REPORY 70-7

AN EXPERIMENTAL INVESTIGATION
OF A TURBULENT JET IN A CROSS FI OW

AD718798

/
20 David K. Mosher
2z .
e
3¢ oA
Z % Decoii2Cl 1870
sz |
& o This work was supported by the U. S. Army Research
g Office — Durham under Contract Ho. DAKCO4 68 C 0004.
. -
.: : "é_:' This document has been approved for public relense
&

and sale; its distribution is unlimited.

¥ School of Aerospace Engineering T

GEORGIA INSTITUTE OF TECHNOLOGY
Ailanta, Georgia 30332

et



REPORT 70=7

AN EXPERIMENTAL INVESTIGATION
OF A TURBUIENT JET IN A CROSS FIOW

David K. Mosher

This work was done in partial

fulfillment of the requirements for
the Degree of Doctor of Philosophy.

December 1970

\

Prepared for
U. S. Army Research Office, Durham
under
Project THEMIS
Contract No. DAHCO4 68 C OOOL

This document has been approved for public release
and salej its distribution is unlimited.

School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332



ii

ACKNOWLEDGMENTS

I would like to especially thank Dr. Howard M. McMahon for his i
suggestion of the thesis topic and guidance throughout the entire
research program. To Dr. James C, Wu and Professor James E. Hubbartt
I am also indebted for both the reading of the manuscript and fruitful
discussions during the conduct of the investigation.

Appreciation is extended to J. G. Palfrey for his assistance in
all phases of the research. For help in various stages of the design
and construction of equipment I would like to thank G. T. Bird, H. R. {
Hudson, D. L. Ransom and C. H. Wiser.

Fellow students have also provided technical support and
meaningful discussion. For assistance in this area gratitude is express-
ed to D. C. Seymour, M. N. Milhous, Jr., M. A, Wright and D. Hester.

I wish to gratefully acknowledge the financial support provided
by project Themis (U. S. Army Research Office, Durham) and a National
Defense Education Act Title IV Fellowship.

Finally, I want to express gratitude to my wife, |JiJend sons,

I o their inspiration and understanding.




TABLE OF

ACKNOWLEDGMENTS o ¢ « ¢ o o o« o« o
LIST OF TABIES. o « ¢ o s ¢ ¢ o o o
LIST OF ILLUSTRATIONS . « « « &« + &
NOMENCIATURE. « « ¢ + o o o « o o o
Chapter
I, INTRODUCTION. « « « « « &
Literature Review

Review Objective and Scope

iii

CONTENTS

[ ] L[] L L] L] ] L] [ ] . . L] [ ] L] L4 . L] xi

II. EQUIPMENT AND INSTRUMENTATION . & « & o « s ¢ s o s ¢« o o 8

Flat Plate and Nozzles

Air Supply
Solid Blockage Model

Probes and Supply Mechanlems
Pressure Switching Equipment
Pressure Measuring Equipment

Flow Visualization
IIIO PROCEDU‘RE L] L] L ] L] [ ] [} [ ] [ ]

Test Technique
Accuracy

IvV. RESULTS AND DISCUSSION. .

Summary of Collected Date
Interpretation

v . mcImIom L] . L] L] L] * [ ]
APPENDIX
A [ ] mZZIE DmIGN L] L] . [ ] L] L]

-00100000000000027



C ITED LIT ERATI.mE . L] . L[] L] L] [ L] . L] [ [ ] L] L) ] L] L] L] [ ] . . L] L] L] [ ] [ ]
TABLES . . . . L L] L] . . . L] . L] . L) L] [ L] L) L] L L [ ] . L] * L] L] . . L]

I LI’LBTRAT IONS . . . . . L] . . . . L4 L] . . L L] L] * L] L] L ] L] L] ] L] . [ ]

iv

Page
63
67
9l

T T TR

Por N My ¥ o

S



LIST OF TABLES

Number Page
1. Surface Pressure Test Conditions and Result Index. . . . . 68
2 Pressure Probe Test Conditions and Result Index. « « « « « TO
3. Flow Visualization Test Conditions and Result Index. . . . T3
L, Results of Extensive Flow Field Survey for

. ¢



vi

LIST OF ILIUSTRATIONS

Number Page

A-1 Nogzle Combowrs. + « o + 4 o o 0 8'a v 8 9 6 8 35 65 s 5 S8

A-2 Non-Circular Nozzle, Original Desigh « « « « o« o o ¢« s o« o« 60

A-3 011 Visualization at A = 8, Original Design. . . . . . . .« 61

A-L Cross-Sectional Template Shapes, Modified Design . . . . . 62
1l Lift Loss Due to Jet and Cross-Flow Interference . . . . . 92
2 Coordinate System and Definition of Flow Region Terms. . . 93
3 Top View of FIat PI¥E . . o o o o o o o s a6 o0 006 . O
L Nozzle Blocks: Exit Configurations and Flange Details. . . 95
5 Side View of Nozzle Block in Jet Supply Pipe . . . . « « « 97
6 Plate Installed in the Wind Tunnel; Configuration

For Acquiring Surface Pressures. . « « « « « o o ¢« ¢« o o« o« 98

7 Blower Performance CUrve . « « + « o o s s o o o ¢ s s o «» 99
8 Pooonre ProB® . . . . . o o s 0 0 6 0 088 0 000 s o 1OO
9 Pressure Probe and Traversing Mechanism Installation . . . 101
10 Total Pressure Rake. « ¢ « « ¢+ o o o o o o s ¢ o s o o o o 102
11 Total Pressure Probe and Stand « « « ¢« « ¢ ¢ ¢« ¢ ¢« s « « « 103
12 Fluld Wafer SYStem . « « « o o o o o o o ¢ ¢ o o ¢ o o o o 104
13 Electronic Manometer System. « « « ¢« ¢ ¢ ¢ o ¢ o ¢ ¢ o » o 105
1k Smoke TUANEL ¢ o « o o « o o s o o s o o s o 0 o o o oo o 106
15 Orifices and Plates Used in Smoke Studies. . . « « « ¢« « . 107
16 Jet Exit Total Pressure Versus P, for \ = 12,

V_=50ft/sec . . .. o u s e s e e e e a .. . 108

17 Pressure Probe Calibration Curves. « « « ¢« ¢« ¢« ¢ « « +» +» o 109

e i

s o e



Number

18

19
20

22

23
2k

25

27
28

30

32
33
3k

35

36

37
38

39

LA !

10 mmHg Transducer Versus Dead Weight Tester . . .

1000 mmHg Transducer Versus Dead Weight Tester

Surface Pressure Reading Fluctuations, Typical . .

Jet Plume Reading Fluctuation, Typical . .

Comparison With Other Investigations . .

Probe Holder Interference. . ¢« ¢ « « « &

Composite of C P Contours . « « o ¢ ¢ o o

Cp Contours Around Solid Blockage Model.

Surface Pressures Behind the Jet, p = 180°

Mean Surface Pressures . .
Center of Pressure . . . .
01l Studies. « ¢« « o & o &
Tuft Study, w/i = 1.0, A =
Jet Paths. « . « « « « . &

Total Pressure Decay Along

Smoke Studies, Jet Injection . . . o

Jet

Path.

Smoke Studies, Cross-Flow Injection. .

Totel Pressure Contours in Plume Cross

2/3‘5’ )\‘8

Iateral Flow Field Surveys at z/a = 6.

Surface Cp Contours for Solid Blockage

Secticn

Models.

Effect of Ebctraﬁolation fram z/a > 6, w/L = 3.L,

x/a = 0, y/a =

Free Jet Velocity Decay and Entrainment Data . . .

Surface Pressures for Matching Jet Paths . . . . .

Interference Iift loss as a Fraction of Thrust . .

vii

Page

. 120
. 122
. 12k

. 125

. 132
. 133
. 134
. 136

. 138
. 139
. 1

. 142
. 143
. 1Lk
. 145



Number
4o
43

ks

L7

Attenmtion of I-Iift IDSS . L] [ (] ] L] L] . [ ] . . . . .

Extract from Extensive Flow Field Survey, w/4 = 1.0,

)\=o-ouoa.ooococto-ooov-oa.t

Iateral Flow Field Surveys, z/a 26. . . . .

Upstream Flow Field Surveys, Solid Blockage.

Upstream Flow Field Surveys, Jet On. . . . «

Surface Cp Contours.

viii

Page
146

147
150
154
155
157




NOMENCLATURE
a redius of the circular Jet
A 3 area of circular jet, rra.2
C, pressure coefficient, (P - P )/q
1'1 r
: f Cprdrdg
c suction force coefficient 1 5
s mr,/2
2
d diameter of the circular jet
AL interference 1lift, qmcsS
M':1 Jet exit Mach number
P local static pressure
Pa. atmospheric pressure
Po local total pressure
Po total pressure at jet exit
e
P° total pressure of the undisturbed cross flow
(- ]
Lo
q local dynamic pressure, 3P

qx, q,y, q, components of q in Cartesian coordinate system

qQ 4 jet exit dynemic pressure

% undisturbed crosseflow dynamic pressure

r, p polar coordinates in the plane of the plate, Figure 2
ry radial location of pressure tap nearest to jet exit
r, upper limit of integration, radial

R radial distance to furthest static pressure tap, R =

15.75a

ix



distance along jet path, Figure 2

wing reference area

width to length ratio of jet exit geometry
thrust of the jet, T = pdvim.e

local velocity

velocity at jet exit

maximmm velocity in jet plume cross section at any s
station

undisturbed cross-flow velocity
velocity ratio

center of pressure

Cartesian coordinates, Figure 2

pitch angle of local velocity vector
effective velocity ratio, {pjvg'/p.\lf}*
local density

density at jet exit

density of undisturbed cross-flow

yaw angle of local velocity vector

s B et Wm0 a5
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SUMMARY

The interference phenomenon occurring when a subsonic turbulent
Jet exhausts normally from a large flat plate into a low speed crossflow
has been experimentally investigated in the Georgias Tech nine foot wind
tunnel., Static pressures have been measured on the surface around the
Jet. 1In the region off the surface, including the jet plume, wake and
surrounding areas, the average total and static pressures and the
average velocity magnitudes and directions have been determined. Three
Jet exit configurations were studied, one circular and two slote-shaped
with width to length ratios of 0.3 and 3.4. All have the same exit area.
The effective Jet to cross-flow velocity ratio was varied, for each of
exit configurations, over the range 4,0 £ A < 12.0. Analysis of the data
indicates that the pressure distributions induced on the surface are a
combined result of the jet's blocking and entraining effects on the
cross flow with entrainment becoming the more dominant of the two as
the effective velocity ratio is increased., This relative dominance
brings about an attenuation of total interference lift loss (when com=-
puted as & fraction of gross thrust, AL/T) primarily by causing a rise
in the low pressures in the wake region as A increases. When the
effective velocity ratio is held fixed, the total interference 1lift

loss increases with increasing width to length ratio of the Jet exit.



CHAPTER I
INTRODUCT ION

Aircraft employing lifting Jets or fans for vertical or short
take off and landing (V/STOL) capability are of current interest. An
important problem inherent in these designs arises when this type of
aircraft is operating in a flight velocity range which is slow enough
to make it dependent on much of the vertically directed thrust for its
lift. In this range the interaction of the jet or fan efflux with the
cross flow generated by forward flight induces forces on the airplane
surface which can significantly reduce the total 1ift and alter pitching
moment characteristics. The need to minimize or reduce these adverse
effects necessitates investigations into the details of this flow

interaction problem.

Literature Review

Alrcraft Configuration Tests
References 1 through 11 are representative of the testing that

has been conducted in an effort to understand the effects of the Jet
and cross-flow interference problem on specific aircraft configurations.
They typically give results regarding gross interference phenomena (see
Figure 1) but give little information which can contribute to a basic
understanding of the interaction.

More detailed investigations are cited below and have been




categorized into plume and surface pressure investigations.

Plume Investigations

References 12 through 20 are reports of experimental investiga-
tions into some of the various aspects of the jet's behavior as it
encounters a cross flow. Early research into penetration character-
istics .. reported in references 12, 13 and 1k. These investigations
were not intended for use in V/STOL technology but were instead
concerned with the penetration of heated jets for combustion (fuel
injection) studies. A tunnel which was narrow relative to orifice size
was used which inhibited jet spreading, as was pointed out by Gordierls
when he attempted to verify this data in a water tunnel. However the
relevance of these works to the current study lies in the emergence of
the velocity ratio V J/Vw as & primary parameter influencing penetration
in the cross flow.

Jord:l.nson16 made pressure measurements in the Jet plume which
gave not only penetration date but also total pressure contours. Similar

L in a water tunnel. Both authors

measurements were made by Gordier
note that the jet distorts from a circle to a kidney shape within
several diameters from the exit. In addition, their total pressure
surveys indicate the presence of a wakg region behind the jet where
local total pressure is less than that of the free stream.

Gordier released dye on the surface upstream of the jet and
noted that there was deceleration of the cross flow as it approached

the jet, indicating a blockage effect on the cross flow. Flow was seen

to be diverted around the upstream portion of the jet and entrained



along the lateral edges and in the region behind the jet. These basic
characteristics of blockage and entrainment were cited earlier by
Jordinson16 when he compared the interference phenomena to that about a

cylinder with suction.

