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ABSTRACT

The Amold Engineerin_g Devélopment Center (AEDC) offers a unique test
capability for the evaluation of inlet-engine compatibility. The capability features a
variable-attitude and variable-Mach number free-jet nozzlé that subjects an aircraft
propuision system to a flow field approximating the flight environment. The free-jet
nozzle provides a flow quality commensurate with inlét-engine compatibility test
requirements over a wide range of pitch angles, yaw angles, and Mach numbers. The
development of the nozzle centered on achievement of the fequired ﬂo§v quality.

Initial flow quality experimenfs revealed a tendency for large, secondary vortical
flows to develop in the free-j et-nozzlévﬂov\v field. These vbrtical flows severely‘degraded
the flow quality delivered by the nozzle. The failure of the initial nozzle to achieve flow
quality goals motivated research focused on preventing the formation of vortices in
subsonic fre‘e-j et nozzles.

This thesis describes a comprehensive inyestigation that coupled water flow and
airflow experiments to improve the understanding of thq mechanisms leading to tile
formation qf nozzle vortices, and to dévelop vortex suppression methods. Providing a
unidue flow visualization capability, the water tunnel revealed features of the complex
flow field associated with the vortex formation and facilitated the identification of vortex
suppression techniques. The airflow tests provided detailed flow-field measuréments fér
val‘idating water tunnel findings and verifying achievement of flow rgquiremeﬂts. '

- The water flow and airflow experiments provided information that enabled the

development of specifications for a subsonic free-jet nozzle to be app}ied in the AEDC '
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Aeropropulsion Systems Test Facility (ASTF) free-jet test system. The experiments used

two _Sub-scale models of the ASTF Test Cell C-2. The airﬂow model qpantiﬁed nozzle |
exit flow quglity through measur.eme;n.ts Qf .Mgcﬁ:l“ number angl'ﬂéw angle distriButions.

' The measurements were oll)t.ained ;t. rlloni‘irllal:}i\/la\:clh numbers farigir}g from ’0.3 to 0.9 a;nd\
nozzle pitch angles ranging from 0 to 56 ‘deg. The wa;cer f"low médel,. installed in the
University of Tennessee Space Instit_ute watér tunnel, used—dye injection -to delineate
stfeaklinés of the flow entering and exiting free-j ét nozzle conﬁgurations_..

'The development pf the free-jet nozzle employed multiple entries in both the air
flow and water flow facilities. The work progressed through the process of identifying
’ﬂow anomalies, determining the critical pararhetefs that domipate the secondéry flow .
formation, identifying candidate flow qualjty improvement methods, selecting a method
for application in the ASTF free-jet nozzle, and validating nozzle conﬁgurationg priorto
full-scale implementation. |

‘This thesis provides both visual and measured free-jet nozzle flow characteristigs :
obtained during the investigation. Comparisons of airflow and water flow simulations
illustrate the validation of the water tunnel a§ a tool for 'studying éecondary internal
flows. Parametric results reveal the nozzle and installation features that influence the
secondary flow formation. Finally, results shdw the numerous methods investigated for
preventing the formation of vortices.

The research yielded two successful vortéx suppression methods. Each method
modified the flow field iﬁ the vicinity of the vortex attachment poinﬁ near fhe nozile' A —

inlet, to prevent vortex formation. The thesis describes the selection and application of
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one method in a nozzle configuration that meets the requirements for the ASTF free-jet

test system.
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ALPHA
ALPFJ
ALPL
ALPL-AVG
BETA
BETFJ

BETL

BETL-AVG

D

DIV
DP13-

DP24-j

HRN
HRP
MACH
ML

ML-AVG

NOMENCLATURE

Flight or wind tunnel angle of attack, deg (Appepdix C) ’
Free-jet angle of attack, deg (Appendix C)

Local angle of attack measured by probe, deg (Appendix C) .
Local angle éf éttaqk deviation from nozzle exit average, deg
Flight or Qind tunnel angle of sideslip, deg (Appeﬂdix C)
Frge-jet angle of sideslip, deg (App'endix C)

Local angle of sideslip measured by probe, deg (Appendix C)
Local angle of sideslip deviation from nozzle exit a\;efage', deg |
Free-jet nozzle diameter, in.

Inclination angle of upper or lower nozzle wall relative to nozzle
longitudinal axis, deg

Probe j differential préssufe, pressure orifice 3- -'pressufé orifice 1, -
psid : ' o ‘ '

Probe j differential pressure, pressure orifice 4 - pressure orifice 2,

. psid

Height of inlet above ground plane, in.

Spacing between upper nozzle wall and lower nozzle wall, in.

