correction was fthus somewnat limited, it was
decided that the most meaningil distribution could re
achieved by using a curve representing the average cf the
da"a for o and 180 - « . With a few exceptions, such
curves vere used hto determine the locatlon and magnitude
of the shifteu stagnation point as well as the radilal
veloedty gondient, Data for two cases (a = 75° and 60°
foir pw/pgC = ,%72 at x/dN - 39.1) were eliminated
hecause f obvious larze errors in the Jet stagnation
pressure. The distribution curve in these instances was
based on data for the remaining run of the pair, i.e,.

a = 105° and 120° .

Tne behavior of the stagnation poiat for oblique
impingement is shown for each jet strength in Figures 18,
19, ana 20. Values of stagnation point pressure pg are
relferred to the jet settling chawmber stagnation pressure
pgc and the radial shiit Ar is given as a per cent of
the plate wetted radius L In pencral, the prossure
is seen tc¢ decrease and the displacement to increase when
a i8 decrezsed., For x/dN = 1.50, however, the stagnation
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Figure 6. Pressure distribution on flat plete near

the point of impingement.
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Pressure distribution on flat plate near
the point or impingement .
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Pressure distribution on flat plate near
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Figure 11. Pressure distribution on flat plate near
the point of impingement.
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pressure change 1s slight for a fairly wide range of angles.
Some of the observed variations, of course, are to be
expected for the different jet strengths because of theilr
varied core structures,

A more general picture of the dependence on obliqueness
is obtalned by referring the data to properties determined
for a condition of normal impingement. In Figures 21, 22,
and 23, the stagnation point gauge pressure 1s shown as a
fraction of its value for « = 90° . It is seen that there
is a definite similarity of behavior for all cases except
those for x/dN = 1,96. The near independence of axial
location exhilbited fcir the three cownstream cases suggests
that the behavior is related to the free jet velocity
nrofiles which are known > approach self-similari in
that region. It also appears that the insensitivity to o
shown for x/dN = 1.96 may be assoclated with the relatively
flat jet velocity profiles found in the core, The exact
interaction, however, in terms of streamlines and local
pressure gradients is not revealed sufficiently by the
results to permit a full analysis of these effects, An
interesting comparison that can be made is one based on
momentum considerations. Neglecting viscous effects, the
force normal to the plate surface is that due to the normal
ccemponent of impinging jet momentum 7 'ux, which for a given
case is merely proportional to the inuvegral over the surface
of the square of the normal components of the impinging
velocity profile. For a known profilc shape, the force is
thus proportional to Vesinea whi-h, in turn, is a measure
of the normal component of impinging dynamic pressure.

Since the quantity pg - P, 1s also a meagure of this
dynamlc pressure, a curve of the function sinea micht be
expected to show a close similarity with the measured

. (Figures Z1, 22, and 23).

For the purpose of determining actual stagnation point
pressure leve..s based on the data of Figures 21, 22, and 23,

values of pg -p
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the measured axial decay behavicr for normal iupingement
is presented in Figure 24, The details of the decay curves
shown were obtained in a fine-scale axial traverse of the
fiat plate with an incremental distance of .1 inch between
runs. The numerous data points are omitted, The points
that are shown are those resulting from the repeat measure-
ment for a = 900 made during the oblique impingement runs.
The repeatability of such measurements 1s thought to be
quite satisfactory.

The displacement Ar of the stagnation point zan also
be referred to a normalizing parameter, in this case, the
measured free jet half--velocity radius r'5 at the same
axial station., Plots of Ar:/r"5 vs, o are glven in
Figures 25, 26, and 27. It is seen that except for the
close impingement case (x/dy = 1.96) there is a tendency
for this nondimensional displacement to be independent of
axial distance. Once again, a relationship between the
obgerved behavior and tnhe local cnaracter of the free Jet
velocity profile is suggested, with the distiénce-independent
cases confined to regions where the profiles are of similar
shape, In contrast to the relative incensitivity to «
shown by the stagnation pressure for X/dN = 1,96, the
displacement Ar for this case shows the most sensitivity
of all to a .

2.3.2., Photographic studies. A series of schlieren
photographs was taken using a spark light source of
~lpusee duration and a standard off-axis parallel beam
optical system, Jeveral of these pictures of the under-
expanded Jets are shown in Figures 28 and 29 for x/dN

= 1,96 and 7.32, respectively. In Figure 23, which shows




"quswsfutdwT [BUJIOU J0J sanssaad qutod uotjeudegs jo £Leoap TBIxy ‘42 SINI Ty
1
Zﬁ\x
Oty Ge o€ Ge 02 St oT g
— T T

Bt Ittt e i g‘

e it ¥ s Aoty Foommini s S |r




R

NI

Nipoooiit)

N e

i ] g

R e

AR e e

Figure 25, Dependence of nondimensional displacement of
stagnation point on angle of impingement,




I

Rt

o ¢

st

(s

P
<= 372
pSC
'8
90° 80° 70° 60° 50° 40° =

N

Figure 26, Dependence of nondimensicnal displacement of

stagnation point on angle of impingement.




i R i i i Jrs—

i e

— = .148
Pse
o) o) 0 ~ 0 o c G
90 80 70 60 50 4o
'WT ] 7
| ™ ' /
I
B X
\\
N
I
-

Figure 27. Dependence of nondimersional displacement of
stagnation point on angle of impingement,




a = 60° a = 45°
Figure 28, Schlieven photographs of underexpanded jet impinging
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the close impingement of the moderately vnderexpanded
det, it is of intz2rcst to note that at least a portion of
the wall jet flcw a.  irs to contain a shock structure
for o= 60° and 45°. The impingement of the highly
underexpanded jet 1s shown in Figure 29,

2.4, Evaluation of the Velocity Gradient [(due/dr)rzoll .

