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INTRODUCTION

The flow field associated with the oblique impingement of an axi-
symmetric jet is of interest as a result of its presence in numerous tech

nological problems. Prominent among these is the externally blown flap
(e.b.f.) configuration for STOL aircraft. The e.b.f. configuration and
the oblique jet impingement flow, as its laboratory counterpart, are
shown schematically in Figures 1 and 2.

A comprehensive investigation of the shallow angle (p < a g 15°)
oblique impingement flow is summarized by Foss and Kleis [1976]. The
! passive and active spreading characteristics of this flow, the role of the
initially azimuthal vorticity field and an analysis of the stagnation point

region are presented in this Synoptic; the substantial data base from
which these results are inferred is available in the reference manuscripf
and reports to the NASA which were summarized in this publication.
The large angle oblique jet impingement flow field is rather more
-;f'scomplex than its shallow angle counterpart. The dominant streamwise
_motion of the latter is replaced by a fully 360° flow field albeit the streamn -
wise character of the initial jet is manifest in the velocity field of the

spreading jet. Prior experimental studies provide some insight into the
structure of the large angle flow field. Donaldson and Snedecker [1971]
investigated a wide range of Mach numbers, jet-plate spacings, angles,

and impact plate dimensions via surface pressure and centerplane velocity

measurements. Westleyet.al. [1972] provide surface r.m.s. pressure
imeasurements. Fink [1973] has examined the acoustic characteri.stics of]
;fthe large -angle impinging jet flows and has advanced some interpretationg
iof the probable turbulence structure associated with them. Other investif
%gations which focused exclusively on the acoustic characteristics of this
iflow include Olsen, et. al. [1972], Putnam and Lasagna [1972], Hass [1912]
and Yuet, al. [1974].

Given the information base of these studies, and recognizing the
;motivation of the e.b.f. configuration, a detailed study of the a =45°,

:1./d = 7 oblique jet impingement flow was deemed to be appropriate. The
4
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:Reynolds number, uod/v, was 4.8 x 107, this value is considered to be

:;sufficiently large that qualitatively similar results are expected for large%r



Reynolds numbers which may be found in flows of technological interest.

EXPERIMENTAL FACILITY

The requirement to execute spatial (e.g. vertical or radial) tra-
verses, with a probe alignment which could be used to infer the flow di-
rection in planes parallel to that of the impact plate, was achieved with
the flow and traverse systems shown in Figures 3 and 4. Pressurized

and into the tube shown in Figure 3. The support structure allowed the
tube to be rotated around the jet axis ~impact plate intersection point.
The traverse of the probe was executed along a line perpendicular to the
lathe bed and at continuously variable locations above the impact plate.

with the local mean velocity. The probe positioning and data acquisition
were executed under the software control of a minicomputer. Standard
hot-wire equipment (Disa gold -plated probe, T.S.I. 1054A anemometer)

and pressure transducer (Decker Corp,308-3) were used.

DATA ACQUISITION SYSTEM AND MEASUREMENT TECHNIQUE S

A Texas Instruments 960 A minicomputer is the central componen

in the data acquisition system (see Figure 4). This unit is used to positi{

the probe at the r, z values prescribed for the traverse (e.g., 13 data

to drive the stepping motors, to record the data for a prescribed time

period (e.g., 60 second averaging time),. and to orient the probe into the
mean flow direction of the r,© plane by a scheme which relies upon the

The probe is positioned at +45, #30, =*15, and 0 degrées with respect t
the presumed flow direction (the direction found in the previous reading

of the traverse), and the time-mean flow direction (Bo) is calculated by t
following technique. The mean hot-wire response at each of the seven
pontions E. (pi), is divided by the maximum voltage, E' ax’ recorded

air. from a large plenum chamber was supplied through a flexible conduit

The probe could be pivoted about its measurement point to align the probg

points at z = 0.05d, 0<.r =4 in.) by means of analog voltage signals us%d

symmetric and approximately cosine response of a yawed hot-wire probe.

it

pn,

p

he

durmg the seven readings, and the apparent angle of the probe with respect

to the head -on condition (p -p i) is calculated from the relatmnship

z_w e o i e ke e o 5 e o]

s



Bi = cos (ﬁi-poi). (1

mas

The time -mean flow angle, '5 is then calculated from the relationship
Boi (2)

N ?"
i=
The voltage values from the hot-wire probe are digitized and initially
processed in the minicomputer such that subsequent processing will resuit
in the mean velocity and turbulence quantities expressed in laboratory
coordinates, viz., E;, Ee, uf. ug, :1:39. Specifically, let €y ©y» and e
be voltage values from the hot-wire probe as it is oriented at B, and at B
%45 degrees respectively. The desired functions of the velocity are obtajned
from these voltage values following their digitally computed averages.
Let [f(ea)] represent one sample, j, of a function, £, of the voltage,

k;
viz., f(ek) ey €15 €55 eg, e%, eg. The average value of f(e )1s
computed as

1’ N a
<f(ek)> ﬁ z: [f(ek)]j (3)

A typical N value is 6 x 105 which represents a 30 second sample at a
sampling rate of 20 Khz. The magnitude of the velocity, [u +u ]1/ 2 e
obtained from-. d(eo) > and u , ue follow from the known B value.z The
intensity of the streamwise fluctuatzons is determined from {< f(e0)>
L<tlegs P} 1/
lation between the {wo fluctuating components follows from the as sumed