References 17 through 19 report on a series of investigations made
in order to obtain an understanding of the phenomena of waste disposal
situations such as occur when effluents are discharged from chimney

stacks into the atmosphere and from sewage lines into lakes and rivers,

However the data can be considered applicable to the study of the V/STOL
problem inasmuch as the velocity ratio was varied between 2.0 and 10.0
and the experimental apparatus is scaled such that wall effects should

be negligible. These authors found that as the jet (with a uniform

exit velocity profile) emerges into the cross flow a turbulent shear
region begins to spread until it engulfs the central region of essen=-
tially uniform velocity known as the potential core. It is noted that

the behavior here is similar to that of a free jet (i.e., no cross flow)
except that the potential core for the latter is approximately 5 diameters

and that for the former is 2% diameters. Also, the deflected jet under=-

goes a cross=sectional shape deformation and by the end of the potential
core region a distinct kidney shape is apparent. The investigators
attribute this deformation to the fact that the lateral mixing regions
are more easily deflected than the core. The subsequent result is a
strong circuletory flow in the form of a pair of contrae-rotating
vortices which sweep flow into the wake region, immediately behind the

jet, where a typical fluid particle follows an upward spiral path.




- 2/3
Entrainment was found to be proportional to L(VJ/Vw) / (s/2a)] and

e greater than that of a free Jet. Spreading is shown to vary directly

| vith s and indirectly with V J/va.

The plume reports discussed up to this point (references 12
through 19) are focused on the behavior of the circular jet. Ha.rdyao
! investigated a Jet exhausting from a slot which was oriented with the
i longer dimension perpendicular to the cross flow. The results show
that it is deflected more than the circular jet (of the same cross
sectional area) and he infers that this increased bending of the slot
Jet is due to its increased entrainment of cross-flow fluid containing
horizontally-directed momentum.

Hardy does acknowledge that the static pressure differential
across the Jet is partly responsible for bending, but only weakly
relative to entrainment. His latter conclusion is demonstrated
analytically and agrees with Jord:l.nson's]'6 statement (regarding the
circular jet) that entrainment is the primary mechanism determining the
path of the jet with pressure bending being important only in the first
few diameters from the exit.

Surface Pressures

Vogleral and Bradbury and Wood.a"2 have measured the pressure
distributions on the surface of flat plates around circular jets over a

range of 1.0 < VJ/VQ < 5.0 and 2.0 < A < 11.3 respectively. The term

A 1s herein defined as (p JV 32/ pmvwz) and will subsequently be
referred to as the effective vel~city ratio. Bradbury and Wood

demonstrated that )\ 1s the proper correlating parameter to be used when



dealing with dissimilar densities. They conclude, upon integration of
pressures, that the resultant suction force on the flat plate is of the
proper magnitude to be considered as the prime causal factor of 1lift
losses measured in aircraft configuration studies. They were able to
control the boundary layer momentum thickness and coneluded that its
variation within the practical range of interest dad insignificent
effects on the surface pressures. Also it was demonstrated that a

two fold increase in Reymolds number had a very small effect on the
pressure.

Surface pressures on the flat surface around a circular jet may
also be found in reference 23 where the Jet is exhausted into quiescent
alr and low speed cross flows.

References 24 and 25 present surface pressures measured about a
Jet exhausting from a wing, the latter including cata for non-circular
Jets. Reference 26 includes a comparison of surface pressures asbout a
circular Jet issuing from a wing with those about a circular jet issuing
from & flat plate. The authors state that the results on the wing can- {
not be explained by an extension of the flat plate results, and imply
that finite wing effects introduce another parameter into the flow
interaction phenomenon.

References 27 through 31 are cited here as representative surveys
of the state of the art.

References 32 through 37 represent salient theoretical analyses
of the jet in a cross flow., The existence of a wide variety of mathe-

matical models (all yielding creditable agreement with experiment)

Bl idrsniaifiall s



further demonstrates the need for more understanding of the details of

this interference phenomenon.

Research Ob;}ective and Scope

Previous research has established that the Jet induces pressures
on the surface through which it exhausts by some combination of blocking
and entraining effects which it has on the cross flow., However the
specific manner in which these factors affect the pressure distribution
is still unknown. (The definitions of the terms blockage and entrain-
mént may vary from author to author, whether explicitly stated or left
implied by contextual usage. This author's definitions will be given in
Chapter IV). '

The purpose of this investigation is to gain insight into the
basic mechanism of this flow problem; specifically to understand how the
Jet induces the pressure distribution on the surface through which 1t
exhausts. The interaction phenomens is very complex and the approach
teken here has been to simplify the problem as much as possible, yet
retaining important features. To this end the jet has been exhausted
through a large flat plate and the experimental program consists of a
series of coordinated tests where surface pressure distributions and
data away from the surface (both in and around the plume) are con-
comitantly collected while the effective velocity ratio and jet exit
configurations are systematically varied. The basic approach is to
vary the conditions away from the circular case and, by observing the
resulting behavior, obtain more understanding of the fundamental

mechanisms. Not enough is known to be able to design an experimental



model that allows direct control of entraimment and blockage as though
they were test variables. However, it was felt that a systematic
variation of the thickness ratio of the jet exit w/{ and effective
velocity ratio A\ would cause implicit changes in blockage and
entrainment, with the explicit variations being determined by data
analysis.

The range of effective velocity ratio over which the investi-
gation is conducted is 4.0 < A < 12.0. Although not all investigators
agree, the current literature indicates that this is generally the
range where the interference effects are of practical aerodynamic
concern,

The literature also demonstrates a need for more experimental
data, other than surface pressures, in order to expand the regions of
the flow where mathematical predictions can be compared with experiment.
To fill this need, an extensive flow field survey has been conducted,
away from the plate and generally out of the Jjet plume proper, for the
circular jet at A = 8.



CHAPTER II
EQUIPMENT AND INSTRUMENTAT ION

The experimental apparatus involves a jet exhausting upward
through the center of a large flat plate installed 13 inches above the
test section floor in the Georgia Tech nine foot wind tunnel., The wind
tunnel is a closed return, atmospheric type with a continuously variable
velocity in the test section from approximately 5 to 160 miles per hour,
The turbulence factor is 1,0k,

Flat Plate and Nozzles

Figure 3 shows a top-view of the plate. Its dimensions are 48
inches x 66 inches in the chordwise and spanwise direction respectively
and it is made of 0.375 inch thick aluminum. An annular disk with a
32 inch outside diameter, a 7 inch inside diameter, and of the same
material is inlald in the center so as to be flush with the top of the
plate, the maximum discontinuity between the two surtace? being
% 0.010 inches. This discontinuity was considered acceptable in light
of its relationship to a boundary layer thickness of approximately
1.0 inch., This disk has one row of static pressure taps, as shown, and
can be rotated remotely so that surface pressures can be measured at
any angular position around the jet. On the lower surface at the
Juncture of the plate and the disk is a tongue and groove arrangement
which allows the disk to rotate while keeping it restrained in the

vertical direction. The same arrangement is repeated where the inner edge



Junctures with the nozzle flange.

The center 7.0 inch diameter is occupied by the Jet nozzle and
flange, which together constitute the "nozzle block". Below the nozzle
block is the jet supply pipe. Figure 3 shows the circular nozzle block
in place. Figure 4 gives a close-up view of all three exit configura-
tions used in the experiment. The two non-circular configurations use
the same nozzle block. (The nozzle contour design procedure is given
in Appendix A). When installed so that the longer dimension parallels
the free stream flow the exit configuration will be referred to as
"streamwise" or w/{ = 0.3; when perpendicular, "blunt" or w/i{ = 3.h.

In the installed position, the nozzle blocks are attached to the supply
pipe by screws (Figure 5) and do not rotate with the disk. This necessi-
tates the many static pressure taps which can be seen on the nozzle
flanges in Figure 4. The taps on both the nozzle flanges and the

annular disk are 0.040 inches in diameter.

Figure 6 is view looking upstream from the aft end of the test
section showing the plate installed. The plate is supported by 8 legs
made of 1/2 inch threaded steel rod. Each leg fits through a hole in
the wind tunnel floor, and with the aid of adjustment nuts the plate
can be either leveled or set to some desired angle of attack. The
plate is installed so as to almost span the test section, with its
center at a height of approximately 13 inches above the floor of the
wind tunnel, The portion of the jet supply pipe below the plate and
above the tunnel floor is housed in a 30 percent thick fairine which

also contains the pressure leads.
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Alr Sumy

The cross wind is provided by the uniform stream of the wind
tunnel. The Jet air is supplied by a 100 H.P. centrifugal blower.
The flow is first exhausted from the blower into a 6 inch diameter line,
then passes through an orifice plate and a butterfly valve for con-
trolling exit conditions, and finally passes through three screens and
enters the supply pipe. A dump valve was installed at the blower exit
in order to avoid compressor surge, and subsequent flow oscillations,
when specified test conditions required a low mass flow at the nozzle
exit., Figure 7 gives the blower performance curve provided by the

muufacturer.

Solid Blockage Model

It was considered desirable to make certain pressure measure~
ments with the jet replaced by a solid blockage model. For this a
thicke-walled rubber hose was used with a 1.25 inch inside diameter,
2 inch outside diameter and 24 inches long. One end was press fitted
to a one inch depth in the nozzle exit. The other had a fine wire
attached and by clamping this wire to the trailing edge of the plate
various curved paths could be obtained.,

For the solid blockage oil flow studies, appropriately shaped
right cylinders, five feet in length, were press fitted into the nozzles.
The circular model was a 2 inch diameter aluminum tube and the non-

circular one was constructed of wood.



Probes and 8 rt Me isms

Prescure measurements above the plate surface were made with a
1/4 inch diameter, five-port pressure probe, type DA-250, manufactured
by United Sensor and Control Corporation (Pigure 8). There is a cluster
of five orifices (numbered PJ. through Ps) 1/2 inch from the end and the
pressure measurements taken from them can be used to determine the
pitch (0° £ o £ 360°), yaw (- 40° s ¥ < 40°), and the total and static
pressure of the flow in which the probe is immersed. The details of
this procedure will be given in the next chapter.

The pressure probe is supported by the traversing mechanism
shown in Pigure 9 so that its longitudinal axis is parallel to the plate
and perpendicular to the free stream. The prode holder moves vertically,
by remote control, along a lead screv inside the vertical support strut.
A counter outside the test section measures the revolutions of the lead
screv from vhich verticel position is determined. Positioning of the
probe in the x-direction is conducted manually by pushing the vertical
strut along the support slide until the desired position is achieved.
Small studs fix t.is position during a test rum. The small rail along
the plate provides additional stadility for the vertical strut. The
probe is secured in a particular y position by the tightening of an
adjustment nut on the probe holder; changes in this direction cannot de
made remotely. The prodbe can also be rotated about its om longitudinal
axis. A flexidle cable leads from the block to a remote control station
outside the test section for this purpose. The centerline of the
vertical strut is located 18 inches from the y = O plane and the probe
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can be extended from this location to as far as 5.0 inches on the
other side of the y = O plane., Traversing in the longitudinal direction
covers the range =12" < x s 36" while the vertical range is approximately
6" < z < 48" and the rotational is 0° < a < 360°.

This probe support mechanism was also used to hold the total
pressure rake shown in Figure 10, The reke has 12 individual total
head probes, 0.058 inches in dismeter and with 1/2 inch spacing.

Figure 11 shows a total head probe supported by a converted
micromanometer stand. This was used for surveys of the exit conditions
of the nozzles (free jet condition). A static pressure probe (not shown)

was also used with this stend.

Pressure Switching Equipment

Approximately 10 feet of 0,063 inch Tygon tubing connects each

static pressure tap on the plate with a port on a switching device
(4834 Scanivalve), which, by manual selection, is used to connect
(internally) any one of the input pressures with a pressure transducer.
The precision surfaces inside this switching device are lubricated by
an oil wick and, during test operations, a suction pressure of approxi-
mately 10 inches of mercury is kept in the Scanivalve case in order

to prevent oil leakage into the pressure lines.

The leads from the pressure probe enter a wafer model switching
device (Wl/2P-6T Scanivalve) which can select, for output to a trans-
ducer, any one of six differential input pressures. As opposed to the
48J4 Scanivalve, this latter model requires the application of a back

pressure during test runs in order to keep adjacent precision surfaces,
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within the wafer, sealed, The back pressure must be greater than any
nf the pressures being measured,

Two transducers were used to cover the range of pressures
encountered in the pressure probe study. A second wafer model
Scanivalve was accordingly connected to the first to provide the
capacity to switch a selected differential reading to either of these
transducers. Also the differential pressures will undergo sign changes
during a test and, since the transducers operate best with a fixed sign
on a differential input, a third wafer was connected in seriles to provide
any such necessary polarity changes between test output and input to the
transducer. A fourth wafer is added in order to meke it convenient to
rapidly check the zero setting of the transducer. The entire system is
shown in Figure 12. Each wafer is operated by an individual solenoid

drive, actuated by the push button on the control box.