The stagnation regilon pressure «distributions were used to
compute the value of the radial velocity gradient
[(due/dr)r=o]1 for each condition. An equation relating
this quantity to the curvature of the pressure distri-
buation has already been discussed (Eaquation 1). In order
to apply this equation, the data were first plotted in
the form p/pg Vs, (r/rw)2 . Actually, because of the
relative lack of detail available in these data, tne
evaluation was performed on the basls of the faired

curve drawn as described in 2,2.1. Values of
[(due/dr)r=o]1 werz cetermined directly from the slope
of the p/pg Vs, (r'/r'w)2 durve at r = 0, Figures 30.
31, anu 32 ghow the values so determined for each jet
strength and axial location as fuinctions of impingement
angle., Also plotted along the a = 90O axis are the
values found during the more detailed normal impingement
experiments for which the data had higher resolution
(solid symbols), TFor consistency, the curves are drawn
with respect to the present o = 90° data taken as a
part of ths oblique impingement survey. Certain siml-
larities of behavior for the three jet strengtins coui: be
noted, As was observed for the stagnation point
location and presgsure, there is a substantial difTerence
tetween impingement of the core and fully developed
regions, With x/dN = 1.90 , a sharp increase begins
near o = 750 after relatively little change between
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90O and 750. The two avallable cases exhiblt a maximum
near o = 60° with a decrease thereafter. The two
weakest jets show a continuous drop-off from a = 90°
at x/dN = 7.32 , a point near the end of the core in
both cases, It was felt that meaningful values of
[(due/dr)r=o]l could not be decuced from the data for
R /P, = .148  at x/dN = 7.32 (see Figure 15). Farther
downstream at axial stations x/dN = 23.5 and 39.1 , the
available data show relatively little change except for
g”/pgc = ,148 where a continuous drop-off is noted for
a < 75° ., However, for x/dy = 39.1 , the resolution of
the data was not suffilcient to produce a nonzero value
of [(due/dr)r=oll for the two weakest jets, so the
detalled behavior with a could not be determined. The
downstream behavior for Qn/bgc = ,1486 may be simi. r
to that farther upstream for the other jets, since the
core 18 thought to extend at least to x/dN :: 20 in
this case.

Cross plots of the measured values of {(due/dr)r=o]1

with x/dN as the abscissa are given in Figures 33,
34, and 35. The relative dependence_of the parameter on
axlial location for each impingement angle i3 shown, The
dashed cirves for a = 90O are taken from the earlier
high resolution measurements of the normal lmpingement
study. Tt is clear that the values of [(du,/dr)._,l;
for the two weakest jets at x/dN = T7.32 represent the
greatest source Qf disagreement between the two sets of
data., Although this dioagreement is slzable for one
case -- 60 per cent for Qn/bgc = ,372 -- most of thessz
points for a = 90° agree well within 25 per cent. In
general the variation with distance follows the normal
impingement behavior, although the tendency to peak near
the end of the core appears'to have been overccme for

large obliqueness (see a = 60° and 45° for Hk/bgc = .800).
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The detailed study of normal impingement [1l] revealed
that a useful correlation exists between [(due/dr)I,:O]1
and the local properties of the free jet at the impinge-
ment location, namely the centerline velocity VC and

the half-velocity radius r 5 The nondimensional form

{5<m%>
Ve AT g

when applied tc data from all three jet strengths was
found to produce reasonable agreement amorg the Jjets for
stations downstream of the core. This was so in spite

of varying degrees of underexpansion and the accompanying
shock structure, Such nondimensional values of
[(due/dr)r=o]1 have also been computed using the present
data for oblique impingement. The free jet data used

(V, and r.5) were the same as those used earlier, 1In
Figures 36 and 37, the results are plotted with all three
Jets compared at each axial station. In Figure 38, the
data for all the stations except x/dy = 1.96 have been
plotted together. It is difficult to tell from these
rather limited cdata if a meaningful correlation is
i.dicated, The subsonic and moderately underexpanded
jets at x/dN = 7.32 do appear to give similar results,
whereas there 1c a siroble spread between these two jets
at x/dN = 23.5 ., O.er all, the values are relatively
insensitive to « in the range 90° > a > 75° except
when x/dN = 7,32 . The combined plot of Figure 38,
whi - h presents all cases based on nearly simllar jet
velocity profiles, i.e, cases other than those of core
impircement, is indicative of the general decrease in
(r:'.5/VC)[(due/dr)r=O]l for increasing obliqueness. It
is seen that the data fall within a spread of approxi-
mately 50 per cent, an amount which includes not only
differences due to jet structure and impingement behavior,
but also those due to the limited accuracy ol the data.
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It appears that some general qualitative character-

isticsg of the changzes in [(due/dr')r_:O]l due to oblique-
ness can be described on the basis of the data Just
presented. It has been observed that [(due/dr)l_,_:oj1
changes very little in the range 60° 2 o > 750 for
both core impingement (x/dN = 1,96) and impingement

of the fully developed region (x/dy = 23.5 and 39.1),
whereas the cases of core-end impingement (x/dN = T7.32)
show a fairly high o - sensitivity in the same range.
In terms of jet velocity profiles or impingement pressure
distributions, the latter case represents the profile
Wwith the sharpest central peack while the others have
elther flat or relatively flat central regions. At

x/dy = 1.96 there 1s a sharp rise be‘ween q = 75° and
a = 60° , followed by a drop-off for angles o < 60°,

In this case, the flat central portion of the velocity
profile falls away sharply at the edge of the core and
gradually assumes a fully developed mixing profile.
These comparisons indicate that, as might be expected,
the local shape of the impinging velocity or total head
profile is an important factor in determining the degree
of a- sensitivity at each axial station.