. The intensity of the lateral fluctuations and the corre-

cosine law reaponse and the nurnerical quant:.nes 0.25{ <f(e2) > - <f(e3)>
and <£(ez)> <£(eo)> -0.125 {<f(e2)> <£(e3)>} See, for example,
gHmze [159, 1975] for the derivation. The <f(e2 )> values are recorded
£or specified traverses; the average values are then transferred to the IBM
; ' 1800 comg iter where the voltages are converted to velocities via the

f response equations of the wires..and the fourth order polynomial usad to
I fit the calibration, e = e(u), of the '"linearized' hot-wire probes. Two

G

imean velocity and three Reynolds stress terms are known at the given



i documentation were taken at r/d = 1 and r/d = 3 and at the angles & = /4

| graphical presentation, a listing of the data is provided in Appendix A,

. energy production terms to be assessed. These data are shown in

point in terms of probe coordinates (s,t,z). The data can then be trans-
formed to (r,0, z) coordinates. The approximate nature of the ''cosine-
law' angular response equation limits the accuracy of the Eg and u g

values. See, for example, Friehe and Schwarz [1968] for a more accura#

representation of the yaw effect.

RESULTS

The data representing the time mean surface pressure field
measurements have been collectively presented in the form of surface
isobars; these are shown on Figure 5. An expanded scale to better delin

eate the maximum pressure region is used in Figure 6.
The velocity field information was collected in three separate

data acquisition runs. Traverses in the 6 =0,n plane

were made in the jet prior to its impact on the plate and also down-

stream of the geometric impact point. These data are shown in Figure 7.

These results indicated that a loczl maxima in the velocity occurred neaf

z/d = 0.053 (z = 0.04 in.). Hence, this elevation was selected as the
location of the plane for the radial traverses to define the velocity field
near the plate. A composite view of this velocity field is presented in
Figure 8. The vertical velocity traverses to complete the exploratory

and 7/2. These results are presented in Figure 9. In addition to the

As discussed below, there is reason to suspect the detailed values from
the /3 and n/6 radial traverses. Hence, these have been excluded from
the listing even though they are considered to be sufficiently accurate to
be included in the composite plot of Figure 8.

In order to complete the graphical documentation of the radial
velocity traverses, it was decided to adopt a presentation format which
would allow the relative importance of the various turbulence kinetic

Figures 10 to 13. Since the radial traverses were taken in even incre-

ments (Ar/d = 2/3) it is possible to construct both radial and azimuthal

1

plots of the radial and azimuthal mean velocities, fluctuating velocity

intensities and fluctuating velocity correlations (kinematic Reynolds stress).
H

4



In order to facilitate the comparison of the production effects, .1
'{ the vertical ordinates were essentially maintained at constant values for
all plots. The abscissa scale for the radial traverse presentations was
kept constant for all plots. The abscissa length is contracted approxi-
‘mately 50 percent for the azimuthal plots, hence, the gradients appear to;
be too large by this factor. An additional radial traverse which makes
use of a somewhat finer series of probe locations and which is slightly

closer to the plate is presented in Figure 14.

f

The azimuthal plots of the radial traverse data revealed apparant
inconsistancies from the © = x/3 and w/6 runs. Consequently, these da

DISCUSSION OF RESULTS

There are two principal characteristics of the large angle im-
pingement flow which have been deduced from the data base represented
| by the results discussed above. The first characteristic is that the flow
field near the plate demonstrates two distinct "symmetry''* patterns, on

is "centered' near the location of the maximum surface pressure and th
second is a symmetry pattern about the geometric intersection of the jet
axis with the plate and is realized when the flow reaches a sufficiently
large radial distance. The second characteristic is that the turbulence

g kinetic energy in the region above the plate is not significantly greater |
' than that which can be accounted for by the convection of turbulence enerfy
by the mean motion. The data which allow the inference of these two
| characteristics and an evaluation of the pressure field in the neighborhood

of the stagnation point are presented in the following subsections.

| Symmetry Characteristics of the Flow near the Surface

i
H

An overall picture of the flow pattern near the surface of the

| plate is provided by combining the data from all of the radial traverses
in such a manner that the magnitude and direction of the velocity in the
: z/d = 0.053 plane is revealed. This plot is presented in Figure 8.
me word ""symmetry' is not meant to imply azimuthal independence

i of the velocity fields; e.g., ata givenr, u (o)>u (m). The "symmetry
poinf" is rather like & non-axisymimetFic “éb‘ﬁ'fée location.