Pressure Measuring Equipment

Pressures from the plate surface and the probe are measured with
the Barocel Electronic Manometer System manufactured by Datametries, Inc.
It consists of two major components as shown in Figure 13, with the
Model 1014 power supply and signal conditioner on the left and a pair
of Model 511, variable capacitance, differential pressure transducers
on the right. They respectively cover a range of O to 10 and O to 1000
millimeters of mercury. A reading from either of these may be made on
the voltmeter in the 101k unit, selection being determmined by a manual
sensor switch having gain positions from 1 to 103. The voltmeter reads

from zero to five volts, full scale.
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Jet plenum pressure was measured by a mercury micromanometer and
atmospheric pressure by an aneroid barometer. Temperature in the Jjet
supply line was monitored with a simple bimetallic thermometer after

the temperature drop to the plenum had been established.

Flow Visualization

For the flow visualization studies conducted on the plate surface
an 0il mixture was used consisting of 1 part of linseed oil, 4 parts
carbon black, 4 parts oleic acid, and 16 parts of number one diesel oil.
It was found that this mixture gave the best results in that the amount
of carbon residue left after a test run was sufficient to give an
indication of the direction of flow near the plate surface (i.e., stream-
line traces). Also this mixture deposited more residue in regions of
slower air flow, thus providing visual information about relative
velocity magnitudes. In order to prevent this mixture from entering the
static pressure ports a thin sheet of self adhesive white plastic was
used to cover the surface.

Smoke visualization studies were conducted in a Model 960A.1
smoke tunnel, manufactured by Collins Radio Company, with a 2" x 24"
glass encased test section (Figure 1h). Smoke could be released anywhere
in the flow field through a small, hollow tubed, hand held wand or
injected into the jet supply line. Five different orifice shapes
shown in Figure 15 were used, each manufactured with its own plate and
settling chamber as one unit. The circular orifice, shown on the lower
left, is 1/4 inch in diameter and the rest of the orifices are of the

same cross-sectional area. The values of w/{ are 0.08, 0.3, 1.0, 3.k,
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and 11.8 respectively from left to right, top to bottom. Installation
is accomplished by merely inserting the extension from the settling

chamber into the plastic tubing which brings the jet air into the test
section and taping the plate to the test section back wall., The plate

is 6 inches long and completely spans the test section with its 2 inch
width,
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CHAPTER III

PROCEDURE

Test Technique

Installation

A few simple tests were conducted to determine the optimum
position of the plate in the test section. It was considered desirable
to keep the plate as close to the tunnel floor as possible in order to
minimize any ceiling interference effects on the jet flow. However it
was then necessary to examine the possible effects of interference
from the support structure beneath the plate. Hence the design of the
legs and support pipe for the aluminum plate, as described in the
previous chapter, was dictated by the results of a test with a plywood
plate of the same dimensions. Various support legs were tried until
tufts on the upper surface demonstrated that smooth flow was present.
The fairing, which can be seen beneath thé plate in Figure 6, was
concurrently tested and found to have no adverse upper surface
interference effects. Pressure measurements from several chordwise and
spanwise rows of static pressure taps in the upper surface were used
to find the angle of inclination for the plate which produced a nearly
uniform pressure distribution. This occurred at an angle of approxi-
mately - 1,0° relative to the tunnel floor (minus sign implies leading
edge down). The same procedure using tufts and surface pressures

(with jet off) was used when the aluminum plate was installed in the
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position described in Chapter II. The average resulting surface pres=-
sure was one percent below qm(cp = = 0,01 £ 0,003). The boundary layer
was checked on the aluminum plate (at x/a = = 5.0, y/a = 0.0) and found
to be approximately one inch thick with a typical 1/7 power profile.
Jet

The shape of the exit velocity profiles was investigated by
using a total and a static pressure probe. For both the circular and
non=circular Jets the pressure profiles were found to be uniform within
one percent with the total pressure probe and within two percent with
the static probe. The probe and stand of Figure 11 were used for this
test under free jet conditions. Sample measurements were made with
and without the presence of another identical support stand located in
an image position on the opposite side of the Jet exit. The results
verified that there was no interference effect on the free jet due to
the support stand.

Mass flow as calculated from the integration of these profiles
agreed within one percent with the mass flow as determined by the
orifice meter method (Ref. 38). Hence, with acceptable accuracy, Jjet
dynamic pressure at the exit 9y (needed for any particular A value)
could easily be determined by opening the butterfly valve until the
appropriate exit total pressure P o, was achieved., The governing
equations used along with the procedure followed for setting the jet
dynamic pressure are cited below.

First the wind tunnel dynamic pressure and the effective velocity

ratio are selected. This in turn fixes the desired Jjet exit dynamic
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pressure, i.e.,

q..j = lequ o

Next consider the isentropic pressure ratio expression at the Jjet exit
1
P 2 2

M
F (o5

where the value of 1.4 for the ratio of specific heats (for eir) has

been used and where the Mach number of the Jet flow is given by

n = (# ;‘1)%

Then assuming that the jet exhausts at atmospheric pressure Pa. (with

the wind tunnel breather, P_= Pa) one obtains

R
Poe.Pa(l+T§JT) .

or
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From this last equation curves of Po - Pa versus Pa. for various
e

A and q_ values were constructed (for typical example see Figure 16).
Under cross-flow conditions the pressure in the plenum was used to
monitor Po . The difference between the pressure measured by the

plenum tapea.nd that at the Jet exit proper was determined experimentally
under free Jet conditions. Temperature in the plenum stabilized at
approximately 160° Fahrenheit. After this no further adjustment of

the butterfly valve was necessary to keep a constant Po .

e
Surface Pressures

All data from the plate upper surface was teken in differentiel
form, referenced to the static pressure in the undisturbed cross-flow
Pm. That is, raw data has the form P - Pm. Except for a few special
cases the wind tunnel was run at q, = 1.07 mm Hg (which, under standard
sea level conditions, corresponds to V_ = 50 ft/sec). The annular disk
was rotated to successive radial settings, in 15° increments, in the
range 0° < B < 180°, and pressures were read on the twelve pressure
taps located along a ray (Figure 3) at each of these angular settings.
Additional readings were made with g = 195° and B = 270° as spot
checks on the symmetry of the pressure distribution. On the nonecir=-
cular nozzle flange, pressures were measured every 15° from the fixed
positions shown in Figure 4., The circular nozzle flange, in the range
0° < B < 150°, has a ray of taps only in 30° increments. The readings
for intermediate, odd multiples of 15° are obtained, during a given
test run, by momentarily closing the butterfly valve, loosening the

nozzle hold down screws, and re-securing the nozzle after a 15° clock-
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wise rotation. On both nozzle flanges enough pressure taps are
included for symmetry spot checks at B = 195° and g = 270°,

Pressure Probe.

The support slide installed in the ceiling of the test section
(Figure 9) may be left in place while plate pressures are being measured.
Tests were made with it in and out and there was no effect on these
surface measurements., However the vertical support strut and the rest
of the probe support mechenism were installed only when the pressure
probe was being used. There was a small amount of interference effect
noted when the orifice end of the probe was close to the vertical
support strut. This will be discussed in the section on accuracy.

The probe is used in conjunction with calibration curves
(Figure 17) which were generated in the nine foot wind tunnel at
q, = 1.07 mm Hg. The procedure for employing the probe was as follows.
It may be recalled that it was positioned in the flow field so that
its longitudinal axis is perpendicular to the free-stream flow of the
wind tunnel and parallel to the plate surface. The first step, after
positioning the probe at the desired physical location, is to rotate it
sbout its own longitudinal axis so that the differential reading P2 - P3
equals zero (Figure 8). The number of turns of the flexible shaft to
accomplish this is used to determine the pitch angle of the flow as
measured relative to the free stream flow. Then the measurements
Pl - P2, Pl& - P5 and Pl - Pa. may be taken. The probe calibration curve
(Figure 17a) of (P, - PS)/(Pl - Pz) can be used to determine Y, the
yaw angle of the flow, Subsequently this Y 1s used with the calibra-

tion curve shown in Figure 17b to give the valve q/ (Pl - P2) 3 and



knowing P, = P2 the local dynamic pressure can thus be calculated.

L

The calibration curves are good only for incompressible flow.
They were found to be very sensitive to compressibility effects so no
attempt was made to ascertain ¥ and q in high speed regions, such as
in the jet near the exit. However, with the wind tunnel at
v_ =350 ft/sec and with much of the flow outeide the plume being near
this value, there was an extensive area where éhese calibration curves
were valid for use in determining lccal yaw and dynamic pressure,

Along the jet centerline only total pressures were measured with
this probe., The calibration curve for the total pressure coefficient
(Figure 17c¢) was found to be insensitive to compressibility effects
encountered within the range of the investigation.

Rake

The total pressure reke was used to gather data that gave
information about relative plume distortion as w/4 was varied. The rake
was positioned so that the line of total pressure probes was parallel
to the x axis. Then, with the center probe set at z/a = 5§ the entire
rake was rotated so as to be perpendicular to the jet path(s) at |
A = 8. Readings were then taken at various y stations, fromy =0
out to the edge of the plume.

Flow Visualization Techniques

0il. The plastic sheeting described earlier was put on the
plate, with the oil mixture subsequently applied in a thin, smooth
layer with a standard paint brush. The wind tunnel and Jet were then

brought up to their respective speeds together. The average run time

.i i.‘“'-_.‘.-iu e el shaiedl o i



22

needed for the oil traces to develop was approximately 10 minutes,
Smoke. In the smoke tunnel the jet velocity was slowed until
the flow became laminar in order to aid visualization. This made
velocity measurement impractical because of the low dynamic pressures
involved and the following procedure was used to roughly set the jet
speed. A plot ¢f jet paths at A = 4 and A = 8, scaled properly for a
1/1&" diameter circular turbulent Jet, was drawn on clear plastic which
was taped to the glacs on the test section of the tunnel, It was
positioned such that the origin coincided with the actual Jet exit. To
attain a desired )\, the cross flow and jet speeds were then adjusted so
that the center of the smoke trace followed one of the plotted paths.
These control settings could be then held fixed during a nozzle change
so that the same )\ could be held for a non-circular case. Also, after
fixing control settings for a desired )\, the smoke supply could be
diverted from the jet air to the wand for injection into the cross flow.

Accura

The Barocel transducers have, as stated by the manufacturer, an
accuracy of from 0.1 to 0,.25.percent of reading. A dead weight tester
(Consolidated Electrodynamics Corporation, type 6=-201-0001) was used to
check the transducers in the 10 mm Hg. and 1000 mm Hg. range. The
results are shown in Figures 18 and 19. The dead weight tester is a
primary laboratory standard and stated to be accurate within 0.025
percent of reading. (Additional research in this calibration area has
led to the suggested use of the variable capacitance transducer as a

standard). Frequent checks on the transducers were made during actual
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test conditions, using wind tunnel q, o the standard, wvhich in turn
was monitored by the wind tunnel operator on a Betz water manometer
(reading uncertainly of # 0,03 mm RZO). The jet plenum pressure is
read on a mercury micromanometer, with a repeatibility of £ 0,005
inches.

Measurement errors may originate from several sources. One is
the finite diameter of the static pressure taps in the surface of the
plate. Based on the finding of reference U0 this introduces an error
of approximately £ 0.5 percent of % in the present investigation.
Turbulence also has an effect on the acouracy of a mean static pressure
measurenent"? but it is felt that in this study it is less than the
reading error incurred in the measuremeut of the fluctuating static
pressures. The mean voltage output was determined by visual integra-
tion of the needle fluctuations over an average interval of 10 seconds.
(Response time was investigated concurrently with leak and continuity
checks and found to be less than one second). The maximm range of
oscillation for each reading wvas recorded sul FPigure 20 shows the
typical resulting unocertainty band for different radials. This reading
fluctuation band is approximately x 1.0 percent q in the forward and
far lateral regions and can sverage as high as 5.0 percent in the wake
and very near the jet. The repeatidility of the surface pre.sures from
one installation to the next was wvithin the fluctuation band, as was
the cymmetry (based on check reedings along p = 195° and p = 270°).
Above the plate and sway from the plume the reading fluctuation is
the same a8 above.
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Regarding fluctuations in the plume, Figure 21 shows a typical
working drawing from which jet centerline paths were ascertained.

Total pressure is plotted against z/a for various x/a stations. With
reading fluctuation bands as shown, it is estimated that the maximum
uncertainty in plotting Jet paths 1s less than £ 0.5a. Data taken
with the pressure probe was repeatable, from one installation to the
next, within the reading fluctuation bands.

Figure 22a presents a comparison of plate pressures (shown in
contours of constant C p) with those of reference 22. Figure 22b
compares jet paths as determined by the present investigation with
those of veferences 16 and 17. It is felt that the agreement can be
considered satisfactory when one considers the judgement factors
involved in determining mean values.