2.5, Azimuthal Distribution of the Wall Jet,

2.5.1, Basic wall jet characteristics. The turbulent
wall jet regime has been described earlier as that
portion of the flow in which the effects of interaction
due to impingement are no longer important. As such,
i1t consists of an inner region adjacent to the plate,
dominated by the viscous shearing stresses of the
boundary layer, with an outer layer of free turbulent
mixing. As the jet flows radially outward, each of
these layers tends to develop in a way determined by the
balance of forces peculiar to each type of flow.
Basically, the mixing layer alone tends to spread in a
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direction normal to the flow whlle, at the same time,
decay)ng under the influence of nixing or entratnment of
ambient fluid. The devclopment of the boundary layer
portlon 1s also chavacterlized by a growth in thickness
normal to the flow which is due to a loss of momentum

to the wall through the action of laminar shearing forces,

Because of the basic differences in the processes
governing the growth of the two layers, the wall Jet
resulting when these two processes are combined cannct
establish a characteristic self-similar profile, Glauert
[6] has shown that for an incompressible flow this
departure from simllarity 1s very slight, there being a
tendency for the boundary layer to grow somewhat more
rapidly in prorortion to the over-all profile growth,
It 1s shown that the decay and spreading parameters which
govern the combined growth rate are dependent upon the
local Reynolds number of the flow, Typlcally, for the
present flows in which the Reynolds number based on wall
Jet thickness ranges from 10,000 to 200,000, Glauert's
results predict a velocity decay proportional to pi-l
with a thickness increase proportional to r1'01.
Although the present experiments were devoted primarily
to the azimuthal distribution of the wall jet at a
single radial station, some additional measurements
were made for a typical impingement condition in which
a profile was determined for two other radial stations.
One of the important characteristics of a radial
wall jet flow is the way in which the azimuthal distri-
bution of the total mass flux is altered when the
impingement is made oblique. Since the radial fluxes
of' momentuin and energy per unit azimuth depend upon thils
distribution, it is particularly important if one is
interested, say, 1n the local heat transfer between such
a jet and a surrounding wall or enclosure. Certain
characteristics of the flow appear to be obvious, such
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as the increasing proportion of mass flux in the down-
stream direction as o 1s made smaller. On the basis
of 1nviscid theory, one might also expect a tendency
toward a corresponding increase in thickness, However,
the actual roles of such real effects as turbulent
mixing, svagnation point displacement, nonradial flow
components, and the nature of the impinging jJets have
to be deduced from the experimenftal data,

As a useful way of describing a flow that 1s
subject to thils variety of influences, a concept based
on the divislon into sectors of the impinging Jet is
suggested. For normal lmpingement, each sector of wall
Jet flow would be the result of the impingement of a
corresponding sector of the given free jet flow. The
wall Jet sectors would each maintain their original
radial momentum flux, neglecting the slight loss in the
boundary layer, and would spread and decay identically.
Applying this idea tc oblique impingement, it 1is imagined
that each sector again retains 1ts original radial
momentum and spreads and decays as before, Here, however,
since each sector may have a different momentum level, 1t
is thought of as resulting from the impingement of a
corresponding sector of a hypothetical free jet having
Just the required momentum, Physical considerations,
of course, would also require that the shear between
adjacent sectors of such a flow be negligiile compared
to that at the golid and free boundaries, The measure-
ments made at two additioncl radil for a typical impinge-
ment condition can be used to estimate the validity of
this hypothesis,

2,5.2. Experimental results. The experimnental program

consisted of thc ncasurement of Pitot pressure profiles

at several locations along the perimeter of the cilrcular
impingement plate (see Figure 4) for a number of jet
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strength, axial location, and impingement angle combina-
tions. Velocities were computed from the Pitot pressure
by assuming & constant static pressure equal to ambient.
Because of the very large number of cases to be
treated, the original matrix of four axial locations
and three jet strengths was changed somewhat. The cases
actually usged included one jet strength (moderately
underexpanded R»/p:c = ,372 at each of five ax’al
locations and five jet strengths at a single axial
location. The nine cases are tabulated as follows:

L TR T L T L T I T T

x/dy B, /Poc

1.96 .372

7.32 .800, .55z, .458, .372, .148
11.7 372
23.5 372
39.1 .372

For each of these combinatlons, the profile was
determined at five azimuthal positions ¢ along the r
perimeter of the plate with the ilmpinpgement angle a
varying from 90o to 45°, 1In order to obtain profiles

g g

for one entire half-circumference of the plate, i.e,
02 ¢ 2 180 , with the Pitot tube rake limited to

I
i pecsitions in one quadrant, the plate was positioned at i
a and 180 - a for each ¢ . The values of ¢ and a r

z uscd are tabulated below.

i \;7\21 90| 75| 105] 60| 180| 45 | 135 *
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The total number of profile cases measured thus came to
315, With this quantity of data to obtain, it was felt
that a further simplification might be tclarated in the
profile measurements themselves with only a small
gsacrifice in accuracy. First, however, a single combin-
ation of jet strength and impingewent di:tance was
studied in detaill in order to establish basic profile
characteristics. For each ¢ and o the profile was
determined using the rake in a fine scale traverse of
the jet, The case chosen was the one with Qw/bgc = 372
at x/dN = 1,96 , The jet was of the moderately under-
expanded type whicht provided easily measurable Pitet
pressure levels, while the axial location was close
enough to assure a well-developed wall jet at the edge
of the plate, The velocity profiles resulting from this
detailed study are shown in Figures 39 and 40 plotted
in nondimensional form with the maximum velocity L S
and the half-velocity thickness normel to the plate n.5
as normalizing parameters.* With the exceptlion of a few
gscattered points, it i3 seen that all of the profiles
are essentially the sams, & single curve which represents
a goou fit for all of these cases 1s shown in Figure 41
together with a curve based on Glauert's analysis,
Glauert shows that thc change in growth of such a Jet
with decreasing Reynolds number is primarily due to the
growth of the boundary layer portion; with the shape and
thickness of the outer mixing layer remaining practically
constant., In order to select a curve for comparison wit®
the data, the boundary layer thickness, i,e, the thickness
to u = Uax ¢ WBS made {0 coincide with the experimental
result and the outer profile was passed through the point