‘Nozzle exit fluctuating total pressure, psid

Plenum chamber ﬂuétuating total pressure, psid

Free-jet nozzle exit Mach number

" Local Mach number measured by probe-

Local Mach number deviation from nozzle exit average
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P or PEJ
PITCH, 6
PNB1-PNB5
PNT1-PNT5
PR1-PR4
PT or PTFJ
PTNB1, PTNB2
PTNTI1, PTNT2
PTP]
P1A1-P1A4"
P1BI1-P1B4
P2C1-P2C4
P3CI-P3CA

© P4C1-PAC4
Pi-j

RAKE

Free-jet nozzle exit static pressure, psia

Free-jet nozzle pitch angle, deg _(Appendix 0} IR

Free-jet nozéle lovyer'wall sfa"tic pressurg,_‘psia

Free-jet ﬁozzle upper wall static pressure, i)sia "

Free-jet ramp static pressure, psia

Free-jet total bressure, psia

Freé—j et nozzle exit total pressuré rﬂeasured near lower wall, psia
Free-jet nozzle éxit total pressure measured neéf upper wall, i)sia
Plenum chamber total pressure measured by pitot probe j, psia
Station 1A plenum chamber static pressure, ﬁsia |

Station 1B plenum chamber static pressure, psia

Station 2 test section static pressure, psia

Station 3 test section static pressure, psia
Station 4 test section static preésure, psia
Pressure measured at orifice i on cone probe j, psia

Flow-field survey rake vertical position, in nozzle axis system,
relative to nozzle centerline, in.

Freé—j et nozzle exit unit Re};noldé numbe;, ft'!
Free-jet nozzlé rarhb inclination angle, deg
Free-jet nozzle roll anéle, deg (Appendix C)
Curvilinear nozzle wall cpordinate, in. '
Free-jet nozzle exit static temperature, °R
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1.0 INTRODUCTION

1.1 BACKGROUND

_ High-performance aircraft rely extensively on the propulsion system for
compléting the design missions. Comp;)nents such as the engine, inlet, diffuser duct,
external airframe, and controls, must function in harmony over flight envelopes that rrllay'
" contain harsh conditions. For example, the fighter pilot depends on his aircraft to

‘maneuver at extremes in angle of attack and angle of sideslip with a minimal loss 'of
. airspeed and altitude. Such a requirement demands high thrust to offset the drag that
accompanies excursions into the high—anglefof-attack regime. At the same time, the
combat environmeﬁt subjects the engine to high levels of adverse flow distortion that can
~ prevent delivery of peak engine performance. Furthermbre, the advent of technologies
such as thrust vectoring and powered lift have expanded the role of the propulsion syétem
from that of simply a thrust producer to a producer of thrust, lift, and control moments.
- The expanded role of the propulsion system has, in turn, augmented the extension of the
flight envelope into the supermaneuver regime and the addition of V/ STOL c;clpabilities.

Airframe-propulsion interactions, and in particular inlet-eﬂgine interactions, can

lead to unacceptable flight problems ranging from thrust ciegradation at demanding points
in the flight envelope to engine flameout. Inlet-engine compatibility issues groui) info
: three‘areas: (1) operability, (2) performaﬁce; and (3) aeromeclianics. Operability |

addresses engine stability and surge margin, performance addr'es;es thr_l';st, and




aeromechanics addresses structural integrity. Through historical experience‘s;with"

problems encountered in these three areas, designers came to recognize the importance. of”

assessing the compatibility of the airframe, inlet, and engine early in the aircraft
development cycle. To help avoid the unacceptable cost of discovering prqblemé after
deployment of a system, the turbine engine community developed propulsion systém test
and evaluation methods employing ground test facilities. |

The most widely used ground test method evaluates inlet-engine compatibility
using a combination of Wind tunnel tests and engine tests. Wind tunnel teé’is usiﬁg .

subscale models of the iﬁlet, duct, and influential sections of the airframe est;clblish the ..

distortion characteristics of the flow délivered to the enginé face. Iniet simulatof_s ”
subsequently subject the turbine enginé to similarly distorted flow in the direc;t-cohnéct
test facility. The most commonly used inlet simu}ators include such devices as the.
distortion screen and the air jet distortion generator. References 1-48 may be cons'ulted
for additi’oqal information on the test niethod, inlet simulation devices, distortion
descriptoré, and inlet distortion analysis processes.

The necessify to employ artificial flow distortion generators and dist‘ortion
describtérs to correlate subscale inlet wind tunnei testg and full-scale engine t'ests presents

limitations'in the methodology. The evaluation captures only the effect of the inlet-

airframe on the engine and only to the extent that the inlet simulator can approximate the . -

actual flow field. The cffecté of the engine on the inlet are generally neglected.
Furthermore, current inlet simulators generally provide only steady distortion patterns

and neglect the time variation encountered during aircraft maneuvers. .



To avoid the above approximations, wind tunnel tests of the coupled propulsion

sysfem components have been success;fully'applied. Existing propuléion wind tunhels
have been applied to fully coupled cruise missile and even full-scale ﬁghter-size systems
such as the-F-IS (Ref. 49). However, for fighter-size systems, physical size limits the
pitch angle (PITCH) and yaw angle (YAW) envelopes so that only modest angles Qf
attack and sideslip can be simulated. | L-

The Amold Engiﬂeeﬁng Development Center (AEDC) added a free-jet test
technique to the resources available for‘evaluz%ting iplgt-engine comlpa‘tib‘ility.' Thé '
technique offers the advantage of allowing full-scale testil;g of i ghter-siz.e;. pro_p;;lsion '
systems with the inlet, diffuser duct, engine, and- inﬂueﬁtial secti‘ons: of the e'xtern_al
airframe physically fully coupled. As a result, the ya_rious steady-stéte and dynaniic
interactions between the propulsion system components can be evaluated and the
approximations associated with inlet simulators ér;d distortion descriptors avoided.
Furthermore, the capability allows the testiﬁg of fighter-size systems at high angles of
~ attack and sideslip as well as the transient conditions encountered during aircraft
maneuvers;.