The total head measurement Pl - P . from the pressure probe was
checked against the same measurement made by a small total head probe
(Figure 11), both taken near the (free) jet exit. This gives one con=
fidence that the 1/4" diameter pressure probe is causing negligible
interference effects on the total pressure readings. Regarding the
Pl - P2 and Ph - P5 reedings no test was made to ascertain the extent
of probe interference in regions in and close to the jet where gradients
are very steep, However data from these pressure ports is taken in the
field away from the jet where deviations from q  are not great and steep
gradients are not present. In the author's opinion any interference in
this latter region would be much less than the previously discussed

fluctuation band.
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Figure 23 shows the effect of the vertical support strut and
probe holder on the pressure probe readings. For the y/a. = 10
measurement there is a 2.9 percent effect on q and 1.0° effect on VY.
Correspondingly the effects at y/a = 5 are 2.2 percent and 0.5°,

Ceiling interference was considered negligible, This estima-
tion was based on the findings of reference 16 where a 1.0 inch
diameter jet and 0.5 inch jet were found to have the same paths (non-
dimensionalizing by Jjet diameter) when issuing, at the same )\, from
the floor of a 1' x 5' wind tunnel,

The blockage effect of the Jet on the free stream velocity of
. the wind tunnel was calculated and found to be negligible using the

procedure given in reference L2:

v
corrected =1 +¢

where,

Frontal Ares }
K Test Section Area J *

Using the conservative estimate that the Jjet presents a solid front to
the free stream flow of 3.4" x 48" results in ¢ = 0,004,

The accuracy of the rake measurements cannot readily be
determined., A check in the free siream of the wind tunnel at
q, = 1.07 mm Hg. showed the individual probes to be insensitive to

pitch changes of + 12°, but it cannot be stated what angularity the
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probes experience in the Jjet plume, especially near the edges. However

the objective of these particular tests wds to compare relative plume
distortion with varying w/4, and the agreement obtained with the more
exact measurements of Jordinsonl6 for the circular jet lend creditability

to the comparitive results for the non-circular cases.
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CHAPTER 1V
RESULTS AND DISCUSSION

The first section of this chapter presents the date collected
as w/{ and A were systematically varied. The second section is
concerned with the interpretation of this data and is especially
oriented toward relating surface pressure changes to changes in the

blocking and entraining properties of the Jet.

Summary of Collected Data
Table 1 summarizes the test conditions for which surface

pressures were measured. Table 2 shows the test conditions for
measurements taken off the plate with the pressure probe, along with
the range of coordinates covered by the various surveys. Table 3
summarizes the test conditions for the flow visualization studies.,
Each of these tables also contains an index of figures and tables
where results can be found.

Surface Data

Surface Pressures. Figure 24 is a composite array of the major

results of the plate surface pressure measurement program, the data
being displayed in contour lines of constant Cp. Following a row from
left co right represents increasing A for a particular jet exit
configuration (i.e., fixed w/4) and following a column downward
represents increasing w/4 of the jet exit while at a fixed A. (large

scale plots of these cp contours may be found in the last figure of the

N WSty
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illustration section).

Figure 25 shows the surface pressure distributions around the
solid blockage model (2.0 inch rubber hose described in Chapter II)
for two cases: (1) the hose is bent to approximate the centerline
path of a circular jet at A\ = 4 and (2) the hose is bent to approximate
the path at A = 8.

All cp contours were cross-plotted from radial pressure distri-
bution curves. In some cases it was necessary to investigate surface
pressures along the radial p = 180°, only, for A values other than
those cited in Figure 24. These results are shown in Figure 26 and will
be discussed in more detail in the interpretation section.

Integrated Effects. Figure 27 presents the suction coefficient

Cs which is defined as the average pressure coefficient, i.e.,

m 1‘2
I J. Cprdrda

where ry is the location of the static pressure port nearest the jet
exit and I, is the radial upper limit of integration. The suction
coefficient can be used to compute the interference lift loss using

the expression AL = q, S CS. Integration was accomplished using the
trapozoidal method with finite differences of Ar/a =1 and AB = 0.262
radians (15°). As can be seen from Figure 4 the value of r, will differ
depending on the jet exit configuration under consideration and will

vary with B. In no case does the static pressure port actually measure
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the pressure exactly at the edge of the jet so there is a inherent
error in the Cs calculation procedure due to the ommision of the region

between r, and the actual edge of the jet. However several estimates

1l
for Cp at the edge (via extrapolation of Qp versus r curves), followed
by integration over the small region inside s showed a change of
less than one percent of Cs‘

Figure 28 shows the variation in the center of pressure X with
A and w/L. This center of pressure is defined as the point on the x

axis through which the suction force appears to act. Hence

where R = 15.75", the location of the outermost pressure port on the
annular disk (see Figure 3). If one thinks of the plate surface as
being inverted and thus the lower surface of a wing, then positive X
may be interpreted as causing a nose-up pitching moment.

Visualization. Figure 29 shows the photographs taken at the

end of each oil film test. The darker regions, such as the diamond
shaped areas immediately upstream of the jet, illustrate that the flow
has a very small velocity or possibly is stagnated. The lighter

regions, correspondingly, represent more rapid flow. The region of
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reversed flow behind the jet observed during the oil flow run has been
marked in one illustrative case, w/{ = 1.0, A = 12 (Figure 29g).

The circular ring showing around the nozzles in most of the photo=
graphs is merely the edge of the nozzle flange (Figure 3).

The region of reversed flow is confirmed by the tuft studies
conducted on the plate. Figure 30 illustrates exemplary results. It
is noted on the figure that there is a region of upflow behind the jet.
Plume Data

Jet Paths. The Jet paths shown in Figure 31 are the loci of
pointe of maximum total pressure in the Jet plumes in the plane
y/a. = 0, The subsequent use of the term path will imply this defini-
tion., For any given w/L value penetration increases with increasing A
end, for fixed \, penetration decreases with w/{ increasing.

Decay of Total Pressure Along Jet Paths, A comparison of the
rates at which total pressure decays along Jet paths can be seen in
Figure 32 for A = 8 and A = 12. Results were not conclusive at
A = 4 because the three curves fell within the reading fluctuation
band. It can be seen that there is a relative positioning of the
curves as a function of w/l,, the streamwise Jet having the slowest
decay.

Distortion and Roll-up. Smoke studies are shown in Figures 33
and 34. Photography in these studies was very difficult especially
for the case of Figure 34 where an accompanying sketch has been
included to aid in interpreting the photographs. As mentioned in
Chapter III, the conditions in the smoke tunnel are different than

those in the nine foot tunnel and the Reynolds number range has been



greatly reduced in order to get laminar flow. Figure 33 shows smoke
being ejected through jets with w/4 values of 3.4, 1.0, and 0.3
respectively. Figure 34 illustrates the results when smoke is released
through the wand (Figure 14) in the deflectirg fluid just upstream of
the plate leading edge. In this laminar flow case all three Jets have
roll-up and Figures 34(a) and 34(b) demonstrate that much of the
entrained deflecting-stream fluid is entrapped by these contra-rotating
vortices. (No satisfactory photograph was obtained for the circular
Jet 1in the case of upstream smoke injection. However it was observed
that the flow pattern was similar to w/4{ = 3.4). The streamwise jet
rolls up in two places; once just aft of the leading edge shoulder and
again at the trailing edge. The more slender jet of w/L = 0.08 was
also tested with the result showing the same double roll-up pattern.

For a more quantitative look at jet distortion the total head
rake was used in the nine foot wind tunnel to collect data a few
diameters away from the exit plane, igure 35 shows representative
results in the form of total pressure contours at a distance z/a = 5
above the plate and perpendicular to the Jet path., The contours for
w/l, = 0.3 tend to confirm the double roll-up of the streamwise jet
seen In the smoke tests in that they show distortion in the same
regions where roll=up was observed in the smoke tests.

Flow Field Data

The term "flow field" is defined as any region above the plate
and away from the plume. The term "lateral flow field" includes this

definition plus the additional requirement that it be above the region
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labeled "lateral" in Figure 2. Vertical traverses were made with the
pressure probe in this lateral flow field region and the magnitude and
direction of local velocities have been obtained. A display of the
data at z/a = 6 for various x, y locations is shown in Figure 36. Two
graphs are used in each case, one giving the yaw of the velocity vector
and the other relative magnitude in the form of dynamic pressure. The
flow pitch angle can also be determined from the latter by noting the
angle of the q vector.

Other data in the flow field above the plate has been collected
primarily to provide more regions where the results of mathematical
models can be compared with experiment. To this end an extensive flow
field survey has been made for the case w/i = 1,0, A = 8, The results
(velocity components and total pressures) are listed in Table 4, A
few remarks regarding this data will be given at the end of the
interpretation section. In the lateral flow field region data has
been collected for z/a > 6. This data will also be presented and

discussed at the end of the interpretation section.

Interpretation

In Chapter I it was cited that previous research had shown that
the Jet influences the surrounding surface pressures through some
combination of its blocking and entraining properties but the manner
in which these properties affected the surface pressure was still
unknown, The purpose of this section is to bring attention to certain
changes occurring in the data as w/4 and \ are varied and to offer

arguments relating these changes to relative changes in blockage and
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entrainment.

The terms blockage and entrainment are defined below so as to
delineate their specific meaning as used by this author. A blockage
effect or "blockage" is meant to imply a flow field characteristic
of that for flow around a solid body. Three right cylinders made of
a solid material and of the same cross-sectional dimensions as the
three nozzle exits, placed normal to the cross flow, have significantly
different blockege effects on the flow field due to the solid body
displacement. An illustration of these effects can be seen by comparing
the three cases of solid blockage in the oil flow studies: as w/d
increases there is a larger low speed region immediately upstream of
the body, more diversion of the flow away from the body in the lateral
regions and a wider wake region of separated flow. This is herein
referred to as increasing blockage. The surface pressures are
correspondingly affected by the blockage increase. With increasing
blockage the high pressures immediately upstream increase in magnitude
and extend over a larger area. There is a lateral extension of some of
the low pressure to the side of the body. Also, the low pressures in
the wake region cover a wider and longer (downstream) area. The
surface pressures for the extreme cases of w/L = 0.3 and w/4 = 3.4
(A = 0) are shown in Figure 37 and illustrate this trend. (This data
was taken using a 24 inch long, wooden cylinder. It was of the same
cross sectional shape as the exit of the non~circular nozzle and the
tests were run with it press-fitted 0.5 inches into the nozzle exit.)

Entrainment is commonly associated with the increase of mass

flow in the Jjet plume. In & free jet case this is related to a
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spreading turbulent interface. However in the deflected jet case there
are also the contra-rotating vortices whose pressure field sweep crosse-
flow fluid in toward the jet. Some of this fluid is mixed into the
Jet plume proper, but some is merely swept into the wake flow behind
the jet. "Entrainment" as used here will imply the total effect of
both vortex flow and turbulent mixing. It may be thought of as a sink
effect which accounts for all forces tending to force cross=flow fluid
in toward the jJet and the wake,
Surface Pressure Changes

Forward and lLateral Regions. The discussion will first be
directed toward the lateral and forward surface pressure trends occurring
as one looks along a row of the Cp array in Figure 24, (i.e., the trends
that result from \ being increased as w/{ is held constant). It can be
seen that under these conditions low pressures spread farther away from
the Jet in both the lateral and forward regions. At lhe same time the
high pressure region immediately in front of the jet steadily diminishes
in size. The obJective is to ascertain what roles blockage and
entrainment changes play in causing these trends. It may seem intuitive
to argue directly that increased entrainment is the causal factor for
the obaerved pressure changes in@ch as previous investigators (Chapter
I) have shown that the jet entrains more as )\ increases. However the
possiblility of blockage changes occurring with A\ increasing cannot bve
ruled out a priori, Even though w/L is being held fixed, the jet path is
changing. Specifically, the path tends more toward the vertical as \

increases (Figure 31), and this movement could be responsible for some
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blockage change. luwever the data presented in Pigure 25 indicates that
this change {s relatively small., Mere one cen see that as the circular
rubber hose is moved from a position spproximatisg the path of the
eircular jet at \ = & to an approximation at )\ = §, that there is an
almost imperoeptidble change in the surfece pressures directly wpstream
and only a slight change laterslly. (The wake pressures will de
discussed later.) Also, mmmormmcp magnitude
from Figure 24 to Figure 29 it can be seen that the s0lid dlockage
nodel aflfects a much less extensive region arownd it than does the
actus! fluid jet. It is unknown to what degree the circular, dent hose
represents the trus hlockage charasteristics of the jet dut
qualitatively it seems walid to argue that surface pressure changes due
to path changes only are small,

The results thus far seem to indicate that as )\ is increesed,
vith v/{ fimed, the primary csuse of the cbeerved forward and latersl
surface pressure changes is increased entraimmest. There may be a very
small ocontribution dus to blockage change in the mear lateral regionm,

Turning to the lateral fisld data this argument is reinforoed.
T2 e plots in Figure 36 can be used to ascertain the relative
daninance of entraimment or blodkege at the particular locatioa where
the cata vas collected. Specifically, ¥ owtward imdicates blockage
domninance and Y invard represests estraimmest dominence.