5




The symmetry ‘''point!' for the neighborhood of the maximum prolll-
sure is approximately @ = x,r/d = 0.87 (ses Figure 7) and a "local sym-
metry" of the ¥(r, 8) field about this location is suggested by the data of
the composite plot. Considerably more data in this region and a more
sophisticated measurement technique, which is capable of segregating
the r, 6, and z velocity components, would be required to improve the
quintitative assessment of this flow pattern, - = - | ircoo
«{ .- For sufficiently large.r values. (:r,/d =3 which represents an r/z
value of approximately 55) the flow pattern near the surface evolves
such that the geometric intersection of the jet axis and the plate is the
| symmetry "point''. The radial traverse data for vo/u (see Figure 11)°
demonstrates this effect quantitatively and the vanishing urve values (see

Figure 12) from the same traverses similarly confirm this observation.
The azimuthal variation of Er/uo (see Figure 12) shows that the flow is
not axisymmetric about the symmetry point (this is an expected result
i since the jet inclination is w/4, not n/2 radians with respect to the plate)
ibut these distributions also show that the variation -with respect to 0 be-

f:comes rather slight as r increases. It is important to recall that these
Zresult:s are for the region quite close to the plate. The flow at a sufﬁcxent

H

i
The surface velocity pattern is corroborated by the visualization studies |
of Westley, et. al. [1972]. i

The governing mechanics which result in these symmetrv patternq

e1evat1on above the plate will retain its predominant © = 0 orientation.

are not fully revealed by these data. Without direct measurements of
’w(r,G) and urwz and considerably more comprehensive data, such an
assessment would not be feasible. However, the local symmetry about
the maximum pressure strongly suggests that the pressure gradient is
the dominant term in the equation of motion for this region of the flow.
i The effects which lead to symmetry about the geometric origin

‘are much more obscure. The surface static pressu: field is clearly

Znot symmetric about the origin and this would suggest that the local effects

leadmg to such symmetry are the Reynolds stresses, i.e., u Vo and vg ’
It seems clear that the global symmetry of the entire jet is involved in thg
‘processes which lead to this resuit. However it is not a simple matter
‘to connect the global effects to the Reynolds stresses which must be

‘responsible for the local accelerations required to give the observed

6 ORIGINAL PAGE IS
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symmetry. One mechanistic feature which has the potential for
such an effect is the predominant azimuthal vorticity of the approaching
jet.

The Turbulence Field near the Plate Surface

The presence of the plate with the consequent no slip condition
and the strong velocity gradients might lead to the apriori expectation
that the turbulence energy level near the plate is greater than that to be
expected if the plate were absent. This expectiation is not supported by

i.th‘.m‘m", - s e PR

Figure 15 has been prepared as a compo;ite plot of thu tnrbulencL
intensity information from the radial traverses. In order to compare
the turbulence levels near the plate with the turbrlence level of the jet
itself, the data for the condition z/d = 0.053 and © = 90 degrees has beer
plotted on the same figure with the radial traverse data of x/d = 6 and 8,}/ ¢
i from Kleis and Foss [1974], see Figure 16. This comparison appears to
' be the most reasonable basis from which to evaluate the relative turbulence
. level created by the impingement process given the available experi-
mental data. However, it is not unambiguous. A preferrable comparisén
would be on the basis of a volume integral of the turbulence energy in a

| given streamwise domain., Such an integral could be readily formulated
for the axisymmetric case but would require an extensive series of
traverses in the three-dimensional impingement flow. The vertical
traverse data of Figure 9 show that the turbulence intensity magnitudes
_in the plane z/d = 0.053 are representative of the maximum values for

‘ these quantities in the impingement flow albeit there is a slight increase

. in the steep gradient (9 u_/dz) region for z < 0.053d.
; The suppression of the turbulence intensity and the Reynolds

stresses by concave curvature is discussed, along with numerous other i

effects, at length by Bradshaw [1973]. The present observations regardinig
| the maximum turbulence intensity values are compatible with these ;
i considerations. The r.m.s. surface pressure data of Westley, et.al. ;
[1972] indicate two maxima located up and downstream of the origin.
Apparently, these are related to the stagnation point and to the local
maxima in the turbulence intensity magnitudes observed in the present

data.



following observations: (i) the local symmetry of the velocity field (sze
f Figure 8) requires that the stagnation point be in the neighborhood of

Stagnation Point

A technique of identifying the stagnation streamline by comparing
the measured velocity near the plates surface with the surface static
pressure taps was successfully employed by Foss and Kleis [1976] to
demonstrate that the stagnation point is considerably upstream of the
maximum pressure location and near the gero surface isobar for the
shallow angle impingement flow field, A necessary characteristic of thip
technique is that the static pressure at the location of the velocity
measurement be equal to the atmospheric value. In the earlier study,
an over-pressure at the velocity measuring location would have resulted
in a farther upstream movement of the inferred stagnation point,

The same technique cannot be applied to the measurement of the
stagnation point in the large angle case. This result is based upon the

x/d = -1 and (ii) the static pressure at the location of the velocity measure-

:ment must be greater than zero. The latter observation is based upon

'a comparison of the measured surface static pressures and the inf.erreci

‘dynamic pressure at the stagnation point. Specifically, from Figure 6,

‘and from Figure 7, the velocity magnitude in this neighborhood of the
- approaching jet is of the order of 0.3 a - The stagnation pressure for

. such a condition is given by

: Comparing the two equeations, it is apparant that the static pressure at

'the measuring point must be of the order of 0.16 ¢ u:.

. Conclusions

study.

=2
P (r/d=1, 6=m) = pu  (0.2)+ p,, . P tag (4) |

2
pstag =p+¢ u, (0.045) (5)

The following conclusions are supported by the results of this

1) The plane defined by z/d =0.05 is in the neighborhood of the |
i
i

maximum velocity over most of the plate. Hence, this is also a plune

' separating regions of opposite sense mean vorticity. (Note that 3 u_/
5

0 z>>0 \;/ 98).