The free-jet approach appli;:s two fechniques to allow testing large systems over - '
wide range of simulated flight conditions. First, unlike the wind tunnel test methpd, the
free-jet method changes the orientation of the flow velocity vector to vary angle of attack
and sideslip. Second, rather than immersing the entire test article a§ in the wind tunnel,
the free-jet flow geometry covers only the minimum portion of the inlet and external

airframe necessary to replicate the flow entering the inlet. As a result, the free-jet




requires a much smaller air stream and eontrol of the air stream orientation over/la wide'

range .of pitch and yaw angles becomes practical. |
Descriptions of the free-j et test method fot evaluating inlet-engine compatibility

appear in Refs. 50-59. Reference 50 provides a description of the free-jet method used in

the Tormado fighter aircraft propulsion system. development. References 51-59 provide ‘

ndescriptions of the AEDC free-jet system. A schematic of the technique appears inFig. 1 -

(figures appear in.Appendik A).  The propulsion system is mounted downstream of a

va_riable-attitude and variable Mach number free-jet nozzle. The nozzle provides

~ conditioned air at a temperature, pressure, and Mach number commensurate with a given .

flight condition. The aircraft external airframe, which influences the flow entering the

inlet, is approximated using an aerodynamie body compatible with the free-jet flow field

dimensions. Typically, the forward section of the fuselage produces the largest influence.

Hence, the aerodynamic body is known as the forebody simulator. Flow—ﬁeld
measurements at a'reference plane in front of the‘ inlet provide the basis for establishing
" the flight inlet flow field (Refs. 53-59). V.

The Aeropropnlsion Systems Test Facility (ASTFS at the Amold Enéineering
Development Center (AEDC) provide_s the facility size,ﬂ airflow capacity, and altltnde ,
simulation capabilities‘needed for ﬁlll-scale free-jet testing of fighter size propnlsion
systems Therefore, the ASTF fac1l1ty forms the basis of the AEDC free-J et inlet-engine

compat1b1l1ty test system The free-J et system development encompassed the apparatus

and the methodology for apply1ng the apparatus in propuls1on system test and evaluation.

The ASTF fac1l1ty prov1ded the framework for the development in the sense that all




physical and operational constraints were derived from the existing ASTF plant, test cell,

and subsystems.

~ A schematic of the ASTF C-2 test cell in the free-jet configuration appears in Fig.
2. It consists of a 30-ft-diam stilling or plenum chamber and a 28-ft-diam test seotion. V
The ‘free-j et nozzle mounts in an attitude positioning mechanism (APM) installed in the
bulkhead that adjoins the plenum chamber and test section. A 2.§-ﬁ vertical offset in the
plenum chamber centerline provides spaee for positioning free-jet nozzles at hi gh angles
of pitch. More comprehens1ve descnptlons of the ASTF C-2 facility appear in Refs 51
and 52. |

One requirement for the successful imolementstion of the free-jet test technique is

the development of a suitable free-jet nozzle. A humb-er of sometimes conﬂictihg criteria
defme the suitability of the nozzle. The nozzle must be large enough to enclose .thve inlet
and forebody simulator in the jet test rhombus. However, it must be small enough.to
" provide the needed altitude-Mach nmnber»performance_ with the available plant eepacity. '
The nozzle length and contraction ratio must be small enough to achieve the reqﬁired
~ pitch angle and yaw angle envelope without 'mechanical interference with the'stilling
chamber walls or support hardware. But, the nozzle contraction ratio and length’mﬁst be
sufficient to achieve adequate flow quality. |

| Criteria for the ASTf free-jet system perfonnance were established early ih the
concept development. Spec1ﬁcat10ns pextammg to the development of a subsomc free—J et
nozzle 1ncluded the selectlon ofa propuls1on system that must be accommodated by the

nozzle test thombus, the required operating envelope and ﬂow quahty The objective of -



the work reported herein was to define a subsonic free-jet nozzle configuration that

would satisfy the ASTF free-jet system criteria.

1.2 SUBSONIC FREE-JET NOZZLE

-The speciﬁc requirements for the full-scalé ASTF subsonic free-jet nozzle
evolved during the early stages of the frt;.e-j et teéhnology aeveloi)mént worﬁk.i flo;av
quality requirements were specified first. Allowable ri'ozzle exit flow hoh—ﬁhifo;‘fnities
included the following: |

L. +/~0.05 variation in local Mach number (ML).
2. +/—1 deg variation in flow angle (ALPL or BETL) at noizlé pi:tch e:mgles ‘
‘below 10 deg. | |
3. '+/= 10 percent of nozzle pitch angle v&iation in flow _angle at nozzle~ pi(tch_‘
angles above 10 deg.
In addition the specifications allowed a total pressure turbulence level, the root-mean-
square of the total pressure fluctuations, of 1 percent. As the adequacy of the at)o;/e ﬂow -
quality requirements for the free-jet i)ropuléion test application was unknown at the |
outset, the development of" the free-jet tes£ technique included comprehensi\}e |
experiments to validate the speciﬁcatioﬁs (Refs. 53, 55, 57, 58).