In Figure 36e the results furthest from the jet (y/a = 10) are
portrayed and the increase of ¥ imward vith increasing )\ demonstrates
the dominance of entraimment effects under those comditions. In Pigure
%b (vhers y/a = ) there can be seen & gemeral shift (as compared to
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Figure 36a) of the curves toward the ¥ outward direction hence showing
that bloukage effects are more important in the region near the jet.
Generally however, the trend appears to be that, with increasing ),
entraimment eventually dominates.

It 1is not considered valid to draw much more from these g;raphs
(Figure 36) than the general trends noted. Equipment limitations
prevented flov field surveys below z/a ¥ 6 and there are undoubtedly
changes occurring for z/a < 6. lowever extrapolation of data taken at
z/a 2 6 values shows no basic changes to the general trends noted above.
To demonstrate this, Pigure 38 shows the effect of extrapolating to
g/a = 3 from the data taken at z/a 2 6 (upper graph). The upper graph
in rigure 38 is extracted from Figure il in the "fluw field data”
sub-section belov wvhere data taken at z/a > 6 is discussed. The case
of w/L = 3.b, y/a = &, x/a = O vas chosen because it exhidits one of
the strongest variations of yav as a function of z/a and is one of the
fov cases vhere extrspolation to s/a = 3 results in a cross-over of Y
values. The effect is shown by the s0lid symbol curve in the lower
grwph. The bow outward as )\ 1is increased fica 4.0 to 8.0 1s no longer
present. lowever, entraimment effects can de seen to becoms dominant
vith increasing )\ and from other such extrspolations the gemeral
cbeervation that relative dlockage effects are stronger as one moves
(laterally) closer to the jet can still be made.

The focus of the discussion nov returns to the surface pressures
of Pigure 2 in order to interpret thc’wruﬂ'tbwttm
of increasing w/{ with A held constant. The most prominent trend
ocourring in the forwvard and lateral surface pressures as one looks down
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a column in Figure 24 is the growth of the region of high pressures
immediately in front of the jet. This is indicative of a blockage
increase which could arise from two sources: (1) the change of jet
path location under these conditions (Figure 31); (2) the increase
of the bluffness of the jet shape. The first source is an unlikely
candidate as a major cause. The reason is that the variance in the
position of the jet path under these conditions of A fixed, w/¢
increasing is less than the changs in path occurring when )\ is varied
with w/{ fixed which has been shown (Figure 25) to have a very small
effect on the upstream su-face pressure. Hence the second source is
the wost probadble primary causal factor,

To vhat extent entraimment is varied under the comdition of w/i
increasing with A\ fixed, is not readily apparent from the surface
pressures. This will be discussed later in the swesection on plume
behavior,

To summarize the interpretation thus far regarding the forward
and lateral regions: the changes in the surfaucs pressure distridution,
vith v/{ fixed and A increasing, are primarily dus to the increased
entreinment strength of the jet, vith some small changes resulting
fram blockage effects being evidenced close to the jet; pressure
changes ocourring as w/{ increases and \ is held fixned are primarily due
to blockage increases associated vith increasing bluffness.

Kake. Jomtmnmmmmtoedmmu less than
"L in a vake region dehind ihe jet. The fact that his data shows the
total pressure lossdecresasing wvith increasing A lends creditebility to

his suggestion that the phencmencn is analogous to that ococcurring for a

| P
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cylinder with suction,

Returning to Figure 24 of this report, the wake surface pressure
changes with A increasing, w/4 fixed, tend to confirm Jordinson's
suggested analogy. It can be observed that along a row of the cp arrey
there is a decrease in the distance to which the low pressure contours
extend downstream in the wake region. (An exception to this trend
occurs at vw/4 = 3,4, I <\ £ 8 which will be discussed shortly). This
behavior is indicative of a relative increase in entrainment effects.

It could also be argued that this trend is indicative of some
blockage change as )\ increases. However, Figure 25 shows that the
blockage change associated with the change in path of the solid rubber
hose is opposite from that shown along a row in Figure 24. That is,
the wake qp'l for the hose extend further downstream as its path is
changed t0 represent increasing A. It is important to note here that
term blockage change is not meant to be synonymous with blockage
increase. The distinction in the use of these terms lies in the
concurrent behavior of the surface pressures in the forward region as
the hose is positioned to represent increasing )\. Here, there is no
distinct increase in the area that the high pressures ocover, vhich wvas
a characteristic included in the definition of "blockage increase”
stated earlier. Therefore this wake pressure bdehavior dehind the hose
does not, by itself, fulfill the complete dlockage increase definition.

However the present specific argument requires no more than to
show that changes in the wake pressures associated vwith the path change
of the hose are opposite to those occurring with the comperative changes
in the path of the fluid jet. This leaves an increase in the dominance



39

of entralnment effects as the most likely source for causing the
pressure trends observed in the wake as A\ increases. This interpretation
is in turn compatible with that given for the behavior, under the same
conditions, in the forward and lateral regions.

The changes in wake surface pressure under conditions of
increasing w/4 and constant A can be related to an increase in blockage
domination., These wake pressure changes, in conjunction with those in
the forward region, exhibit the trends as given earlier in the
definition of blockage increase. It could be reasoned that entrainment
decreases would give similar effects. However it will be argued later,
in the sub=section on plume behavior, that entraimment actually increases
slightly when w/L is increased.

The interpretation of the behavior of surface pressures in the
waeke region is hence consistent with the stated hypothesis regarding
the forward and lateral surface pressure: changes occurring with )\
increasing and w/{ fixed are brought about by a relative increase in the
dominance of entraimment effectsj changes in the pressure distridbution
brought about when w/{ is increased and A held constant are due to a
dominant increase in blockage effects.

Returning now to the earlier excluded case of w/t = 3.b, h <1 £ 8,
Figure 24 shows that, as A increases from 4.0 to 8.0 for the blunt jet,
the lov pressure contours extend further downstresm. This is opposite
to the trends occurring elsevhere in Pigure 24 (for w/L fimed, A
increasing). However, it is consistent with the trends resulting as
the path of the rubber hose (Fig. 25) is adjusted so as to represent
path changes occurring vwith increasing A. This suggests that, if a
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relatively low A value and high w/t value are occurring in the right
combination, blockage changes can supercede entrainment increases (as
far as their influence on wake surface pressures are concerned) as A
is increased.

For more detail Figure 26(a) shows the results of an investigation
of surface pressures made directly behind the blunt jet ( = 180° only)
at several ) values other than those shown in Figure 24, Notice that
the solid blockage behavior appears to dominate as witnessed by the low
pressures continuing to extend further downstream until A % 8, At that
point entrainment effects begin to overcome the blockage effects and
the low pressures begin to decrease their distance of downstream
extension as A is increased above 8.0.

Figure 26(b) shows that the circular jet exhibits the same
behavior, only the point at which entraimment effects appear to become
dominant occurs in the vicinity of A = 4,0,

A generalized description of wake pressure dbehavior is, in this
author's opinion, as follows: Beginning at a relatively low A velue
some combination of blockage and entrainment effects determine the
pressure distribution. As )\ is slowly increased entraimment .ncreases
but initially not enough to supercede the dblockage change in the wake
assoclated with changing plume path. However as )\ increases even
further, entrainment does eventually become strong enough to arrest the
downstream growth of the low pressures. The level of )\ required for
this arrest increases with increasing w/i. As )\ is increased above the
arresting lsvel the behavior is roughly analogous to sucking on a
cylinder. That is, as ) is increased, there is a gradual increase in the
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magnitude of the pressures in the wake region as well as a reduction
of the distance to which these low pressure contours extend downstream.

Plume Behavior. It was suggested earlier that it might be

possible to attribute the surface pressure behavior, exhibited as w/&
increases with \ fixed, to a decrease in entrainment rather than the
stated interpretation of an increase in blockage effects. It will bde
argued in this section that, with A\ constant, entrainment actually
increases as w/{ increases. This interpretation is witnessed by the
relative variation (from one w/{4 value to the next) of the total
pressure decay along the jet path and by the relative behavior of the
distortion and roll up properties of the Jet plumes.

Before discussing the plume total pressures for the deflected
Jet, attention is called to Figure 39 (taken from reference L3).
There the research was concerned with free jets and the investigators
have measured both entrainment and centerline velocity decay for
circular and non-circular jets of the same cross sectional area.
Comparing the graphs of velocity decay and entrainment one can observe
that there is a correlation between the results in that the jet which
entrains more also exhibits the steeper velocity decay curve. This
appears reasonable inasmuch as increased entraimment implies increased
nixing, which, in turn, would be expected to cause an increase in the
amount that the plume velocities are attenuated.

Regarding the deflected Jet it is felt that the same reasoning
may be applied; that is, that relative jet velocity decay may be used
to infer relative mixing rates. It has been assumed here that total
pressure decay curves vill be relatively positioned (as w/i is varied)
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in the same manner as centerline velocity decay curves. Therefore,
the jet path total pressure curves (Figure 32) showing that the total
pressure decays more rapidly as w/& increases are indicative of
increased mixing, This, in turn, implies that the greater the w/4
value the more the entraining strength of the Jet.

The above argument can be further strengthened with some
comparison of plume distortion (Figure 35) and the roll-up observed in
the smoke studies. The latter indicate that a great deal of the
entrained cross-flow fluid is found in the contra-rotating vortices
(Figure 34). It may be recalled that the smoke tunnel velocities
have been reduced to a level sufficient to obtain laminar flow. Hence
this apparent dominance of vortex induced entrainment may be due to an
absence of the turbulent mixing mechanism. However, it can be seen i:
Figure 35, where plume distortion data has been collected under
turbulent conditions (jet Reynolds number is 4.2 x 106), that regions
where the distortion is greatest correspond to regions of roll-up in
the smoke studies. Further it can be noted that the total pressure
gradient is less steep in these roll-up regions than elsevhere. rIhis
in turn implies more mixing, hence more entraimment, has occurred in
the rolleup regions by the time the jet plume reaches the particular s/a
level at which the survey was conducted. Next it can be noted that the
lowv=valued surface cp contours shown close to the lateral edges of the
Jets (say at )\ = 8, Pigure 2i) have positions which correspond to the
relative location of the roll-up. The magnitude of these cp contours
decreases with w/L increasing thereby demonstrating that local velocities

are increasing in the same manner. With the assumption that the



increase in these local velocities implies an increase in vortex strength
associated with the roll=-up the argument offered is as follows: The
roll-up mechanism is a p;ime contributor to the overall entraining
strength of the deflected jet; the strength of roll-up increases with
w/l, therefore entrainment increases with w/4.

It must be emphasized that neither of the arguments stands alone
as being conclusive, but the interpretation given for the distortion
and roll-up behavior coupled with the arguments given in analyzing the
total pressure decay do lend strength to the argument that for A fixed
entrainment increases with increasing w/4.

There is another factor which may play a role in relative
entraining strengths and that is the rear surface area of the jet., The
smoke studies indicate an increasing amount of entrainment of fluid into
the aft portion of the plume as w/{ increases. It may be possible that,
for a w/i range which extends beyond that investigated here, entraimnment
variation with w/4 would correlate directly with the increase in aft-
facing areu of the Jet.

Another question remains. How appreciasble is this entraimment
variation with w/{? It may be recalled that, in the argument regarding
the cause of the wake surface pressure changes, the evidence was
generally in favor of a blockage increase (as w/i increased with )
fixed)., It only remained, in this section on plume behavior, to show
that entrainment was not decreasing under those conditions. However
with plume data indicating an entraimment increase with w/{ increasing,
but with surface pressure data indicating a blockage increase, the
implications are that the entraimment increases with increasing v/{ are
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relatively small.

A brief sumary of the interpretation given thus far is as
follows: As A is increased for w/{ fixed the observed changes in the
surface pressure distributions are attributable, generally, to the
increased entraining strength of the jet. Some evidences of blockage
increases appear in close to the jet but they are wery slight relative
to the major effects of entrainment. Blockage changes occurring with
A increases do appear in the wake region for w/{. = 3.4 and 4 < < 8,
Above \ = 8 entrainment effects dominate in all regions. The circular
jet shows a similar correlation of wake pressures and blockage changes
as A is increased from 3 to 4, but again with increased entrainment
strength being the dominant influencing factor on surface pressures
for A > &,

Where A is held fixed and w/{ increased, the plume data suggests
& slight increase in entraining strength, but the behavior of the
surface pressures demonstrates a dominant influence of the blockage
increase that occurs as the J.ct bluffmess is increased.

The arguments for w/{ fixed, A increasing are in general agreement
with those presented in reference 44 where a two dimensional potential
flow model has been used to make a parametric study of the relative
importance of blockage and entraimment effects on surface pressures.

It is noted by that author that the relative dominance of entrainment
over blockage can be mathematically related to the character of the
singularities used. The influence of the doublet used to represent
blockage decays with the square of the distance from the jet wvhereas
the influence of a sink decays only by the first power of this distance.