ORIGINAL PAGE IS
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2) The flow in the £/d=0.05 plane (and presumably for smaller
s/d values) can be characterised in terms of two symmetry patterns.

Specifically, a local symmetry about the inferred stagnation point (x/d
-0.8) for the near region and symmetry about the intersection of the jet
axis and the plate (r/d = 0) for larger radius values. The latter effects
are predominant for r/d 2 3.

3) The maximum levels of the turbulent fluctuations in the region
near the plate are not larger than the turbulence levels of the approach
jet. Insufficient data is available to establish whether or not the jet /
plate interaction results in an increase in the total turbulence kinetic
energy.

4) Quantitative estimates of the terms in the equations of motion
indicate that significant pressure magnitudes may be expected within the
jet in the neighborhood of the stagnation point.
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Appendix: Tabular Listing of the Experimental Data
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r/d
8.000

7.333
6.666
6,000
5.333
4.666
4.000
3.333
2.666
2.000
1.333
0.666

0.000

s/d
0.053

0.053
0,053
£.053
0.053
0.053
0.053
0.053
0.053
0.053
n.053
0.053

0.053

RADIAL TRAVERSE

p
0.3

0.0
0.1
0.1
-0.3
-0.0
-0.0
0.2
~0.0
-0.1
-0.3
~0.6

-103

V1/u,

26.5
29.5
32.8
37.2
4l1.7
47.8
564.6
51e2
67.8
73.3
75.9
71.6

51.7

JET AT O OEGREES

_';r / u,

26.5 0.1
29.5 0.0
32.8 0.0
37.2 0.0
1.7 -0.2
47.8 -0.0
54,6 -0.0
61.2 0.2
67.8 -0.0
73.3 =-0e1
75.9 -0.5
Tle6 -0.8
51.7 -1.2

- -2, 2
v'o/u° “r/“o

.93

1.11

2.06
2436
2.71

Vo/ul
0.246
0.28
0.36
0.46
0,55
0.61¢
0.67
0.64
0.45
0.36
0.40
0.76

1.30

Note: P is in degrees; columns 4 - 9 are expressed as percentages

12
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Trvglus
0.00
0.00
0.00

-0,.,00
0.01
0.00

-0.00

-0.,00

-0.00

-0.00

-0,01
0.00

-0.00



r/d
8.000

7333
6.666
6.000
5333
4.666
4.000
3,333
2.666
2,000
1.333
0.666

0.000

RADIAL TRAVERSE

z/d B
0.053  -0.1

0.053 ~0.3
0.053 =0.0
0.053 1.0
0.053 1.3
0,053 le7
0.053 242
0.053 2.7
0.053 3.1
0.053 4.}
0.053 5.4
0.053 8.6

0.053 16.1

V1/u,

2602
29.0
32.3
36.6
ble¢
46.9
53.9
60.8
67.7
7345
76.8
723

52.4

JET

7, o,

26,2
29.0
32.3
36.6
4144
4649
53.6
60.8
67.6
73.3
76.4
71.6

50.3

AT 15 DEGREES

- -2, 2 -2, 2
ve/uo “;-/“g ve/uo

-0.0
-0.1
=-0.0
0.6
0.9
l.4
2.1
2.9
3.7
53
7.3
10.8

14,5

0.92
l1.10
1.29
1.49
1.66
1.78
1.80

1.81

0.26
0.27
0.37
0.46
0.58
0.65
0.72
0.61
0.48
Ne.38

0.45

Note: B is in degrees; columns 4 - 9 are expressed as percentages
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r
-0.01

-0.01
~0.02
-0,03
-0.04
-0.05
-0 .04
-0.,02
0.01
0.07
0.16
0.28

0.39

u V67\IZ
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r/d =z/d
8.000 0,053
7333 0,053
6.666 0.053
6.000 0.053
54333 0.053
4.666 0.053
4.000 0.053
3,333 0.053
2,666 0.053
2,000 0.053
1,333 0,053
0,666 0.053

0.000 0.053

RADIAL TRAVERSE

g
0.6

1.0
1.3
2.5
3,5
4.7
6.5
8.5
10.5
13.0
17.1
25.9

48,6

V1/u,

16.8
18.6
20.5
23.3
26.8
31.2
37.0
4445
52.6
60.8
67.0
65.5

50.6

JET AT &5 DEGREES
§5/h°

. /u,
16.8
18.6
20.5
23.3
26.7
31.1
36.9
4440
5147
59.2
6440
58.9
33.4

0.1
0.3
0.4
l.0
1.6
2.5
462
6.6
9.6
13.7
19.8
28,6

38.0

Note: @ is in degrees; columns 4 - 9 are expressed as percentages

14

/iy Vel Weles
0.37 0,14 -0.01
0.47 0.15 -0.01
0.57 0.19 -0.01
0.73 0.23 -0.01
0.94 0.28 -0.01
1.19 0.34 ~0.00
1.43 0.44 0.00
1.57 0.54 0.00
1.65 0.54 0.06
1.72 0.55 0.18
2.09 0.68 0.43
2.17 1.26 0.71
1.83 2.14 0.66
: E 1S
B ook comim