*It should be noted that n - as used herein includes the
thickness of the boundary layer portion of the flow,
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Figure 40. (Continued)
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n=n 5 - Tnc resulting curve coincides with a distri-
bution obtained from Glauert's results for a Reynolds
number u___6/v = 13,000 where o6 1is the half-velocity

max
thickness of the outer layer only (distance between

points for u .. and .5u . ). This Reynolds number

1s representative of profiles near the low end of the
range of Reynolds numbers (10,000 to 200,000) covered by
the data. Since a2 Glauert profile for a Reynolds number
of 200,000 has a significantly thinner inner layer than
was measured in these tests, it is concluded that the
present data show somewhat less Reynolds number depencence
than would be predicted by Glauert'!s analysis.

The simplified measurement of the velocity profiles
in the bulk of the cases was baged upon the assumption
that they would all apvroximate the basic experimental
curve Jjust described., At a given axial station, of
course, the effective radial distance tc the point of
measurement changes silightly because of the a-dependence
of the stagnation point location. This problem was felt
to be minor. On the other hand, the spread of the
impinging jet with increasing impingement distance
effectively decreases the radial distance over which the
wall Jet can develop before reaching the edge of the
plate, with the result that some change in the basic
profile might be expected due to the slight lack of self-
similarity discussed earlier. A check of this problem
was made by maklng several additional detalled profile
m2asurements farther downstream at x/dN = T7.32 , again
with o /pg, = .372 (see Figure 42). For ¢ = 0° with
a = 90° and 60° , the profile differs only slightly fron
the assumed shape near the outer edge. Although a some-
what fuller profile is found for the extreme case of
¢ = 180° with a= 60°, the general similarity is felt to
be suffic_ent for the purposes of these measurements.
Therefore, the simplified measurement method based on
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the established curve was applied to the remaining cases,
With the Jjet running, the rake position was adjusted until
one tube indicated the maximum Pitot yressure. The
readings of all the affected tubes were then taken and
the lccation of the rake was determined relative to the
plate surface, Because of the scale of the wall jJet
thickness compared to the tube spacing, this single run
resulted in most caseg in a profile containing only three
or four voints, one of which defined the maximum velocity.
The other parameter to be determined was n.5 , @ measure
of the thickness. From the basic profile shape, it is
seen that the curve 1s very nearly a straight line at
the point where n = n.5 . Since in almost every case
the remaining points measured by the rake spanned this
point, it was a simple matter to locate n = n’5 using
a straight line, It is felt that this procedure was
sufficiently accurate to indicate the general behavior,

The results of the measurements just described are
presented in Figures 43 through 46, The maximum velocities
given in Fizure 43 are referred to their values at o - 0
for each impingement condition.* These latter values of
(umax)¢=0 are given in Figure U4 in terms of the para-
meters governing the impingement condition, i.e. the free
jet centerline velocity Vé ,and half-veloci”y radius r
measured at the impingement distance, and the plate radius

r, . Once again, the free jet data used are taken
from [1].
The azimuthal variation of umax/ S ¢ _o Shown in

Figure 43 appears to be relatively independent of impinge-
ment condition for the range of cases gstudied., Because
of the large range in velocity magnitudes measured, however,

*In this discussion, the term "impingement condition"
includes jet strength pe/p3. , axial location x/dy ,
and impingement angle o ,
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the margin of experimental error for each curve is
variable, with larger errors to be expected for lower
velocities, Typical errors based on measurement resolution
and estimated effects of unsteadiness appearing at the
manometer tubes are judged to fall in the range of 1 to 10
per cent for velocities in the range of 1000 to 100 feet
per second, Aside from such errcrs, it is felt that the
only remaining major factor ~ontributing to any observed
differernces is the lack of a well-formed wall jet for the
two axial stations farthest downstream, For x/dN = 23.5
and 39.1 , the values of r.s for the impinging jets are
about .2lr ~ and .uhrw , respectively. Allowing for the
extent of the full jet profile, it is probable that in
these cases the edge of the plate is not sufficiently
remote from the impingement interaction regime for &
racdial flow lacking significant normal components to
exist. In this connection, it should be mentioned that a
check for nonradial components in the r , ¢ plane was
made for several extreme conditions of ¢ and a using
the direction-sensitive probe mounted on the rake, It
was found that no significant components existed in these
cases. Values of the nonradial flow angle f in tane
r , ¢ plane vairled from about O or 1 degree at the point
of Uoax to no more than 8 or 9 degrees near n.5 in the
profile, Thus, no correction for nonradial components of
this type was deemed necezsary. Because of Jet spreading,
of course, there is a nonradial component in the n , r
plane, but the spreading angle of such a flow is typically
so small that this component can also be neglected, The
effect on the spreading angle of pressure gradients in
the n direction 2cruss the edge of the plate was also
felt to be of no importance when it was found that surface
pressures measured near the edge were essentially equal to
ambient pressure. The lack of perfect axial symmetry
shown 1n the data for a = 900 is believed to be