As a side comment it is noted here that an effort was made to
explore the possible correlation of surface pressures with Jet path
location. The hypothesis being tested was that the location of the
contra-rotating vortices in the plume was the dominating factor of
influence on the plate pressure behavior., No correlation was found.
Figure 40 illustrates one of the salient counter examples where
conditions of w/4 = 3.4, A = 8 and w/4 = 1.0, A = 6.8 yielded almost
coincidental jet paths (Figure 31) but very different surface pressure
distributions. A more detailed discussion of this tested hypothesis is
given in reference U45,

Integrated Effects. Figure 27(a) indicates that the magnitude of

the coefficient C_increases with increasing w/4 values; and that for fixed
w/4 the suction increases as )\ increases. The trends in Figure 27(a)

also suggest that there is a maximum which occurs as a function of A.
Figure 27(b) illustrates this peak more definitively and shows that its
occurence is related to the value of r2/a for a particular exit
configuration, This extremum can be anticipated by observing the behavior
of the sirace pressure distributions. It can be seen in Figure 24 that
even though low pressures continue to extend further into the lateral

and forward regions v .h increasing A\, the low pressures close to the

i 1 gl ui

jet concurrently experience a rise. Figure 27(b) shows that the lower

the value of r, used to evaluate the c. integral, the sooner the peak

2
occurs as a function of increasing \.

This rise in the pressures close to the lateral edge of the jet
can be explained using the earlier arguments about the relative dominance i

of entrainment and blockage. As the effects of entrainment increase over




those of blockage (with A increasing) the flow close to the jet it
subjected to less curvature. However at the larger r locations
(blockage effects having decayed rapidly with r) increasing entraimment
is manifest in the slow decrcase in pressure with increasing A.

Many considerations go into the design of & camplete aircraft
configuration, thus making it difficult to extend the results obtained
here into the realm of design. However a few comments in this vein
are offered with regard to the trends indicated by the suction
coefficients. Figure 27 indicates that the streamwise configuration
causes tle least interference loss. Construction of such a shape on a
large scale may prove difficult, but a similar effect could be
accomplished with two circular nozzles in a close tandem arrangement.
On the other hand, the blunt jet may become desirable if, structural
problems notwithstanding, it could be placed near the trailing edge of
a wing lower surface. Such a& location begins to approach a jet flap
configuration which is the optimum arrangement for the relative
positioning of thrust efflux and a wing.

It may be recalled from the introductory remarks of Chapter I
that the interference losses are of practical aerodynamic importance
when flight speed is slow enough to cause a reliance on vertical thrust
for much of the lift force. Accordingly, the interference lift loss as
& percentage of vertical thrust component becomes a variable of prime
practical interest. This term, AL/T, is evaluated using C , 86 follovs:
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where J lg the area of the wing curface in question. In the present

ety
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“Lgure L1 ghows the results of this expression using 1/A as the abscissa.
Thic uzage is commensurate with the literature on aircraft configuration
ctudlezc where increacing 1/ represents increasing forward flight speed
at conctant thrust. The figure demonstrates that, as a percentage of
thrust, lift loss increases with increasing (1/A). Hence the region of
most cerious lift loss, practically speaking, is wvhere A is small, In
light of earlier arguments, this means that much of this loss is
ascociated with the extensive low pressures existing in the wake region
which arice when the blockage properties of the jet are dominant. Thus
devices which will reduce the extent of the low pressure region in the

wake of the jet will help reduce the 1lift loss in this A\ range. One
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might think analogously in terms of methods of reducing the drag on a
20l'd cylinder, but care must bLe taken thit any remedy steps do mot 4t
the came time cause adverse entraimment effects. For exmmple, one
ocommon method of reducing uylinder drag ic to add n tralling edge
fairing. liovever this would very likely cause a change in the
entrainment effect normally experienced by fluid in the wake region
and the net result might be ro improvement or even more 1lift loce.

The results of a satisfactory ocorrective modification are chown
in Pigure L2, taken from reference 26. In this arrangement, fencwe
with a height of one jet diameter and stremmwise length of two dimmeter:c
are placed on either side of the jet as shown, The authcre of that
paper suggest that the favorable results ocour because the fencec delay
the growth of the vortex flow behind the jJet. It ig this author's
opinion that, speaking in terms of blockage and entrainment, the
favorable effects resvlt more directly from the fact that the fences
attenuate the sharp pressure drop usually experienced on the lateral
edge of the jet. This in turn results in higher wake pressures and
hence less total suction force on the lower surface. At the same time
that this blockage-induced suction is being attenuated the fences do not
alter the entraimment effect of the jet appreciably as witnessed by the
exposed downstream surface of the jet.

Another important point is brought out when using the AL/T
variable regarding the effect of the ratio of jet size to wing surface
area. Referring to Figure 27(b) one can see that the suction coefficient

increases with diminishing rz/a, the upper limit of integration. However
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when AL/T 1o calculated (Figure Ul) the trend is reversed because of
the corresponding surface nrea reduction and thus practically spesking
It tecomes dezirable to keep the r:./s ratio emall, (As a cautionary
remark, it is noted that finite wing effects cannot be evaluated here.)
¥ Uata

Extensive Curvey for w/{ = 1,0, A = 8, This survey vas conducted
prizarily to provide data for checking the results of mathematical
modele, Within the range, =% ¢ x/a < 16, 1 € y/a ¢ 10, 6 5 z/a 5 30,
approximately 324 data pointe have been taken with each data point
providing three comporents of velocity (expressed in temms of q) amd
total precsure, Figure 43(a) shows grephically a small sampling of
thie data; the complete set being licted in Table L, It can be seen
here that flow at the highest z/a stationc is being pusned upward and
outward, or away from the jet path, by blockage effects. As z/a
decreaces the outward component becomes greater and eventually an
increase in Po showg that the plume has been pierced Ly the vertical
cut, Oontinuing downward one sees the vector swing in toward the Jet,
for example' at x/a = 10, y/a = 6, z/a = 12, Here the P, value is still
slightly greater than Po. indicating the data point is on the fringes of
the plume. Tae lowest z/a point indicates a flow component that is in
toward the jet, but the fluid is not in the plume proper nor wake as
indicated by the Po/Po. = 1,00 reading.

The vortex roll-up in the plume and its influence on adjacent

cross flow fluid can be seen more clearly by plotting only the y and z

components of the q vector. Figure 43(b) shows this type of illustration



in the x/a = 10 plane. The view shown is as one looke in an upetrean
direction into this plane with the resultante of only the qy/% and
q :/'\- componente shown., The rollsup in the plume proper ic then made
clear by locating the vectors with Po/Po. > 1, The influence of the
roll=up on crosseflov fluid can then be seen by noticing the cimilar
vortex-type pu.tern of the flow vhere 'o/Po. = 1,00, Only representative
points have been shown to avoid cluttering the figure. If one were to
plot additional pointe (from Table 4) with values where P°/P°. <1, a
wvake rezion becomes discernidble. The outer boundaries of thic wake
roughly coincide with the heavy lines of separated flow ceen in the
surface oil fils tests (Figure 29). (One can also plot more pointe,
from Table U, where poho. > 1 if a map of the plume shape iz decired.)
The mechanical limits of vartical traverse for the preccure
probe were such that investigation could not be made below z/a ~ 6
(occasionally z/a = 5 was achieved). However, the oil flow tests
(Figure 29) and flow visualization studies conducted just above the
surface in reference 46, indicate a smaller roll-up near the plate with
a circulation opposite to the larger vortex in the plume. Figure L43(c)
depicts this smaller vortex (see region F) included in an illustration
which represents this author's interpretation of the flow pattern on
and near the surface. This interpretation is as follows: Oncoming
cross~flow fluid from an upstream direction is diverted by the hlockage
effect of the jet (region A). It begins to accelerate much as it would
under blockage conditions only, but with the jet this acceleration is
more rapid due to entraimment which is predominant on the lateral and

downstream edges of the Jet., Much of the cross=flow fluid close to the



for 1o entranined along the lateral edges. This fluid spirals in an
apward path ae Lt i drawn !nto the plume rolleup (region B). At region
's Ofi the plate surface, "here is a dividing streamline (m = n) which
ciagnater upon renching the wake boundary line (p = q). Flow on the
surface which le upstrens of m « n moves back toward the Jet (r - ),
whille that orn the dowuetrean clde turns away from the Jet (t = u),
(Iinee = = n wd p = | can be seen distinetly in a majority of the oil
plotures,) Jome rluld just slightly above the surface at regior C
ceparntesz and starte to rigse as it enters the wake, still under the
lufluence of entralmment, It meets similar flov coming from the
oppocite zlde of the Jet (l.e., reflects from the plane of symmetry) in
reglon D. It turng downward and divides again, leaving evidence of a
stagnation region ia the oil, The flow that is still responding to
entrainment rolls up as it continues forward (region E) and eventually
flowz Into the large vortex, The downward flow at D that cannot make
the turn, brenks away and continues downstream inside the wake, forming
another rolleup pattern (region F). Both of the rollsup formations
(£ and F) have components which stagnate with opposing components of the
fluid on the outside of the wake boundary. This causes the wake
boundary (p = q) to appear darker than it normally does behind a solid
body .

Tufts studies suggest that the behavior just described at D
exists very close to the plate., The majority of the flow exhibits a
large upflow corponent (region H) as witnessed by the tuft studies on
the plate (Figure 30) and a single tuft on the end of a wand. Since the

surface pressures exhibit no rise in this region, the accelerating



up=flow component sppears to be the dominant influencing factor on the
local pressure distritution.

[ateral and Forward Regions. The lateral field dats at z/a = 6
wvas presented and discusced earlier. Figure bk extends the presentation
of this data into regions where z/a > 6. One of the most pronounced
features exhibited here iz the pitch of local vectors, which increases
in a dovmvard manner as )\ ic increased. This suggests that entrainment
is strongest at emall s/a values, and ac )\ is increased this behavior
hecomes more pronounced. Blockage changec may be entering into this
downward pitching, however, Additional data from colid blockage models
is needed in this region vefore more definitive arguments can be made.

Directly upstream of tire jet several colid blockage surveyc were
made with the ribber hose approximating the jet path at A ¥ 4 and )\ ¥ 8,
The results are shown in Figure 45, These can be compared, in Figures
46(a) and U6(b), with the flow field behavior occurring when the path of
the actual fluid jet is changed from A = 4 to A = 8, This comparison
demonstrates that solid blockage changes associated with changing plume
path (i.e., increased penetration) cause a very slight upflow, whereas
penetration increases,which result from increased A in the real fluid
Jet case, cause a downflow., Thus, on the upstream centerline, the
downward pitch exhibited in the flow field behavior appears to be lie to

a relative dominance of entrainment at low s/a values (along the jet path).
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CHAPTER V
WCLUS IOND

e Jet influences the surface pressure distributions through a
combination of blockage and entrainment effects on the cross flow,
ncoming crosgeflow fluid near the surface decelerates due to the
blockage effect ac it approaches the upstream side of the jet, giving
rice to a reglon of high pressures in that region., It is then diverted
nround the side of the jet and attains high velocities in the lateral
reglonzs, causing a drop in pressure. Entrainment of cross-flow fluid
into the plume primarily occur: along the lateral and downstream edges
of' the jet., A wake region ericts behind the jet consisting of low
surface static pressures and total pressures which are below that of
the undisturbed cross=flow.

When the effective velocity raiic is increased, the blocking
effect on the cross flow changes due to a change in the plume location
(more penetration) and the entraimment effect increases due to an
increase in the V 3 - Y difference. The way in which surface pressures
respond to these changes depends on the effective velocity ratio A and
the width-to-length ratio of the jet exit w/{, When the effective
velocity ratio is increased from A = 4, for the circular jet, the
blockage changes are minimal and the observed changes in the pressure

distribution are attributable to a relative dominance of increased

entrainment effects. These pressure changes are : (1) a decrease in the



region over which the high pressures exist immediately upstream of the
Jet and a decrease in their magnitude; (2) an increace in the radiul
distance both upstream and laterally to which low pressurec (cp < 0)
extend; and (3) an increasc in the magnitude of the low preccures in
the wake region, with an accompanying decrease in the dictance to which
these prescure contours extend downstreanm.

When the effective velocity ratio of the bluff jet (w/L = 3.4) ic
increased above the level of A = L, entrainment increacer ure the
dominating factor of influence on surface pressure changesc in the rorward
and lateral regions just as with the circular jet. But variation:z in
the wake pressure distributions are influenced by a rclative dominance
of the blockage changes accompanying the change in plume location. For
A increasing in the range 4 £ ) £ 8 this blockage change causes low
surface pressure contours in the wake to extend further downstream, For
A > 8 entrainment increase is the dominant factor of influence on
surface pressure changes in all regions and the pressure behavior is
the same as that for the circular Jet,

The changes in wake pressure distribution behind the circular jet,
as A is increased from 3 to 4, exhibit the same blockage-dominated
behavior as described for the bluff jet in the range 4 < A < 8.

The generalized behavior is one of entraimment effects playing
the dominant role in causing the observed pressure changes occurring
with )\ increases, However, in the wake region, this dominance requires
that a specific level of )\ be achlieved before entraimment noticeably
changes the effects of blockage. This required level increases with

the increasing bluffness of the jet exit shape.