RADIAL TRAVERSE JET AT 90 DEGREES

r/d /4 B Vi, N /u,  olu, Tl Vel el
8.000 0.053 Se2 8.5 8.4 0.7 0.08 0.01 0.00
74333 0.053 5.3 9.4 9.3 0.8 0.10 0.03 0.0v
6.667 0,053 6.8 10.7 10.6 1.2 0.14 0.04 0.00
6.000 0,053 6e7 12.3 12.2 le4 0.18 0.06 0.00
5334 0.053 Te7 l4.4 14.2 1.9 0.25 0.09 0.01
4.667 0.053 10.2 16.8 16.6 2.9 0.36 0.12 0.02
4.001 0,053 11.1 20.5 20.2 3.9 0.54 0.17 0.05
3.334 0.053 15.4 26¢5 25.% 7.0 0.81 0.24 0.13

2.667 0,053 21.2 34,8 32.5 12.6 1.09 0.41 0.25
2.001 0,053 28,3 45.1 39.7 21.4 1.27 0.567 0.35
1.334 0,053 37.1 54.0 43,0 32.5 1.67 1.15 0.57

0.667 0.053 55,0 56.3 32.3 4642 1.32 2.03 0.62

Note: B is in degrees, columns 4 - 9 are expressed as percentages
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r/d
3.000

3.000
3.000
3,000
3.000
3,000
3.000
3.000
3.000
3,000
3,000
3.000
3.000
3.000
3.000
3.000
3.000
3,000
3,000
3.000
3,000
3.000
3.000
3,000
3,000
3,000

3.000

s/d
0.053

0,066
0.080
0,093
0.106
0.120
0.133
0.146
0.160
0.173
0.213
0.266
0.319
0.373
0.426
0.480
0.533
0.586
0.640
0.693
0.746
0.800
0.853
0.906
0.960
1,013

1.066

VERTICAL TRAVERSE

B
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

Vi/a,

58.2
66.0
62.0
62.2
61.9
61.3
60.2
59 .0
5746
55.9
5143
44,7
38.5
32.7
27 .4
23.0
19.2
15.9
13.4
11.0
9.1

7.8

6.1
565
5.0

4.8

JET AT O DEGREES

“r/ %
58.2

66.0
62.0
6242
61.9
61.3
6042
59,0
57.6
55.9
51.3
44,7
3845
32.7
274
2340
19.2
15.9
134
11.0

9.1

7.8

6.9

- -2, 2
ve/uo “r/“o

1.53
1.45
1.37
1.29
1.24
1.17
1.13
1.12
1.13
1.12
1.21
1.27
1.30
1l.24
1.15
1.04
0.87
0.74
0.59
0.43
0.31
0.23
Col7
0.11
0.08
0.05

0.04

-2, 2 2
ve/uo “rvﬁ?uo

Note: P is in degrees; columns 4 - 9 are expressed as percentages
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RADIAL TRAVERSE JET AT 135 DEGREES

r/d z/d g [V‘l/uo -Er/uo Vo/u, Tx':/ui Vg/ug Wu:
T7.999 0,053 1.7 3.9 3.9 0.1 0.00 ~0.00 0.00
74333 0.053 3.9 4,3 4.3 0.2 0.01 =-0.,00 0.00
6.666 0,053 4.2 5.3 5.3 0.3 0.02 -0.00 0.00
5999 0,053 5¢5 6.3 6.3 0.6 0,064 0.00 0.00
5333 0.053 8.3 Te7 T.6 lel 0.07 0.01 0.00
4,666 0,053 8.6 9.6 9.5 le.4 D.12 0,03 0.0?
3,999 0,053 12.0 12.5 12.3 246 0.22 0.06 0.02
3.333 0,053 16.3 16.8 16.1 4,7 0.38 0.13 0.07

24666 0,053 26.6 2442 21.7 10.8 0.66 0.31 0.23
1,999 0.053 37.5 35.1 27.8 21.4 0,98 0.86 0.40
1.333 0,053 54.4 4l.4 2440 33,6 l1.12 1.85 0.53

0.666 0,053 82.4 42.3 55 42,0 0.17 2442 0.29

Note: @ is in degrees; columns 4 - 9 are expressed as percentages
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RADIAL TRAVERSE JET AT 180 DEGREES

r/d =/d g IVV\;o -‘;r/“o Ve/ua G:/u: Vg/ui W\xi
8.000 0.083 -0.8 3.2 3,2 0.0 -0.00 -0,01 -0.00
7333 0,053 -3.8 3.7 3.7 -0.2 0.00 =-0,01 0,00
6.666 0,053 0.4 4.0 4.0 0.0 0.01 =-0.,00 -0.,00
6.000 0,053 0.7 4a6 LY ) 0.0 0.02 -0,00 -( .00
5333 0,053 -0.,8 5.8 5.8 ~0.0 0.04 -0,00 -0,00
4,666 0,053 =-0.3 7.5 7.5 -0.0 0.08 0.00 -0.00
4,000 0,053 l.1 9.8 9.8 0.1 0.15 0.03 -0,00
3.333 0,053 0.2 13.7 13.7 0.0 0.30 0,08 0,00
2.666 0,053 1.5 2042 20,2 0.5 0.68 0.24 0.01
2.000 0,053 3.3 24.4 24,3 leé 1.19 0.56 0.04
1.333 0,053 7.3 17.9 17.8 2.3 0.73 0.71 0.04
0.666 0,053 ~2.6 27.4 274 -1.2 1.92 0.81 -0.11