e B

ol

L I

26
indicative of interference effects caused by the experi-
mental apparatus,

The most striking feature of the behavior of the
thickness parameter n°5 1s 1ts relative invarience with
both @ and ¢ . In Figure 45, n.5/(n.5)¢=o is plotted
vs. ¢ for all che impingement conditions, while the
values of (n.5)¢=O are given in Figure 46, in which
they are related to the plate radius r, . The lack of
any significant azimuth dependence 1is indicative of tche
dominant role of turbulent mixing in governing these
flows, It is apparent that, regardless of the initial
momentum level of an azimuthal wall Jet sector, the
Spreading rate asg determined by mixing is very nearly the
same for all sectors, As in the case of other flows with
turbulent mixing, of course, a weak dependence upon Mach
number might be expected, It is possible that the slight
tendency toward increased thickness wlth inereasing ¢
may be due to such an effect, although the scatter in the
data makes it difficult to verify this possibility, or
cases representing extreme obliqueness ( « = 45° ), even
for close range impingement, there 1ls a definite drop-off
in thickness as ¢ 180° , This behaviop appears to
override any Mach number or Reynolds number effect, each
of which would tendto inerease the th.ckness still further.
The drop-off is thought to be the result of the decreased
effective radial station due to stagnation point shirft
coupled with the decreased resolution of the velocity
profile measurements, It is interesting to note the
contrast between an oblique wall jet with turbulent mixing
anc an inviscig one. In the latter case, in which only
inertial ang pressure forces act, it is found that the
thickness must vary «.th ¢ 1in order to produce the
required distribution of radial momentum. Thus the
downstream portions of such a jet are thicker than the
upstream portions by an amount that depends upon the
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degree of obliqueness. When turbulent viscous stressges
are added, however, the resultant mixing produces a
thickness which does not depend on ¢ since the local
8preading rate is essentially independent of the local
momentum level, Therefore, the required momentum
distribution must be produced by changes in the local
velocity leve).

Azimuthal distributions of radial momentum flux
were determined from the measured velocity profiles by
graphical integration of the curve irn Figure 41. The
results are shown in Figures 47 and 48 in which the
ratio of momentum flux per radian to its average value
for a = go° is plotted as a function of ¢ . As
expected, the general behavior i1s similar in all cases,
wlth a tendency toward less variation with ¢ for
ircreasing impingement distance (Figure 47). For a
fixed impingement distance (Figure 48), 1little effect
of jet strength is noted except in the case of the
highly undererxpanded jet which shows a higher concen-
tration of momentum flux near ¢ = 0 . The average
values of the momentum flux per radian for normal
lmpingement are plotted in Figure 49 where they are
given in terms of the free jet properties measured at
the impingement station,

In order to estimate the validity of the hypothesis
that each azimuthail Sector of 2 wali Jet is virtually
independent of its neighboring sectors so that in the
absence of wall friction its radial momentum flux would
be conserved, additional velocitvy profiles were measured
for a typical impingement condition with plates having
radii equal to 1.5 and 2,0 times the basic plate radius
of 4,71 inches. The profile shape at each radius was
first checked in detail at ¢ = 0° fep o - 45° ang 90°,
For the typical case x/dy = 1,96 and B,/Pg, = .372,
these profiles a1l appeared to be similar, both to each




"XNTJ unjuswow 38f TTBMN PSJINSBOUW JO UCTIBTJIRA TBUINWTZY *Lf; 2anSTg

o}
OQT
- S ot o < |
- e ihw////,flliu////////4U/ o
A o da D—
T~
i T
2 h,
S

. \
— T
o5\ &
O  aT3ue jquswaSuTtduT
61 = Np/x
o8 00
d
0 /d

O

Y

I~

oM
i

T ;o

Ll I il i It i [T Sl g B ) ill




(panutquop) ‘4 8an3T4

|
o0t oSt oY
/O/®_7 M 0
V—
Rl—

H y
. L
009 !

OREE NWOMT TR R U deee Bl e el el B SN 5 OO O T - B




Aﬁozsﬁpsoov "Lt 2an8Tg

Q i

m

. _

N J

i

ﬂ

: {

oSt

: f _

0lTTT = ?t\x P oT3ue juswelurdur |
> ). . OF o0
A QQ\ d

-1 S
m>moomudﬁsv
"

g | |
. g kit W Ty Frm — T " - —_— . - -~ m
: B b e B i




A@mszﬂpcoov "Lt sanSTyg

D aT3ue JuswaFurdur ﬁ

Gz = Np oy
. o8 o
cLE OQ\ d

w>woomn6ASv

l &

W




Aﬁoﬁsﬂocoov "Lt san3t1g

@
. . ,
% . Omw T o oGt 0
y o I I 0

. m\/

QII://Q/»N o
. ) JIIIIIIIIAWI

BWI!II:I!II&W! — /IIII///AV

©  aT3ue JuswaZurdur

1°6€ = Np/x i
. _ D8 @ |
2L8 = 2%/




-
2

TXOTJ Wnjuswow 3o TTBM PoJNSEaW JO UOTJRTJIRA TeusnuwIzZy °gQf oJn3Tg

0]
081 oGET 006 et -0
[ e _ G
= T
506 L
052 dV//////
,<P////////dm
O  9T3ue juswaBurduir
2€ L = Ypsx —
oog* = °7d/"d
D
m.?.NOOmH..O?.,C L
W e

__i“ __73.:; y s el Hommtb l




(psnutquoy) -

<
o0

st 2andT14

€l’/ (/I e mrrbl

S

Y — A
N ~ ;’i/;/ ) v//
L A TV ///Au
T oA e ™~
et ~, o "~

D T 4

——

o

i

L)

i
SAE

~OR=D \
C (W)

W

-

T




AvaSﬂpsoov ‘Qf7 sanI Ty

. 0 orfue JusweIuTduT
g€ L = Np/x 1"
~
,.m>moom|.,dAEv . :
W See N
= ,

MR fcosner

§i+§§§$%§g%§§g LR




o081 oGET

(pepntoucp) g sanltg

A%

L

BhT”