The total suction force (or lift loss), as determined by
integration of the measured pressure distridbutions, increases with
increasing w/L. When this lift loss is presented as a percentage of
the gross thrust of the jet (AL/T) the greatest 1ift loss occurs for
all three jets in the lower )\ range. As A increases AL/T improves
primarily due to an attenuation of the suction forces in the wake

region.
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APPENDIX A
NOZZIE DESIGN

For the circular nozzle the contraction from the cix inch cupplv
pipe to the two inch diameter at the nozzle exit was accomplished in a
streanwise distance of 7.45 inches using one of a family of contours
recommended in reference 47 (see Figure A-1(a)).

A literature cearch indicated a dearth of reports dealing with
subsonic noncircular nozzle design, particularily when a crossesectional
shape change must be concurrently accompliched. The design method first
attempted by this author was based on a criterion of constant curvature
at the throat region with this curvature being again selected from
reference 47 (see Figure A-1(b)). However, as can be seen in Figure A-2(a),
the amount of the contour template that can be used to shape the portions
of the nozzle upstream from the throat region will vary depending on
peripheral position. For example, working from a position midway on the
straight side of the exit, the contour of Figure A-1(b) can be used in its
entirety., But working from the narrow edge of the exit periphery only a
small portion of the recommended contour shape can be used before termi-
nating at the outside diameter limit (as set by the 6" ID supply pipe).
When filling in the rest of the contours, a scalloped effect to the
nozzle shape was generated as shown in Figure A-2(b) by the dashed lines.

During construction of this nozzle painstaking efforts were taken
to ensure symmotry about the major and minor axes. Preliminary check=-out
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tecte, under free jet conditions indicated uniform exit flow conditions.
liovever, the unsymmetrical behavior exhidited when the jet was subjected
to n cross flow (oil rilm test, Figure A=3) confirmed that the exit flow
wag unsatisfactory., It was felt that the particular contour design was
giving rise to swirl in the jet flow. This conjecture was strengthened
wvhen honeyccmb, ingserted in the nozzle exit, yielded a symmetrical flow
field,

Another nozzle was constructed which proved to %e satisfactory.
This time the contour of Figure A-1(b) was used again from the midpoint
of the straight side of the exit periphery but the criterion of constant
curvature around the periphery of the throat region was relaxed. Instead
it was considered desirable to avoid the scalloped effect previously
described and shape the nozzle =0 that the transition of cross-sectional
shape from circle to slot was accomplished in as smooth a manner as
possible, Figure A-i gives a one quadrant, top view of the crosse

sectional templates that were used to shape a wooden mandrel.

7o il i
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Figure A=2. Non Circular Nozzle, Original Design.



Figure A-3 .

0il Visualization at A = 8, Original Design.
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Table 1. B8urface Pressure Test Conditions and Result Index
Results
w/l A (nn Hg) (F;g?ge Comments
Date taken in the range
0<p<180, r,/a< r/as
15.75, unless otherwise noted.
0.3 L 1.07 47a
8 47o
10 47e
12 k74
Solid J 37 Right cylinder, wooden
1.0 0 1.07
3 26 Data taken at B = 180° only
L U7e
6.8 Lo
8 47
10 L7g
12 L7n
Solid #1 25 Hb:e approximating path at
e
Solid #2 25 Hose approximating path at
A~ 8
3.4 L L7i
745 26 Data taken at g = 180° only
9 ’ 26 Date teken at g = 180° only
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Table 1. Surface Pressure Test Conditions and Result Index (Continued)
q, Results
w/e A (mn Hg) (Figure Comments
No.)
3.4 8 1.07 473
10 L7k
12 L7¢
20 0.27 47m

Solid 1.07 37 Right cylinder, wooden
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Table 3. Flow Visualization Test Conditions and Result Index

Results
Medium w/g A (mm Hg) (F;gfse Comments
0il 0.3 Y L@y 29, 9' wind tunnel
8 29b
12 29¢
Solid 294 Right cylinder
1.0 L 2%
8 29f
12 29
Solid 29h Right cylinder
3k L 291
8 293
12 29k
Solid 29,
Tufts 0.3 4
' 8
‘ 12
1.0 N
l 8 30
12
3.4 L
l 8
12
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Table 3. Flow Visualization Test Conditions and Result Index (Continued)

Results
Medium w A Figure Comments
n (mm Hg) Tor)
Smoke 0.08 * * 33/34 2"x24" wind tunnel *Not measured
explicity; see
0.3 Chapter III
for procedure.
1.0 Range was
approximately
3.4 L<)x 8,
12.5 Jr 1




Table 4. Extensive Flow Field Survey for w/t{ = 1.0, A = 8

/o v/ zfa ol /e, 4/l /% PR,
6 il 6 0.7  0.73 0.05 0.58 0.85
10 -0.76  0.68 0.16  2.21 0.96
12 2.25 1.61 0.ho 2.40 1,04
14 4.78 3.26 0.63 1.97 0.87
16 3.60 2.36 0.32 2.71 2.4k
18 2.25  1.07 0.16 3.43 4.17
20 2,65 0.95 -0.63 1.52 2.0k
22 2.5  0.67 -1.11 0.28 0.91
2k 0.95 0.67  =0.34 0.16 0.98
Sign Convention
Component Sign Direction of Component
X + Downstream
- Upstream
y + Awsy from Jet path

Toward jet path

Up (away from plate
surface)

Down

75

F -
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Table 4, Extensive Flow Field Survey for w/4 = 1.0, A = 8 (Continued)

x/o  y/a zfe ale, /e, q/e 4,/%  B/E,

10 1 6 0.85 0.80 -0.12  0.28 0.80
8 0.93 0.8 -0.19  O.uk 0.87

10 1.1+ 0.8 -0.36  0.73 0.97

12 1.72 0.85 -0.55 1.ko 0.95

s 2.06 0.89 -0.39 1.81 0.87

16 2.16 1.08 =0.03 1.87 0.91
18 1.89 1.23 0.25 1.4 1.00
20 2.61 2.09 0.28 1.55 2.09

22 2.84 2.33 0.31 1,60 2.48

24 1.38 121 0.19  0.64 1.30
26 0.86 0.8 0.11  o0.23 0.97
28 0.85 0.8k 0.00  0.13 1.00
16 b 6 0.84  0.83 -0.06  0.15 0.77

8 0.90 0.86 -0.08 0.2k 0.83
10 0.93 0.86 =0.10 0.33 0.87
12 1.05 0.89 -0.18 0.52 0.96
1k 1.37 0.9 =0.35 0.90 0.9k4
16 1.62 0.96 =0.35 1.25 0.96

18 1.54 0.95 -0.16 l.21 0.83
20 1.ko 0.9 0.16 1.00 0.78
22 1.ho 1.16 0.20 0.76 0.91

2k 1.9k 1.7h4 0.18 0.83 1.61



Table 4. Extensive Flow Field Survey for w/{ = 1.0, A = 8 (Continued)

x/a  y/a  zfa  q/q, qx/q. qy/q. qz/q. Po/Po

16 il 26 1.96 1.78 0.17 0.81 1.65
28 1.24 1.17 0.08 0.4l 1.15
30 0.95 0.92 0.0k4 0.21 1.00

6 2 6 1.13  0.86 <0,57  0.46 0.97
10 3.50 2.35 «1.51 2.12 1.30
12 L.07  2.79 «0.23  2.95 2.26
14 3.60 2,47 0.59  2.55 2.26
16 L.28  3.03 0.88 2.9 3.39
18 3.86  2.67 1.09 2.5 3.39
20 1.59  1.19 0.56 0.88 1.4y

22 0.75  0.69 0.21  0.20 0.94
2k 0.81  0.79 0.10 0.1k 1.00
8 2 6 0.98 -0.88 <0.28  0.33 0.96
8 1.16  0.89 -0.54  0.52 0.99
10 1.7 1.07 -0.97 0.92 0.87
12 3.07 2.05 -0.87 2.1 1.04

b 3.2 2.38 0.0 2.46 1.57
16 2,96  2.13 0.56 1.98 1.65
18 3.b0 2,59 0.67 2.10 3.0l
20 3.27 2.50 0.78 1.96 2.78
22 1.51 .23 o.47 0.7k 1.30
2l 0.85  0.79 0.18 0.24 0.96
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Table 4. Extensive Flow Field Survey for w/¢ = 1,0, A = 8 (Continued)

L 7L O W N ¥, R Wi PO/P%
8 2 26 0.84 0.82 0.10 0.16 1.00
28 0.87 0.86 0.05 0.12 1.00
10 2 6 o.94 0.89 «0.19  0.25 0.93
8 0.99 0.88 «0.29 0.36 0.7
10 1.23 0.88 -0.62 0.59 0.96
12 2,02 1.30 -0.87 1.28 0.87
14 2,56 1.77 «0.54  1.77 0.96
16 2,43 1.78 0.17 1.65 1.30
18 2.0h 1,58 o.47 1.20 1.48
20 2.87 2.3 0.56 1.58 2.35
22 2,59 2.13 0.55 1.37 2.13
2L .26 1.1 0.28  0.49 1.16
26 0.87 0.84 0.13  0.19 0.97
28 0.88 0.87 0.07  0.15 1.00
30 0.89 0.89 0.00 0.11 1.00
13 2 6 0.91 0.88 <0.13 0.18 0.90
9 0.95 0.87 0,20 0.3 0.96
12 1.28  0.97 -0.56  0.63 1.02
15 .81  1.26 <0.55  1.17 0.70
18 1.80 1.38 0.30 1.13 0.96
2 1.96 1.64 ol 0.9 1.57
2l 2,29 1.9 o.k1 1,06 1.87
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Table 4. Extensive Flow Field Survey for w/4 = 1.0, A = 8 (Continued)

z/a

a/q,

/9,

Y/ %

,/%

P /P

oL
13 2 27 1.05  0.99 0.18 0.3 1.02
30 0.90  0.89 0.05 0.14 1.00
16 2 6 0.91  0.89 <0.10 0.1k 0.87
8 0.2  0.89 -0.12 0.21 0.91
19 0.96  0.91 -0.18 0.31 0.97
12 1.07 0.9 <0.30 0.45 1,00
1 1.k3 1,08 =0.52  0.78 0.98
16 1.7 1,24 <0.51 1l.12 0.85
18 1.76  1.37 <0.09 1.1 0.87
20 1.70 1.3 0.33 1.02 0.91
22 1.60 1.35 0.35 0.78 1,13
24 2.03 1.8 0.33 0.83 1.65
26 1.85 1.68 0.28 0.73 1.57
28 1.23 1.16 0.17 0.38 1.13
30 0.95 0.9 0.09 0.19 0.99
6 3 6 1.25  1.05 =0.64  0.25 0.98
8 1.97 1.53 «1.18  0.37 0.97
10 3.78  3.36 «-1.10 1.35 1..8
12 L.87 k.3 0.50 2.53 2.78
1L 4,63  3.65 0.97 2.69 3.26
16 k.35 3.2 1.51 2.5 3.35
18 2.93 2.3 1.23 1.58 2,4k
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Teble L. Extensive Flow Field Burvey for w/¢ = 1.0, A = 8 (Continued)

xfo  y/a za e, /e /e /% B/E,
6 3 20 .26 1,01 0.8  o.uk 1.07
22 0.77 0.72 0.24 0.1k 0.94
2k 0.83 0.8 0.12 0.11 1.00
10 3 6 0.98 0.9 -0.22  0.20 0.98
8 1,06 0,95 -0.37 0.28 1.00
10 1.35 1.08 -0.71  0.38 1.00
12 2.2h  1.83 -1.06 0.75 0.9
1k 3.02 2.66 -0.39 1.38 1,44
16 3.0 2,58 0.61 1.49 1.9
18 2.90 2.k 0.84  1.39 2.00
20 2,94  2.uk4 0.84 1.4l 2.35
22 2.2 1.69 0.71  0.86 1.7h4
2l 1.07  0.97 0.3 0.31 1.05
27 0.88  0.87 0.12  0.13 1.00
30 0.91  0.90 0.0k  0.10 1.00
16 3 6 0.95 0.9 -0.13 0.12 0.95
8 0.97 0.9 =0.16  0.17 0.89
10 1.00 0.95 <0.22  0.23 1.00
12 1.1 0.98 -0.b0  0.33 1.02
b 1.57 1.26 -0.71  0.60 1.00
16 1.98 1.7 -0.55 0.82 0.92
18 2,07 1.87 0.00  0.89 1.17
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Table 4. Extensive Flow Fieid Survey for w/¢ = 1.0, A = 8 (Continued)
x/a y/a zfa /i, Qfe, /e, /% ?O/Po.
16 3 20 1.75 1.54 o6 o0.71 1.17