Note- @ is in degrees; columns 4 - 9 are expressed as percentages
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RADIAL TRAVERSE JET AT 30 DEGREES 2 2
- - 2 =2
r/d =/d [ IVVno u_/u "6/“0 '\Tf,/uo ve/u0 urva7u°
8.000 0,083 -0.% 20-2 20.2 "002 002. "0007 -0,00

74333 0,053 ~0.7 21.9 21.9 ~0.2 0,40 -0.09 ~0.00

6.666 0,053 ~0.6 24,0 24.0 -0.,2 0.54 ~0.10 -0.00
6.000 0,053 0.9 27.5 27.5 0.4 0.76 -0,.,10 0.00
5333 0,053 1.5 31.0 31.0 0.8 0.96 -0.03 0.01
4.666 0,053 3.3 35.6 35.6 240 lol4 0.09 0.01
4.000 0,053 4.2 4l.2 4le1 3.0 1.25 0.30 -0.,00
3333 0,053 563 47.8 4746 beb 1.24 0.44 0.00
2.666 0,053 6.8 S54.1 53.7 6.4 1.20 0.46 0.01
2.000 0,053 8.5 59.9 59.2 8.9 1.22 0.44 0.07

1.333 0,053 11.4 63,8 6245 12.6 1.34 0.49 0.17
0.666 0.053 17.4 6l1.6 58.8 18.4 1,49 0.78 0.30

0.000 0,053 32.2 47.2 39.9 25.1 1,55 1.13 0.54

Note: P is in degrees; columns 4 - 9 are expressed as percentages

ORigy :
A&gg"%q?
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r/d s/d
8,000 0,053

7.333 0,053
6.666 0.053
6.000 0.053
5.333 0.053
4.666 0,053
4,000 0.053
3.333 0,053
2.666 0,053
2,000 0,053
1,333 0,053
0.666 0,053
0.000 0.053

RADIAL TRAVERSE

¥/,

B
2e)3

3.7
3.7
S5e5
5601
5.8
745
9.8
13.7
17.7
23.4
34,8

63.5

20,9
21.4
22.1
23.3
25.0
27.7
31.7
37.4
44,8
52.3
58.4
59.5
50.8

JET AT 60 DEGREES

“r/uo
20.9

21.4
22.0
23.2
24.9
27.6
3l.4
36.8
43.5
49,8
53.6
48.9
22.6

70/\!0
0.8

1.3
lo4
242
242
2.8
4.1
6e4
10.6
15.9
23,2
34,0
45.5

W /g
0.19
0.17
0.18
0.20
0.28
0.45
0.71
0.97
1.12
1.21
1.32
1.29
0.68

Vo/u
0.36
0.35
0.31
0.27
0.18
0.03
-0.07
-0.06
0.14
0.38
0,59
0.98
1.60

Note: B is in degrees; columns 4 - 9 are expressed as percentages
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-0.,02
~0,01
~0.01
~0,01
~-0,00
0.02
0.08
0.16
0.21
0.25
0.37
0.62
0.62

2
o



1,333
1,333
1,333
1.333
1.333
1,333
1,333

1.333

z/d
0.013

0.026
0.040
0.053
0.066
0.079
0,093
0.106
0.119
0.133
0.186
0.239
0.293
0.346
0.399
0,453
0.519

0.586

VERTICAL TRAVERSE

p
35.6

36.0
36.8
37.4
38.3
39,2
39.3
40.3
41.5
43.0
45.8
48,1
5047
S4e1
5645
59.9
63.3

68,8

V1/a,

49,5
53.3
54,1
5462
53.7
52.9
52.0
50.9
49,8
48,5
43.1
38.6
34.0
30.4
27.0
24.4
20.8

18.2

JET AT 90 DEGREES

-Gr/uo
40,2
43.1
43,3
43,0
42,1
41.0
40,2
38,8
37.2
35.4
30.0
25.7
21.5
17.8
14,9
12.2
9.3

6e5

30.9
28.7
26.3
2467
22.6
21.1
18.6

16.9

Note: B is in degrees; colum.s 4 - 9 are expressed as percentages
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Tlig Yo/, Tl
1.89 1.38 0.68
1.81 1.33 0.69
1,64 1,25 0,63
1.48 1.15 0.57
1.33 1.10 0.50
1.23 1.04 0.44
le.13 1.00 0,39
1.06 0.96 0.34
1.01 0.94 0,32
0.96 0.92 0.28
0.86 0.85 0.27
0.79 0.84 0.30
0.71 0.81 0.33
0.61 0.80 0.36
0.532 0.77 0.31
0.44 0.75 0.30
0.38 0.70 0.26
0.31 0.65 0.21
ga“ﬂ“ﬁg :;ﬁﬁkga