Nozzle size and operating envelope requirements followed the flow quality

specifications. The coupling between the free-jet nozzle conﬁguration and the »tes‘t: artigle

necessitated the selection of a particular aircraft for a hypothetical test requirement.



The selection yielded the following requirements:

1. Fixed-geometry nozzle.

2. Nozzle test rhombus compatible with an F-15 aircratt propulsion system

1nclud1ng one inlet, a forebody simulator, and the engine.

3. A rectangular PITCH-YAW envelope with a p1tch angle range of —10 deg to

+45 deg and a yaw angle range of +/— 10 deg. |

4. A subsonic Mach num‘ner (MACH) range of 0 to 0.9.

The free-jet technolo gy development work employed a subscale pilot free-jet
facility, modeling the ASTF C-2 test cell, to provide the experimental information |
required. The initial nozzle studies, which précedecl establishment of the nozzle sizing
requirements, considered a variable-area two-dimensional (2-D) nozzle. A motlel of the
variable-area nozzle concept was fabricated and installed in the pilot facility for use'in
flow quality experiments and initial free-jet test method validation tests. The nozzle was
intended to provide uniform test rho.mbuses,'of various sizes, and calibrated non—unifn’orm'»
flow conditions. It would thus provide the means to establish the relationships between

-nozzle size and test article size as well as the effect of nozzle flow non-uniformities, such
as flow angularity, on the simulation of flight at the test article. The latter e)rperiments
focused on a goal of vali,d'ating the.ﬂov('_t]uality requirenrents.

~The variable-area nozzle flow-field calibrations conducted in 1982, revealed ‘
nozzle exit flow anomalies at h1gh pitch angle conditions. Secondary flows in the form

of vortices embedded in the nozzle ﬂow resulted in measured flow angulanty far outside




the Lfarget limits. The results clearly indicated thé need for an experimental iﬁvesi_igatioﬁ
to address-, the flow quality aspect of the ASTF C-é ﬁee-jet_nozzle criteria,

_The literature provides examplés of at least three main mechanisms that can result
in the appearance of embedded vcéﬂices.‘ 'TI:IC ﬁ‘rstiis the corner vortex that often appears-
in strﬁght rectangular ducts or open chmels. The secoﬁd are the s-duct vortices tha’t
appear in closed curved ducts. The third is the inlet gfound vortex that is often observed
when an aircraﬁ inlet operates near the gfound. A free-jet system, with a 2-D nozzle, .
confains the elements that could‘ be conducive to fhe >for'mat'ion of all three types of
vortices.

~ Examples of the c_on-ler'vortex appear in Ref. 60. The repérted studies étﬁﬁbute
fﬁe phenomenon to viscous effects in corners oriented parallel to the main flow. The
vortex diameter is generally on the order of the corner boundary layer thickness. In a
duct with fully deveioped flow, such vortices could, therefofe, fill the entire érbss—i
section. However, the 2-D free-jet nozzle does not produce fully-developed flow. The
wall boundary layer represents less than 3 percent of the hozzle exit width. Ftirth‘crmore,
the nozzle would Be‘ sized fo spill the'viscoué s’hear‘ layér that bounds the jet around the
inlet. As a result, the free-jet nozzle corner vortices were only a concern to the extent to
w.hich they influence the core flow. .

Descriptions of se_:condéry .ﬂows;':in s-duct;s'-appear in Ret}. 6178%.. "The §tudies

attribute the vortical flows to fluid viscosity and centriﬁ;gal',fo_rces'on the ‘ﬂ;)w through a
bend in the duct. Viscous effects produce velocity gradients in the: duct. Asthe highgr :

- velocity fluid experiences higher cennimgal forces, the velocity gradients lead to




gradients‘in centrifugal forces. As the flow moves towards the outside of the bend, the

gradients establish secondary flow patté;'ns leading to the formation of counterrotating
vofticejs. The effect occuré both in rectangular and ’gircular ducts.

At ﬁigh pitch conditions,v the free-jet nozzle.acceleralltes and redirects‘fhe
approaching flow. Thus, the basic requ_irément for the s-duct type Vprtices; the change in
flow direction, presents itself in the free-jet system regardless of the nozzle cross-sectién
shape. Therefore, the development'of :;:uch flows became a concemn as a threat‘tc')‘
achieving the flow quality goals.

‘The so-called inlet grouﬁd vorteﬁ presents a particulérly interesting vortex
phenomenon. During ground operation, the vortices are often observed formihg between
an aircraft inlet and an adjacent sﬁrface such as the ramp or fuselage. They have also

‘ been.observed during turbine eriginé éouﬁd tests in open air sea levei test stands. With

’respect to aircraft operatioqs, the troublgsome vortices can lead to the ingestion of debris
from the vicinity of the attachment point on thg ground. They have been known to lift
pebbles ﬁ'om the runway—or ramp. Furthermore, the vortices can producé excessive inlet
distortion and engine surges during thrust reverser operation. Wit‘h respect to engine tests
in sea level stands, the inlet distortion produced by the inlet vortex can invalidate engine
operability and perforrﬁani:e measurements. The inlet vortex has even been detected in
altitude turbine engine test facilities attaching to the test facility plenum chamber wall
and éntering the bellmouth and engine air supply duct. The difﬁcult_ies presented by the

“inlet Vortéx'prompted a number of experimental and analytical investigations such as

those reported in Refs. 83-93.