Ny /x

o8 () Om...\
o/

©  9T3ue pcmEmmcﬁQEH/




Rl

o

il

B (M)G=900avg

22
p. Vor
| cec .5 g\\\\\\\ 5
T = .372
| Pse
0 2 16 24 32 4o
x/dN
r_ (M)a=900an
Y 2
| PV 5 ‘&XE:?%
- O
O\\O_/‘/
[ O O
' f I | |
¢ .2 A .6 .8 1.0
poc,/pgc

Figure 49, Nondimensional average values of wall Jet
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other and to the profile already established from the
more detalled study with the smallest plate (Figure 50).
Although Glauert's analysis shows that the ratlo of
thicknesses of the lnner and outer layers changes slightly
as Ty increases, no such changes are apparent in the
data. Therefore, for the present cowmparlison, the same
basic nondimensional velocity profile was assumed to apply
for all three plate sizes, In addition, the wall jet was
assumed to be lncompressible for the two larger plates.
Under these conditions, the lntegral expression for the
radial momentum flux per radisan around the plate can be

written as
max W 5f (umax> d( )

2
Plmax® wn 5IwJ

]

M(¢)

vinere IwJ 1s evaluated uridquely from the basic wall jet
profile, If the momentum loss 1ln the boundary layer is
neglected, it can then be shown that wall jet momentum

. 2 .
1s conserved 1f the product umaxn:'wn.5 1s invarient
with r,o.

Values of n 5 and Urax v
of the impiﬁgempnt angle at ¢ = 0 and 180° for *the
given implngement condition. These values are plotted
against rw/r in Figure 51 in which n 5 is glven in
the nondimensional form n 5/rw and u_..  1is made non-
dimensional by means of the local impinging Jjet parameters
Vcr.S s the quantity rwl 1s the radius of the smallest
plate,

When the momentum coefficlent uia rwn 5 1s computed
from the measured data, 1t 1s found to be very nearly
independent of Ty o These values are plotted at the

bottom of Figure 51. On the baslis of these results, it

were measured for a range
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appears that the two wall jet sectors in question (¢ = 0°

and 1800) were in no way ~cuanled to their neighboring
sectors. In addition, this conclusion holds true regard-
less of changes in momentum level produced by variation
of' the impingement angles.

il T

U

In view of the observed momentum conservation for
two wall Jet sectors, a similar conditinn may te
inferred for the remaining secteorg if it is assumed that
for a given a the azimuthal distribution of momentum
flux per radian established earlier for th6 . smallest
plate (Figures 47 and 48) remains the same at larger
radli, If changes in the distribution of shearing
stresses within the wall Jjet are neglected, the primary
cause for any apparent change in this distribution of
M(¢) would be the failure to allow for nonradial velocity
components in the measured profiles, Since such compon-
ents were found to be negligible for the smallest radius,
it 1s felt that the assumption of sector independence is
physically reasonable.

2.6, Mass, Momentum, and Energy Flux Balances.

The data Just presented may be used as the basis for
a comparison between flux values measured in the wall jJet
at the edge of the plate and those at the nozzle exit A
comparison of this kind is useivl in understanding the
over-all flow behavior and also provides a check on the
validity of the measurements., A sketch of a typical
impinging jet flow system is shown in Figure 52 for
a = 90° (axially symmetric case). It is clear that the
mass flux entering the cylindrical control volume
includes that issuing from the nozzle as well as that
entrained across surfaces AB and S . The mass flux
leaving is contained in the wall Jet which consists of
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both nozzle flow and entrained t'low. Expresced in terms

of velocity integrals, the mass flux balance is given by

N Ty
vaf r)v(ir)rdr + 2#/\ p(r)v(r)rdr
Jr
N

- 27r h/ p(x (x)dx (2)

¢
= QWPWJE p{n)u(n)én

where the coordinate n normal to the plate has been
retained for the wall jet portion.

The momentum flux balanze in the axial direction
may be cloi;ely approximated by neglecting viscous and
pressure forces at the free boundaries, except for the
pressure difference acrosg the nozzle exit. The axial
components of momentum entering the volume across
surfaces AB and S plus any nozzle pressure differences
are thus balanced by the pressure force normal to the
plate plus any reversed axial component at S due to
spreading of the wall jet. Neglecting this latter compo-
neat, the momentum Flux balance may be expressed as

/(; [ r) + {p;(r)-p,) Irar
o
+ om p(r)vg(r)rdr - zvr,df p(x)u(x)v(x)ax (3)
vy wJO

rw
= 217//(; [pp(r)-p_ Irdr

— Lo
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For the case of normal impingement heing considercd, the
radial flow is axially symmetric, so that no net Jorce
can act due to radial momentum flux,

Similar expressions may be deduced for the balance
of energy. In this case we conslder both kinetie and
thermal energy terms and assume the flow to be both
adiabatic and free of forces doing work on the boundaries
of the control volume, The energy flux balance is thus
made between the sum of nozzle and entrained flow energy
entering the volume ang that leaving via the wall jet,
The integral form of this balance ig
EWJPrN[%~p(P)V3(P) + cpT(r)p(r)v(r)]rdr

0

r
W
+ 231: [%-p(r)v3(r) 4 cpT(r)p(r)v(r)]rdr

.

N

(4)
S EWPW\A;x-éfé p(x)u3(x) + cpT(x)p(x)u(x)]dx

= 2wrwJ€ [% p(n)u3(n) + cpT(n)p(n)u(n)]dn

If the impingement 1is oblique, the above equations are
no longer valid because of complications introduced by
the lack of axial symmetry.