2
o



r/4

3.000
3.000
3.000
3.000
3.000
3.000
3.000
3,000
3.000
3.000
2.999
20999
2,999

2,999

s/d
0.013

0.026
0,040
0.053
0,066
0.080
0,093
0.106
0.120
0,133
0,203
0,269
0.336

0,403

VERTICAL TRAVERSE

s
27.1

2647
28,8
30.7
32.7
34,4
36.7
38.7
40,8
42.3
46.2
50.1
56,3

6l.6

Wi/,

23.6
27.3
29,3
30.1
30.3
30.3
30.4
30.1
29.7
29,3
25.5
21.1
17,1

13,5

JET AT ®0 OEGREES

-— - -2, 2
w./u,  Ve/u, W /ug

21,0
2444
25¢7
2549
2545
2540
2444
23.4
2244
21.6
17.6
13.5

9.5

be

10.8
12.3
14.1
15.4
1604
17.1
18,2
18.8
19.4
19.7
18.4
16.2
14,2

11.9

0.76
0.88
0.88
0.85
0.80
0.75
0.71
0.68
0.64
0.61
0.53
0.43
0.33

0.25

velug
0.30
0.37
0.39
0.42
O.4b
0.46
0.51
0.54
0.58
0,61
0.66
0.66
D61

0.50

Note: 8 is in degrees; columns 4 - 9 are expressed as percentages
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Tl
0.22
0.27
0.29
0.31
0.33
0.35
0.35
0.35
0.35
0.33
0.28
0,17

0.08



VERTICAL TRAVERSE JET AT O DEGREES

/4 »/d B M/, T v, Velu, Wi W Tl
1.333 0.013 0.0 64.6 64.6 0.0 €36 0.77 0.01
1.333 0.026 ¢e.C 68.0 68.0 0.0 2,48 0.65 0.00
1333 0.040 0. .4 Tle4 0.0 2.39 0.53 0.01
1.333 0.053 0.0 72,2 72.2 0.0 2,17 0.42 0.01
1.333 0,080 0.0 72.0 T2.0 0.0 1.87 0.41 0.01
14333 0,106 0.0 70.7 T70.7 0.0 1.49 0.39 0.01
1.333 0,133 0.0 68.8 68.8 0.0 1.24 Cl.41 0.01
1.333 0.160 0.0 6643 66.3 0.0 1.12 0.46 0.01
1.333 0.186 0.0 63.7 6347 0.0 1.07 0.50 0.01
1333 0,213 0.0 60,9 60.9 0.0 1.05 0.55 0.00
1.333 0.240 0.0 58.1 58.1 0.0 1.07 0.56 0.00
14333 0.266 0.0 55.2 552 0.0 1.09 0.61 0.01
1.333 0,293 0.0 5267 5247 0.0 1.10 0.606 0.01
14333 0,319 0.0 50.0 50.0 C.0 1.14 0.64 0.01
14333 0.453 0.0 37.8 37.8 0.0 1.23 0.52 0.01
1.333 o0.586 0.0 28,0 2840 0.0 l.10 0.35 0.01
1333 0.719 0.0 20.5 205 0.0 0.85 0.25 0.02
1.333 0.853 0.0 14,4 l4e4 0.0 0.60 0.15 0.01

333 0.986 0.0 10.2 10.2 0.0 0.35 0.10 0.00
1.333 1.120 0.0 7.0 140 0.0 0.17 0.07 ”.20
14333 1.253 0.0 5.3 5.3 0.0 0.07 0.03 0.00
1.333 1.386 C.0 4.2 4e2 0.0 0.02 0.01 0.00

Note: P is in degrees; columne 4 - 9 are expressed as percentages
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1,333
1.333
1.333
1.333
1.333
1,333
1,333
1,333
1.333
1,333
1.333
1.333
1.333
1.333
1.333
1,333
1.333
1.333
1.333
1.333
1.333
1,333
1.333

s/d
0.013
0.026
0,040
0.053
0.066
0.079
0.093
0.106
0.119
0,133
0.186
0.239
0,293
0.346
0.399
0.453
0.506
0.559
0.613
0.666
0.719
0.773
0.826
0.879
0.933
0.986

1.039

VERTICAL TRAVERSE

p
17.0

17.5
17.7
17.7
18,2
18,7
18.3
19.1
19.6
20.4
19.8
20.1
22.0
22.1
2443
25.6
2445
26.8
23.3
27.2
28.0
270
25.3
2444
2543
2447

24.0

V/u,

68,8
70.4
10.7
70.3
69.4
68.2
67.1
65.5
64.1
62.7
576
51.5
46.6
41.1
37.1
32.8
29.6
2640
22.7
19.7
17.7
15.2
137
12. 4
10.7
8.6

7.9

U lug
65.8
67.1
67.3
67.0
65.9
64,6
63.6
61.9
60.4
58.8
54,5
48.4
43,2
38,0
33.8
29.6
2649
23,2
20.8
17.5
15.6
13.5
12.4
11.3
9.6
7.8

7.2

?b/uo
20.1
21,2
21.5
21l.4
21.7
21.9
2l.4
21.4
21.5
21.9
18,6
17.7
17.4
15.5
15.3
14,2
12.3
11.8
9,0
9.0
8.3
6.9
5.9
5.1
4.5
3.6