‘Two main mechanisms for the formation of inlet vorticés ha;ve‘ been identified in
the literature. The first, and most gehera‘ll}; uhderstood, invblves the émpliﬁcation‘of |
ambient vorticity in the flow approachiné the inlet (Refs. 84, 90, 93). The ambient
* vorticity may be produced far upstream of the inlet. Tﬁe shear flow resulting from tﬁe
wind across the ground represents a t‘ypic‘al source. The study reported in Ref. 93
vinclud.ed an investigation of two ambielnt vorticity components and the resulting iniet
‘grour}d vortices. The expeﬁmeﬂters introduced transverée arhbient vortices and vertical
" ambient vortices in the far stream. The results shqwéd the vertical component to be of -

rﬁost signiﬁéance in thé‘f,ormation of ‘inlet vortices.

References 85, 86, aﬁd 92 identify a second mechénism for the inlet vortex
formation that does not require ambient vorticity. ih the far\ stream'. The investigators
discovered that the inlet vortéx méy occur in the presencé of irrotational upstream flow, if
conditions subjected the inlet to a cross wind. The axial variation of circulation a:long the
inlet results in a vortex system consisting of a trailing vortex and an inlet grounci»\\/ortex.
The investigators $upposed that the inlet and trailing vortices produced the same
circulation. Subsequent resﬁlts showed this to be the case (Ref. 92).

The key parameters associated with the inlet ground vortex include inlet hei ght

| above the ground, inlet diameter, inlet shape (rectangular or axisymmetric), inlet velocity,
émbient flow \_/elocity, and ambient flow direction. In addition, a stagnation point or
region on the ground in front of the inlet appears to be a requirement. Non-dimensional '

parameters for the inlet velocity (Vi/V) and the inlet height (H/D) appear in the literature.
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In general, an increase in Vi/V or a decrease in H/D increases the strength of the inlet
ground vortex or the likelihood that it wilf form.

The free-jet system, shown in Fig. 2, contains the primary ingredients for the
formation of inlet ground vortices, an inlet operating near a solid bourldary.' The
parameters Vi/V and H/D favor the vortices as well. The confinement of the free-jet
nozzle within the stilling chamber further complicates the flow-field in the vrcinity of the
nozzle inlet. The plenum boundary Ia)rer, plenum wall separations, and endwall
(bulkhead) effects present numerous opportunities for the production of ,ambient
circulations. The latter includes‘ﬂovt' reuersal and swirl that occurs when flow bypassing

the nozzle inlet encounters the free-jet bulkhead and is redirected.
1.3 SCOPE OF INVESTIGATION

The free-jet system contains a complex combination of the features known'to
produce secondary flows. The scope of the present work did not focus on an in-depth
study of the various mechanisms 1nvolved in the observed free—JAet nozzle vortices. Such
a study would be required for the purpose of thoroughly understandmg the physics
involved or for developmg predlctlve models Rather the effort focused on the needs of
the ASTF free-jet system development and the empirical 1dent1ﬁcat1on of des1 gn features

that would assure achievement of the specific requirements. The specific objectives of
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the work included the following:

1 Identify the features and key parameters in the free-jet system pertinent to the
formation of nozzle vortice;s,.
2. | De.velop vortex suppre;s,sion techniqﬁes that can be applied to a free-jet
system.
. 3. Select the optimum technique and verify the performance in a free-jet system.
4. Recommend a subsonic free-jet nozzle conﬁgﬁration for the ASTF C-2 free-
jet system that will achieve the target ﬂow- quality.
5. Veﬁfy modifications t;a the recommended configuration that evolved during
.the full-scale development cycle.
The first three objectives center onl& on ﬁow quality with the development and
yeriﬁcation of vortex suppression tephniques. The fourth and ﬁﬁh objectives address the
integration of the flow quality considerations into a nozzlé cgncept commensurate with '
the other ASTF C-2 requirements. |
The overall approach to addressiﬁg the flow quality issues relied on experiments
* in two types of test facilities: a water tunnel and a pilot frée-jet test facility. The
experiments were selected in such a way as to capitalize on the attlji;butes of each type of .
facility. Water tunnel simulations provided an éfﬁcient and cost-effective means to
qualitatively investigate a large numbgr of configurations. Although the wé.ter tunnel did
not provide quantitative measurements sucﬁ as would be needed for computational model" N
development or vélidaﬁon, it did prox;}idé an extremely' valual;lé tool for ﬂSw

visualization. - This tool proved sufficient for identifying key parameters influencing
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vortex formation as well as methods of suppressing the vortices. The pilot free-jet
facility, considerably more costly to operate than the water tunnel, provided the
quantitative measurements, with air at trué'Mach number conditions as the test medium, .
for key configurations identified in the water tunnel experiments. It was used to validﬁté
waier tunnel results and provide data for evaluation with respect to the ASTF
requirements. Thus, the approach employed an optimized combination of the two

* facilities.