The data for one of the experimental impingexent
caces have been used to compute these balances in order
to illustrate typical flow relationships. The case
chosen was that for g»/pgc = 372 at x/dN = 1,96 ,

In order to Simplify the brocedure, perfect axial symme try
was assumed for the wall Jet so that a single measured
velocity profile could be used tc evaluate the necessary
integrals. (As can be seen in Figure 43, there was some
variation from perfect symmetry for a = 90o .) The mass
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fluxes computed for this flow conditlon were
nozzle mass flux = ,582 x.107° slug/sec
wall jet mass flux = 3.583 x 1072 slug/sec

The eittrained flow thus constitutes about 84 per cent of
the wall Jet. It is found for just this particular case
that the original nozzle flow occupies a layer approxi-
mately eaual in thickness to the viscous boundary layer
portion o° the u profile.

A balérce of axial momentum flux against plate
pressure force was made for this case in [1]., It was
found that the measured jet momentum flux of 7 lbs. could
only account fcr a little cver one-half of the total force
(13 1bs.) on the piate, with the rest presumably corming
from entrained flow across AB outside of the nozzle,
i.e. between Ty and Ty

The complete energy balance cannot he made on the
basis of the velocity profiles alone, It is of interest,
however, to evaluate some¢ of the terms of Equation # and
to note the relative importance of kinetic and thermail
erergy in the various portions of the flow., A%t the nozzle
exit, the tetal er=rgy is

*

H'N Y (hkin + htherm)N

4 L 4

1

.308 x 107 + 1,54 x 10" = 1,848 x 10 ft-1b/uec
wnerein kinetlc energy accounts for ahout 17 per cent of
the total. In the wall jet, tiowever, the vroportion of
kinetic energy 1s much gmaller, Assuming a constant
temperature in the wall jlet equal to zubient, the toval

energy 1s
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|

= (h -
wi T Tt T htherm)wj

i pint

)
0L37 % 107 b

+ 11,40 ¥ 107 = 11,44 x 10"76-1b/sec

it

Kinetic energyv 1s thus only .4 per cent of the total,

Further, it is found that the kinebic energy remaining in
the mass flow that erizlnated at .he nozgzle exit consti-
tutes only 27

L

per ccoul of the total wall jes kinetic energy.
: These figures are indicative of the effecriveness with
which kinetic energy
lent llow of this kind.

4]
[y
(%]

dissipated in an impinging turbu-

=0




3. DISCUSSION OF RESULTS 34

The detarls of oblique impingement flow processes
revedled by the measurements have already been discussed
for both the impingement and wall jet regimes. Some of
tic more important features of these results will now be
reviewed,

The effects of obliqueness on implngement pressure
distribution were found to be generally similar for all
turee jJets at all axiel scvations except the closes*
(x/dN = 1,96). These effects were characterized by
changes in the stagnation point pressure level and a
shiit 1In its position on the plate surrface, For the
downstream stations representing impingement of
essentlially fully developed jet velocity profiles, the
stagnation point pressure was relatively insensitive to
impingement angle in the range 90° > o > 75° . For
smaller angles, the observed drop-off became nearly
linear, The over-all behavicr exhibited roughly a
singa—dependence. Por impingement of the jct core,
i1ittle change in pressure level was noted until o was
decreased beiow 60°. The shift of the stagnation point
alsc followed a similar pattern. Downstream locations
showed a fairly linear change with «a 1in the range
90° > a > 60°, At x/dy = 1.95 , a higher rate of change
was generally observed through the entire o range. It
is apparvent that the different behavior observed for core
impingement 1s due to the flat velocity profile in that
portion of the free jJet,

The stagration point redial velc ..ty gradient
[(dwe/dr)rvo]l was next computed for each pressure
distribution., Again, a similarity was revealed in the
c~-dependence for all three jet strengths,and here, too,
the case of core impingement was found to differ from
the othera. In general, a steady drop in [(due/dr)r=o]l
w3 observed for increasing obliqueness, with a tendency
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toward less a-dependence with increasing impingement
distance. For core impingement, very little change was
noted for 900 > a2 75°. For smaller angles, however,

a distinct increase appeared with a peak value occurring
near a = 60° for two of the three jets., Data for the
moderately underexpanded Jjet were not sufficient to
define this peak, although they did show the incresase,
The actual magnitude of [(due/dr)r=o]1 was found to
depend on jet strength, Values for the moderately under-
expanded Jjet were higher than those for the subsonic jet
for corresponding axial locations and impingement angles.
3uch differences in magnitude, however, diminished with
increasing impingement distance. The highly under-
expanded Jet gave higher values throughout except for
cases of normal or near-normal impingement at x/dN = 1,96,
where lower values typical of the two weaker jets were
found. These latter cases are thought to be the result of
the strong stand-off shock occurring for this condition.
It is apparent that for highly oblique flows the effect
of this shock in flattening the pressure distribution is
altered enough to produce a much sharper maximum pressure
peak leading to & higher value of [(due,./dr)r_:O]1 . When
the axial distance is increased to x/dN = 7.32 , normal
impingement produces the separated stagnation point flow
discussed earlier, The central peak of this distribution
thus produces a negative value of [(due/dr)r=o]1 . As
obliqueness is introduced, the distribution appears to
change until at sone angle the stagnation point of the
separated region can no longer be distinguished. The
outer peaks due to cthe supersonic flow surrounding the
core then become highly asymmetric., DBacause of the
highly complex flow structure under such conditions, it
was felt that meaningful values of [(due/dr)l,=o]1 for
this case could not be deduced from the available data,
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The correlation of values of {(due/dr)r=o]l with
local free Jet conditions at the impingement station was
found to be somewhat inconsistent. In general, however.