22 1.93 1.70 0.51 0.76 1.4
2l 2.13 1.92 0.48  0.79 1.70
26 1.78  1.63 0.38 0.62 1.4k
28 1.17 1.1 0.21 0.3l 1.09
30 0.96  0.9% 0.12 0.16 1.00
6 L 6 .31 1.17 «0.57 0.17 0.98
8 1.83 1.59  «0.90  0.05 0.99
10 2,77 2.66 -0.79 0.11 1.09
12 3.33 3.2 0.0  0.82 1.48
4 3.52  3.03 1.23  1.29 2,00
16 2,91  2.37 1.30 1.08 1.91
18 1.76 1.k 0.93  0.k9 1.22
21 0.87 0.8 0.3 0.10 0.95
24 0.88 0.87 0.12 o.11 1.00
8 L 6 1.13 1.05 -0.38 0.18 0.99
8 1.33 117  <0.60  0.17 1.00
10 2,03 1.78 -0.98 0.12 1.02
12 2.79 2.68 «0.66 0.k2 1,22
1k 3.2 3.2 0.58 1.06 1.91
16 .43 2.9 1.18 1.3 2.35
18 2.85 2.38 1.09 112 2.00
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Table L. Extensive Flow Field Survey for w/{ = 1.0, A = 8 (Continued)

/o y/a oz W4, /% 4% /% P/E,

8 4 20 181  1.52 0.79  0.60 1.30
22 0.99 0.88 o.bo  0.18 0.97
2k 0.89 0.86 0.21  0.12 0.98
26 0,90  0.89 0.11 0,10 1.00
10 L 7 1.06 1,00 -0.31 0,18 1.00
9 1.22  1.09 -0.52  0.20 1.00
12 1.99 1.82 -0.80  0.20 0.96
15 2.97 2.86 0.00  0.83 1.65
18 2,99  2.57 .04 1,11 2.09
21 2,15  1.82 0.87 0.74 1.70
2k 1.0l  0.93 0.35 0.21 0.99
27 0.91  0.89 0.13 0.12 1.00
30 0.92 0.9 0.07  0.10 1.00
13 4 7 1.05 1.00 -0.28  0.15 1.00
9 1.06 1.00 -0.31  0.19 1.00
12 1.8  1.28 -0.71  0.23 1.00
15 2.6  2.34 -0.50  0.54 1.17
18 2,83  2.60 0.68 0.89 1.74
21 2,50 2,21 0.82 0.85 1.96
2l 171  1.52 0.57 0.55 1.41
27 1.0l 0.97 0.23 0.18 1.00

30 0.94 0.93 0.09 0.11 1.00
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Table 4, Extensive Flow Field Survey for w/t = 1.0, A = 8 (Continued)

/o y/e zfe afe, /e, /e, /4, B/R
16 4 7 0.98  0.% -0.15 0.12 1.00
9 0.99 0.9 -0.20 0.16 1.00

12 1.20  1.08 -0.45  0.25 1.03

15 1.77 1.60 -0.68  0.37 0.96

18 2.52 2.k2 0.17  0.68 1.30

21 2.28  2.07 0.65  0.71 1.61

2l 2.06 1.88 0.55  0.64 1.65

27 1.23 1.16 0.31  0.30 1.13

30 0.96  0.94 0.13  0.13 1.00

0 6 6 1.48  1.48 «0.07 =0.08 0.99
10 1.31 1.30 0.09 =0.13 1.00

1k 1.11  1l.10 0.13 =-0.08 1.00

18 0.95  0.94 0.12 =-0.,01 1,00

21 0.93 0.9 0.08  0.01 1.00

2l 0.93  0.93 0.0k  0.03 1.00

2 6 6 1.k 1,43 -0.17 =0.11 1.00
9 1.56  1.54 -0.04 -0.23 1.00

12 1.b0  1.37 0.16 =0.23 1.00

16 1.07  1.05 0.21 =0.09 1.00

20 0.95 0.9 0.14 -0.01 1.00

2k 0.9%  0.93 0.08  0.03 1.00

4 6 6 .43 1.39 -0.31 -0.0k4 1,00




Table 4. Extensive Flow Field Survey for w/4 = 1,0, A = 8 (Continued)

x/a  y/a  z/a afe, /e, 4/%  9,/%  B/E,

-]

L 6 9 1.63 1.59 =0,20 =0.25 1.00
12 1.65 1.60 0.13  -0.36 1.01
16 1.8  1.17 0.29  =0.1k 1,00
20 0.98  0.96 0.19  =0.01 1.00
2l 0.93  0.92 0.10 0.03 1.01
6 6 5 1,210 1.16 0,32 0.05 0.99

8 1.5  1.39 «0.39  =0.10 1.00
10 1.69 1.63 -0.33  -0.27 1.00
12 1,79 1.7k -0.12  -0.39 1.0k
13.5 1.78  1.73 0.20  =0.37 1.04

15 1.66  1.97 o.41  -0.30 1.03
18 1.21 1.14 0.39  =0.13 1.00
21 0.98  0.95 0,22  -0.01 1.00
2l 0,93 0.92 0.14 0.0l 1.01
8 6 5 1.1+ 1.n -0.28 0.06 0.99

8 1.28 1,22 =0,39 0.00 1.00
10 1.49 1.h1 <0, 4k =0.14 1.00
12 1.76 1.70 =0.29 -0.33 1.05

15 lo% 108," 0036 -0-30 1.00
18 1.58 1.46 0.60 «0.10 1.04
20 1.17 1.09 0.42 -0.06 1.00

22 1.0l 0.97 0.28 0.00 1.00
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Table 4. Extensive Flow Field Survey for w/{ = 1.0, A = 8 (Continued)

z/a

Ve,

4,/%

/%,

q,/%,

P /P

o' "o,

8 3 26 0.9%  0.93 0.12 0.05 1.00
10 6 5 1,08  1.05 -0.23 0.07 1.00
8 1.16 111 -0.33 0.05 1.00

10 1.35 1.28 =0.44  -0.04 1.00

12 1.6  1.55 -0.47  -0.23 1.0k

b 1.9 1.92 -0.21  -0.32 1.08

15 2,12 2,10 0.10  -0.28 1.17

18 1.90 1.77 0.69  -0.03 1.22

21 1.27  1.18 0.48 0.03 1.04

2l 1.00  0.97 0.24 0.0l 1,00

27 0.6 0.95 0.13 0.06 1,00

30 0.96  0.95 0.07 0.05 1.00

13 6 5 .04 1,02 -0.18 0.08 0.99
8 1.08  1.05 0,25 0.08 1.00

10 .16 1.1 ~0.36 0.05 1,00

12 1.36 1,28 -0.46  -0.05 1.02

1k 1.73  1.66 -0.4k3  -0,21 1.09

16 2.03 2.02 -0,07  =0.19 1.24

18 2,20 2,12 0.56 0.01 1.hk

20 2.03 1.89 0.7h 0.1k4 1.hb

2k 1.23 1.15 0.41 0.12 1.06

27 0.99  0.97 0.19 0.07 1.00
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Table L. Extensive Flow Field Survey for w/{ = 1.0, A = 8 (Continued)

x/a  y/a zfa  q/q, qx/qw qy/q- qz/ q, PO/P0

13 6 30 0.97 0.97 0.10 0.07 1.00

16 6 6 1.02 1.00 =0.17 0.06 1.00
8 1.01 0.99 =0.19 0.07 1.00

10 1,06 1.02 -0,28 0.08 1,00
12 1.21 1.5 =0.39 0.02 1.00
1k 1.7 1.39 -0.48  -0.08 1.04
16 1.78  1.74 <0.35  =0.17 1.13

18 2.16  2.15 0.22  -0.05 1.39
20 2.19  2.09 0.66 0.13 1.57
22 2.02 1.88 0.69 0.26 1.52
2L 1.52 1.k 0.54 0.19 1.29
26 1.18 1.2 0.37 0.13 1.07
28 1.02  1.00 0.22 0.08 0.99
30 0.99 0.98 0.13 0.08 1.00

5 1.33 1.33 -0.12 -0.0k4 1.00
7 1.33 1.33 -0,08 -0.07 1.00
9 1.26 1.26 =0,02 -0.09 1.20
12

1.18 1.18 0.0  -0.10 1.00
15 1.10 1.09 0.10  =0.07 1.00
18 1.00 1.00 0.09  =0.04 1.00
21 0.98 0.98 0.08 -0.01 1.00

2L 0.96 0.96 0.05 0.01 1.00
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Table 4. Extensive Flow Field Survey for w/¢ = 1.0, A = 8 (Continued)
o yfe z/a afe, 4/, 4 LG B/E,
3 8 5 1.29 1,27 <0.19  -0.03 0.99

7 1.31 1.29 «0,16  -0.09 0.99
9 1.36  1.35 -0.10  =0.13 1.00
12 1.31  1.30 0.00  =0.17 1.00
15 1.20 1.19 0.12 -0.1k4 1,00
18 1.06  1.05 0.4  -0,07 1.00
21 1.00  0.99 0.1  -0,02 1,00
2l 0.97 0.97 0.07 0.01 1,00

6 8 5 1.21  1.19 -0.23 0.01 0.99
7 1.23 1.2 <0.23  -0.04 0.99

9 1.28  1.26 -0.20  =0,12 1.00

12 1.39  1.37 -0,08  -0,22 1.00

15 1.33 1.3 0.11 -0.23 1,00

18 1,16 1.1k 0.18  -0.12 1.00

21 1.05  1.03 0.16  -0.05 1.00

2k 0.99 0.9 o.11 0.01 1.00

10 8 5 1.12  1.10 =0,21 0.0k 1,00
8 1.1k 11 0,25 0.00 0.99

12 1.30  1.27 -0.23  =0.17 1.00

16 1.2  1.39 0.06  -0.31 1.01

20 1.20  1.17 0.25 =0.15 1.00

25 1.00 0.99 0.14 0.00 1.00



Table 4. Extensive Flow Field Survey for w/¢ = 1.0, A = 8 (Continued)

x/a y/e z/a  a/q qx/qw qy/Q. qz/qu Po/Po

10 8 30 0.97 0.97 0.07 0.0k 1.00
13 8 5 1.07 1.05 «0.19 0.04 0.99

o

1.10 1.08 -0.22 0.02 1.00
12 l.22 1.19 -0.27 =0.11 1.00
16 lohh lohl -0005 '0032 l.OLI'

18 10h7 lo’"’3 0021 -0.29 1007
20 1.34 1.29 0.31 -0.19 1.0k
25 1.07 1.05 0.19 -0.01 1.00

30 0.99 0.99 0.08 0.0k 1,00
16 8 6 1.05 1.03 -0.18 0.0k 1.00
9 1.09 1.07 =0.22 0.03 1.00
12 1.16  1.13 -0.27  =0.05 1.00
15 1.3+ 1.30 -0.23  -0.23 1,04

18 1.51 1.7 0.09  =0.30 1.13
21 .41 1.36 0.3%  -0.1k 1.13
24 1,19 1.1k4 0.31  -0.0k 1,03
27 1.03 1l.01 0.19 0.01 1.00
30 1.02 1,01 0.10 0.0k 1.00
3 10 5 1.25  1.24 -0.16  =0.01 0.99
8 1.30 1.29 =0.13  =0.07 1.00

2 1.24 1.23 «0.03 =0.10 1.00
16 lolu lc13 00% '0.09 1.00
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Table 4. Extensive Flow Field Survey for w/¢ = 1.0, A = 8 (Continued)
/o yfe ozl ey, /% /e /% B /R
3 10 20 1.05 1.0k 0.08  -0.04 1,00

2l 1.00 1.00 0.05 0.00 1.00
6 10 5 1.20  1.19 <0.20 0.01 0.99
8 1.26  1.25 «0.19  -0.05 1.00
12 1.30 1.29 «0.08  -0.12 1.00
16 1.19 1.18 0.C5  =0.13 1.00
20 1.08  1.07 0.11  -0.07 1.00
2l 1.02  1.02 0.08  -0.02 1.01
10 10 5 1.1 1.2 <0.21 0.01 0.99
8 1.17  1.15 <0.21  =-0.02 1.00
12 1.25  1.23 -0.19  -0.13 1.00
16 1.27  1.26 <0.02  =0.20 1.00
20 1.15 1.1k 0.12 =0.13 1.00
25 1.04  1.03 0.11  -0.03 1.00
30 0.99  0.99 0.05 0.02 1,00
13 10 5 1.10 1.08 «0,20 0.02 0.99
8 1.12 1.10 <0.21  -0.01 1.00
12 1.18  1.16 -0.21  =0.10 1.00
16 1.28  1.26 <0,08  -0.23 1.00
20 .21 1.19 0.12 -0.18 1.00
25 1.07 1.06 0.12 -0.05 1.00
30 0.99  0.99 0.07 0.01 1.00



9

Table 4. Extensive Flow Field SBurvey for w/i = 1.0, A = 8 (Continued)

x/a y/e zfe afe,  qfe, /e, 4/4, PO/PO.
16 10 1.07  1.05 «0.19 0.00 0.99
8 1.09 1,08 «0.19 0.00 1.00
12 1.16 1.4 <0.20  =0.07 1.00
16 1.25  1.23 -0.13  =0.23 1.02
20 1.2 1.22 0.12  -0.23 1.03
25 111 1.10 0.1k  -0.06 1.00
30 1.03 1.0 0.08 0.01 1.00



ILLUSTRATIONS
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Figure 1. Lift Loss Due to Jet and Cross-Flow
Interference (from Reference 4).
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Figure 2. Coordinate System and Definition of Flow Region Terms,
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