- Flow visualization in the water tunnel has become a proven and accepted
technique for studying vortex phenorﬁenon (Refs. 94-100). Dye introduced into the. ﬂc;w
will trace the streaklines, allowing viewing and photographic recording. Streamwise

‘vortices generally produce a helical or corkscrew pattern in the dye traces. For many
vortex phenomena, the qualitative aspects of the flow-field are relgtively independént of
the velocity, Mach nuinber, and the Reynolds number. This permits use of a water tﬁnnel :
to study vortical flows produced by full-scale airflow apparatus. |

The approach to accomplishing objective 1 enéompassed a systematic search for
factors contributing to vortex development. Construction of a number of water tunnel
models allowed parametric variations in the following:
1. Downstream effects such as nozzle exit blockage and test section cavity £e-‘
circulation.
2. Nozzle cross-section shape such as réctangular or circular.
3. Nozzle cont;aciion section configuration.

4. Nozzle proximity to the plenum chamber wall.
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5. Nozzle contraction ratio.. o . .
In an incompressible flow, Vi is linearly proportional to V for a given nozzle cross- ¢
A |
sectional area. The proportionality resulted in Vi/V being indepeﬁdent of water flow rate |
in the W;Iter tunnel simulation. |
The approach to objective 2 was to start with the factors identified under objective
1 and investigate vorteﬁ suppfession methods in water tunnel simulations. The methods
proposed fell into two categories: (1) vortex attepuation and (2) vortex pre‘vention," The
f(;rmer approach applied flow suaightemng_ devices,. such as screens and honeycombs, to
reduce existing vortices to acceptable levels. The latter approach focused on médifyiﬁg
the flow approaching and entering the nozzle to prevent the objectionable vortices from
forming. Reported techniques in this category often suppre'ssed vortex formation by
modifying or eliminating potential vortex attachment points at the surface adjacent to the
inlet (Ref. 84). Lacking an attachment point, the vortex becomes unable to sustéih itself.
The present éxpeﬁments considered su'ch‘tveghniques‘as‘well as others. Proposed
prei'ention techniques included nozzle inlgt ramps, nozzlelbzoundalxjy layer control,
blowing techniques, andv stilling chamber reé,i%éulation ci,on.trcvﬂﬂ. . | o
The approach to accomplishing objective 3 applied a choice vortex suppression
technique, derived under objective 2, to thé existirig variable-area free-jet nozzle in the
pilot free-J;et facility. Flow-field measurements would verify or refute the water ﬁnd{ngs
as well as quantify the flow quality improvements aciligved.
The ﬁpproach to accoxﬁplishing objective 4 included the following steps: (1) the

determination of a nozzle configuration that would meet the ASTF C-2 size and operating
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envelope criteria, (2) the addition of the vortex suppression technique provern under

| objective 3 to the nozzle configuration, (3) iterations on the resulting conﬁguration using
water tunnel simulations, and (4) verification and quantification of the final configuration
| performance in the pilot free-jet facility.

* The approach to objective 5 used'qualitative water tunnei simulations and |
quantitative pilot facility tests, as needed, to investigate potential modiﬁcations to the
configuration that could impact the fiow quality. The potential for such modifications

. surfaced during the full-scale system conceptual design. |
The flow quality investigation, summarized herein, included a number of ’separate: :
-steps that evolved during the free‘-j et technology development.A ‘Various tests were
conducted during the period between March, 1982 and August, 1987; The ehronolo gy of
the work appears in Fig. 3, with each overall step depicted in the center column of the
diagram. | |
" The first three steps focused on developlng an understandlng of the vortex
» phenomena and the tools that might be brought to bear ina vortex study Step 1 |
quantified the anomalies generated by the vortlces Step 2 vahdated the water tunnel
. simulation of the vortex formation phenomena. Step 3 cons1sted ofa parametnc
investigation of the parameters inﬂuencing the forrnation of vortices.
' The fourth and fifth steps focused on identifying vortex suppression or prevention
methods. Step 4 involved screening a large number of potential rernedies in the water

tunnel with sufficient detail to enable the selection of techniques for subsequent
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development. Step 5 centered on validating the effectiveness of the selected approach

prior to implementation.

Finally, steps six and seven focused on applying the selected techniques in the
development of a free-jet nozzie for ASTF. They included both refinement studies using
water flow simulations and validation tests using airflow.

To avoid repetition, sections 2 and 3 are organized according to test facility,
bearing no resemblance to the order presented in Fig. 3. However, subsequent sections of
this thesis present the results chronologically to document the logic followed during the

multi-phase program.
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2.0 APPARATUS

-2.1 TEST FACILITIES
.2.1.1 Free-jet Test Cell

The pilot r‘ree-j et test facility, designated Research Test Cell R2A2, consists of a
15-percent scale model of the ASTF C-2 test leg. Figure 4 illustrates the R2A2 test cell‘.
in the free-jet configuration. The stilling chamber diameter and te‘st sectioh diameter’
scale to 54 in. and 50.4 in., respectively. ::T he R2A2 stilling chamber deviates' from the C-
2 geometry with the inclusion of a'r63-'in.—'diarh (35-ft diarn full scale) section at t_he"
junction with the test chamber. The section provides space for the uariable-area ‘2-D‘ fr'ee-'