3.2

Note: P is in degrees; columns 4 - 9 are expr- ssed

24

JET AT 4S Dgf;i%? 2, 2
ur/u° ve/uo

2.59 0.77
2.41 0.65
2.14 0.62
1.90 0.61
1.73 0.59
1.57 0,60
1.46 0.61
1.36 0,62
1.29 0.65
1.24 0.67
1.13 0.69
1.13 0.69
1.13 0.68
lelé 0.62
l1.10 0.56
1.03 0.48
1.05 0.33
0.87 0.37
0.78 0.31
0.68 0.30
0.60 0.26
0.53 0.23
0.46 0.18
0.38 0.15
0.31 0,10
0.23 0.13
0.19 0.11
. percentages

Trvelug
0.53
0.53
0.49
0.42
0.38
0.34
0.31
0,27
0.23
0,24
0.15
0.15
0.16
0,21
0.24
0.29
0.39
0.30
0.26
0.24
0.24
0.18
0.17
0.15
0,13
0.05

0.05



r/d
3 00U

3.000
3.000
3,000
3,000
3.000
3,000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.000

3,000

s/d
0,013

0.026
0.039
0,053
0.066
0.079
0.093
0.106
0.119
0.133
0.186
0.240
0.293
0.346
0.400
0.453
0.506
0.560
0.613
0.666
0.720
0.773
0.826
0,879
0,933
0.986

1.040

VERTICAL TRAVERSE

p
8.9

9.5
8.9
8.7
8.8
8.4
8.6
8.9
8.9
9.0
9.4
10.3
12.1
14.0
14.2
15.8
15.1
16,5
15.3
14.9
1.4

14.9

12.1

12.1
11.0
10,3

545

s

50.2
52.8
53.4
53.8
53.6
52.9
52.1
51.0
50.1
49,0
43.3
37.7
32.0
26,7
22.3
18.5
15.3
12.8
10.8

9.2

8.0

T.1

bole

5.8

5¢4

5.2

4.9

—“-r/ Yo
9.6
52.0
52.7
53,2
52.9
52.3
51.5
50.4
49,5
48.4
42.8
37.1
31.3
25.9
21.6
17.8

14,8

6¢3
5.6
503
5.1

4.8

Te?
8.7
8.3
8.2
8.2
Te7
7.8
7.9
Te7
Teb
7.1
67
6.7

6.4

1.3
1.4
1.0
0.9

0.4

JET AT 45 Dicﬁfﬁf
79/“0 Ef/“o

1.9¢
1.82
1.77
1.68
1.61
1.59
1.54
1.52
1.51
1.51
1.56
1.52
1.40
1.25
1.01
0.79
0.60
0.42
0.32
0.23
0.16
0.11
0.07
0.05
0.03
0.02

0,01

2 2
;g/uo urvo7u°

0.69
0.63
0.62
0.64
0.68
0.64
0.66
0.69
0.69
0.73
0.73
0.69
0.65
0.55
0.51
0.44
0.37
0.31
0.25
0.18
0.14
0.10
0.07
0.05
0.03
0.02

0.01

Note: P is in degrees; columns 4 - 9 are expressed as percentages
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0.00
0.05
0.05
0.05
0.06
0.09
0.10
0.12
0.13
0.13
0.18
0.21
0.23
C.25
0.23
0.21
0.16
0.11
0.07
0.04
0.02
0.00
0.00
0.00
0.00
0.00

0.00
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Figure 1. The externally blown flap configuration for
STOL aircraft,

a. Side View
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b, Top View

Figure 2, Nomenclature for the oblique jet impingement flow.
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P 4 inlet flow

Rotating Support, 0
variable 0=0<w
radians

(n/12 increments)

3 inch diameter
tube

Figure 3. Large angle jet impingement
flow facility. 0.75 inchx
nozzle

Support
> Stand

Hot-wire

pacE B A

;Probe

AL :
orG®
oFf ?OOR ® impact platej

static taps
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AT
Az drive (£0.001 in.)

AQ drive (x.1 degree)

r,0,z coordinate system
aligned w. r. t. the jet,
X,VY,z aligned w. r. t. the

lathe bed.

lathe
bed

s hot-wire
capacitive .
ressure anemometer data
Eransducer (constant temp control
linearlized) panel position
control
signals
<
TI 960 A IBM 1800
Computer Computer
with with
A-D Converter A-D Converter
< <L

Figure 4.

Schematic of data acquisition facility.

Ay drive (0,001 in.)

power supply and
controller for
stepping motors

control

control
panel-
manuel
position
control



NOTE:
d = 0.75 inch

0.2
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s
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i pacl 1§
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Figure 5, Surface pressure isobar contours. a - 45 degrees,
L/d = 7, jet Reynolds number = 4, 8 x 104.

p-p )

Contours represent level curves of 100 atm

u_ A sin
pu, Q

A = 0.809 taken fiom [5].
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NOTE: 8 cm = 1 inch
d = 0.75 inch

S - approximate symmetry
point for the surface
isobars

o
Ly

d

n
o)
El

Figure 6. Expanded scale to show detail of the maximum
pressure region.
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Figure 8. Composite view of the time mean
velocity field in the plane z/d = 0.053.

Length scale of plot: data points acquired for
each 2d/3 along the radial lines shown.
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