a decreasing trend was noted in the value of the nondlmen-
sional form (r.S/VE)/[(due/dr)r=O]l as obliqueness
increased for all the jets at all but the closest impinge-
ment distance. For 90° > a2 75° , at x/dN =1.96 ,
nondimensional values correlated quite well, while the
behavior for a < 750 was similar to that for
[(due/dr)r=o]1 alone with peaks of different magnitudes
near o = 60° ,

The azimuthal distribution of the wall jet was found
to be essentially as expected, with more mass and momentum
flux concentrated near ¢ = O for increased obliqueness
(decreased a ). Distributions of radial momentum flux
per radian revealed little difference among the impinge-
ment conditions except far downstream where there was
less dependence on ¢ for a given o , At a fixed
distance, the flux of the highly underexpanded Jet tended
to be more concentrated near ¢ = O than that of the
weaker jets,

Wall jet velocity profiles were characterized by
thelr maximum velocities Uoox and half-velocity thick-
nesses n'5 . Similar results were obtalned under a’l
conditions except, again, fo- stations far downstream., In
general, Uoax dropped off more rapidly with ¢ for
smaller values of o , whereas n'5 was found to be
relatively independent of both ¢ and o , This constant
thickness, of course, reflects the relative insensitivity
of the rate of wall Jet spread to its momentum level.
Variations from the general behavlior for downstream
locations were felt to be at least partly the result of
the large extent of the impingement regime relative to the
plate size. Under these conditions, it is doubtful if a
fully developed wall jet was formed at the polnt of

|
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measurement,

The over-all shape of the velocity profile was also
found to be similar in all those cases for which it was
determined in detail, A comparison of the measured
profiles with one computed using Giauert's method showed
excellent agreement (Figure 41) except in the outer edge
where the measurement technique was of little value.

Measurements of the velocity profile at two larger
radil indicated that, for the wall jet sectors involved
(¢ = C° and 180°), the iecay behavior was virtually
independent of that in the neighboring sectors.
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This investlgation was made to study the properties
of the flow produced by an axially symmetric jet impinging
obliquely on a circuler flat plate. In the region of
strong interaiction close to the impingement point, surface
pressure dilstributions were measured along a diameter
normal to the plate tilt axis for a2 wvariety of conditions,
In the region of the wall Jet procuced by the interaction,
veloclty profiles were measured, These measurements
revealed several important features of oblique impingement
flows. In addition, it was possible to compare these
features with those investigated previously for normal
impingement alone. In this previous study [1], the radial
velocity gradient (du,/dr), . at the stagnation point of
the impinging flow was evaluated from the pressure
distributicons near the impingement point, It was found
that values of (due/dr)rzo could be correlated with the
properties of the free jet at the plane of impingement,
thereby providing a means of estimating such values for
any known Jjet flow. For obligue impingement, however,
several factors were observed which alter the normal
result, These factors include changes in the pressure
distribution shape, the pressure level, the position of
the stagnaticn point, and the introduction of a dependence
of (du/drj, o, on ¢ . In addition, the distributions
of mass and momentum fluxes in the resulting wall jet are
no longer axizlly symmetric,

In general, the pressure distribution shape becomes

latter and slightly asymmetric as impingement angle
decreases through the range 90° >a 45° . The exact
nature of these changes is found to depend upon the
impingement conditior as defermined by jet strength and
impingement distance, The shock structure of underexpandec
Jets does produce local changes in the pressure dlstribu-
tions when lmpingement occurs within the region contalning
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chocks,

For impingement at distances greater than the jJet
core length, no substantial change in stagnation point
pressure level 1s observed for any of the jets tested
until o 1s less than 750. Beyond this point, a steagy
drop-off occurs,

The stagnation point shift also depends very little
on Jet strength, there being a fairiy linear dependence
on a for most of the range investigated (90° >a> 45°),
This derendence is stronger, however, when the core
impinges,

Because of the ¢-dependence of the gstagnation point
radial velocity gradient under conditions of oblique
impingement, the values measured for g single value of ¢
are designated as [(due/dr-)r=o]1 . When this gradient
is nondimensionalized with local free Jet properties, a
general decrease is observed as « decreases for all cases
except those for which the jet core impinges. For a = 45°,
the value of (r.S/VE)[(due/dr)r=O]1 may be as low as
50 per cent of its value for aq = 90° . For core impinge-
ment, the exact behavior depends upon the local character
of the core as determinzd by the jet strength,

Measurements of wall Jet velocity profiles show that
at a given radial distance, the thickness n_5 varies
only slightly with azimuthal position ¢ for a wide range
of impingement conditions (1.95 < x/dN < 39.1, 90° 20 _>_45°,
and pm/pgc = .800, .372, and .148), Only for the largest
impingement distance -- where there is doubt as to the
development of the wall Jet -- 1is there any marked depen-
dence of n.5 on ¢ or a, In addition, the basic profile
shape remains essentially similar for all azimuthal stations
when nondimensionalized on the half-velocity thickness and
the maximum velocity. This simllarity also hold . fcr
typical profiles measured at radii of 1.5 and 2 times the
initial radius,
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Azimuthal distributions of radial mcmentum flux per
radian in the wall jet are found to depend strongly on
impingement angle., Flux distributions increase near
¢ = 0 as o decreases. For a glven jet strength, this
increase diminished as impingement distance increased.

For a fixed distance, however, there was only a slight
change in the distributlions as jet strength increased,
This' change was marked by an increase in the concentration
of momentum flux near ¢ = O when the jet with the
highest momentum level impinged (gw/pgc = 1483,

A check of the wall jet momentum flux level at two
larger radii revealed that, to first order, the decay
behavior of each azimuthal wall jet sccetor was independent
of its neighbors.
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