_jet nozzle assembly. During eXperir‘nents‘vivith the \ASTF fixed-area noz;le concept, a 54-
~ in.-diam section that extended'downstream of the nozzle inlet section more closely
modeled the C-2 plenum. | |

The R2A2 test facility may be conﬁgured to receive supply air either through an
atmospheric inlet or from the Engine Test Facility (ETF) air supply plant. The |
atmospheric inlet supply limits total pressure, total temperature, and humidity to the .
ambient conditions that exist on the day of’ the test.. The air supply plant prowdes
conditioned air over a w1de range of pressures and temperatures at substantlally hlgher .
costs. During the free—Jet nozzle flow quahty studies, an atrhospherlc inlet section -

supplied the R2A2 stilhng chamber as shown in Fig. 4. The atmospheric inlet section/- '
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included filters to minimize particulate ingestion. A screen located immediately

- downstream of the atmosbheric inlet trzinsitiort section enhanced the stilling chamber
ﬂow.quality. |

The R2A2 test section e)thausts to the ETF exhauster piant. A control valve in the
exhaust duct allows establishment of cell presstlres corresponding to desired Mach
ntxmbers. buring the free-jet nozzle exberiments, the flow exhausted throﬁgh a 24-1n-
diam schedule 20 pipe as shown in Fig. 4. Subsequently, a 36-in.-diam exhaust duct
replaced the 24-in.-diam duct to increase the mass ﬂew‘capacity. An 8-in.-diam'a.u‘1'xiliét'y
exhaust duct brovides an additional flow path t"or eimulating engine airﬂo“l/ durirtg )
aircraft inlet model free-jet tests. |

In the atmospheric inlet conﬁguta'tion, R2A2 provides a rahge of subsonic test
conditions ranging from a Mach nurrtber of 0 to apptoximately 0.92. The nozzle size,
~ exhaust duct size, and'hardware ctesi_gnliinits fix the otqerattng envelope associated with
. the atmospheric inlet. The lack of plenum chamber jﬁlet air'centtol resultsin a utlique
relationship between simulated altitude an'dAM'ach‘ number (for a given day). In other
worcts, a ltnique Reynolds number (RE) accompanies ee_ch Mach number condition and
.l the investtgator has the ability to control Mach number only. For the étmosp}teric inlet,
the a1t1tude Mach number envelope becomes an altltude Mach number curve. The curve
for a standard day at the AEDC elevation appears in F1g 5. The ﬁgure also provides the

temperature and Reynolds number curves.
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2.1.2  Water Tunnel
2.1.2.1 Basic Facility

The University of Tennessee_ Space Institute (UTSI) water tunne] used in tlris
research 1s a closed-cireuit‘continuooe-ﬂoev’facility as shown in Fig. 6. The circuit lies in
a horizontel plane with the test section eontéined' irl a dark room for ohotographic .
purposes. An electric motor drives a propeller in the downstream ieg of the circuit to' '
induce water flow. A continuopsly-;ariable transmission allows adjdstment of the water;

, ﬂow velocity. |
A stilling chamber located outeide the bu,ildtné, immediately upétream' of the test
sectron, contairls screens a—nd'honeycombs to minrmize test.section turbulen.ce. AA smooth . .
* transition sectiortwith a contractiorr:ratio ovf 13.5 accelerates the flow from the ciretﬂar
plenum chamber into a 12 in. b)‘( 18 in. rectangurlar duct inside the building.
"The standard test section, 59 inches 1in length, provides a rectangular cross section
measuring 18 in. wide by 12 in. deep. Mounted between two ﬂanges, the standard test
: sectlon may be removed for spec1al test requirements. For the present work amodel of -

the free-J et test cell replaced the UTSI test sectlon ‘A more detalled descnptlon of the

UTSI water tunnel may be found in Ref. 101._ S
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12.1.2.2 Free-jet Test Cell Model" '

- The water ﬂow simulations used a 21 ;4-percent scale niodel of the R2A2 pilot
free-jet facility in place of the removable water. tunnel test'section as shown in Fig. 7 |
Thus, the free-J et facility model contained its own st1111ng chamber free-J et bulkhead and
test section that mounted as an assembly between existing flanges in the 12-in. by 18-1n
' duct. A fairing installed upstream of the free-jet facility model prov1ded a smooth '
transition from the rectangular water tunnel duct to the circular fr:ee-j et plenum. o
) Constructed entirely of plexiglass, the _rnodel‘ pennitted visual access to the flow fields in
the free-jet \stilling chamber, noizle, and downstrearn test chamber. The stilling ch‘aml)er,

: consisted of an assembly-of two sections coi'responding to the R2A2 54-in.-diam plenum —_
. section and 63-in.-diam plenum section, respectively. Bolted ﬂange,s joined' the .sections o
and rubber gaskets formed the seals. A 1 .0-in. offset in the adj oining ﬂange bolt-hole
pattems produced the scaled centerline offset between the plenum and t_est section. The .
assemhly of sections inclutled provisions for sandwiching a O.STin. thick’ﬂan'ge hetween
the plenum and the test section ﬂanges. The O.S-in.-ﬂange served as the free-j et bullthead
model as shown in Fig. 7. An opening in the: top of the ple‘rlurn and test section provided _
access for configuration changes s e |

.During the Phase III water flow expenments ‘the plenum 'section was modiﬁed to

more closely simulate the ASTF C-2 geometry A constant 11.5-in.-diam model plenuin
modeled the 30- ﬁ-diam full- scale C 2 plenuin -as shown i in F1g 7. An onﬁce plate '

“installed in the model plenum s1mu1ated the C-2 venturi bulkhead. Beyeled holes in the
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model venturi bulkhead, 0.875 inches in diameter, matched the full-scale venturi
bulkhead pattern. A honeycomb-screen assembly simulated the C-2 foreign object
damage (FOD) screen. The 1.5-in.-thick honeycomb contained hexagonal cells
approximately 0.3 in. corner to corner. The upstream face of the honeycomb supported
two layers of screen. The 18 mesh screens with 0.01-in.-diam wires approximated the
blockage of the ASTF FOD screen. The basic plenum and the modified plenum will
henceforth be referred to as the R2A2 configuration and the C-2 configuration,
respectively.

In addition to the internal plenum modifications, the Phase III water tunnel
investigation included external modifications to the water tunnel model. A reservoir
added in the 9-inch long spool section that houses the nozzle encloséjd a portion of the
circular model duct. When filled with water, the planar walls of the reservoir eliminated
the light refraction effects normally encountefed with the curved plenum wall. This

improved flow visualization by reducing optical distortion.
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2.2 TEST ARTICLES

2.2.1 R2A2 Models
2.2.1.1 Variable-Area Nozzle

~ The advantages of tailoring the nozzle exit area and shape according to Iaircfaﬁ“
propuléion system cohﬁgurations motivated the initial develépment ofa variablefareé
freg-j et nozzle concept. Hc;weve;r, fhe full-scale ASTF ﬁee—j et systém ultiniatel& ‘ad.opted
a much simpler and lighter ﬁxgd;area nc;zile, as will be shown. The change reduced ~'cost
and enabled the development of a systerﬁ ~ca'1.)ab1e of delivering rapid transient; in pitch -
and yaw for aircraft maneuve¥ simulation. Althéugh the progression to the full-scﬁle :
ASTF free-j e;t test system abandoned the ;fariable-area concept, a model of the.\{:é_ri‘able':-:
area nozzle served the initial flow qué.lity s’tlidies',vas well as the initiai free-jet teét co
technique validation experiments. |

The variable-area 2-D subsonic free-jet nozzle, intended for "fré,e-j'ef tes£ m‘etho'd‘ ‘

" validation experiments, cdnsisted of -_tWo fixed walls and two movable walls. As showr;
in Fig. 8, t\;vo fixed sidewalls vertically spafined t'he:' plenum cross scétionl The 'side,wail ’
spacing was fixed at 11.25 in. ‘.Independentlly actuated upper and lower walls, poéitione;d
between the sidewalls, provided various cofnbiﬁations of nozzle height and pitch éﬁgle.

Figure 8a provides an isometric sketch of the assembly with one sidewall removed to

show the components. Figure 8b shows three views with one sidewall removed to
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.provide peﬁinent dimensions. Figﬁré 9 p'r.gv‘id'es_,the contours of ,the qpper and’lo-v;'el_' ‘

walls as well as the sidewall confraction section. The figures shc}w"_that the_ si'éiewallv
\contractio'n occu;red upstream of the uppevr and iower wall contractions. In the elevaﬁon
view, the figure illustrates that the sidewallrcontracl:tion section consistéd of five |
.segmen_ts, each inclined with respect to tﬁe test cell Z;XiS.

Twé séal plates, joined end to'er%dAwith‘ hinges, donnected each movable novzzjle
wail to the nozzle assémbly (Fig. 8). PoSitioniﬁg of each noézle wall requjred three
hydraulic actuators corresponding to the waiil 'itself, the center seal plate, and the o‘u'ter'
seal plate, respecti\;ely. Thus, each nozzl‘e:» céhﬁguration required setting and mainta}inihg :
six actuator pc;sitions.\ The system pro;fided the.c::apab"ility:to vary nozzie height from |
essentially 0 in. to 11.25 in. while vmﬁng pitc}i angle from —10 deg to +55 deg. . |
Combinations of free-jet angle of attack and slid.eslip could be achieved thduéh an ,
appropriate combination of nozzle roll aﬁd i)itch angles. ‘Nozzle roll angles Ico‘1'11'd be -set o
manually by rolling the entire assembly i;‘l lO—deé'increments. The system also pérmitted - :
' the estgblishmenf bf desired flow éradié;lts by inclining either one or both of (th_e m‘ovable
walls with respectl to thé nozzle axis. . .

A schematic,: of the variable-area‘ nozzle installed 1n the Resezirph Test Cell R2A2
appears in Fig.‘ 10. The illi1stration cleariy shows the relative positions of the nozzle
assembly, plgnmn centerline, and test section centerli}le. It also shows the
‘accommodation of the apparatus in the 63-in.—di;1m section of the plenum chamber. The

nozzle actuators were calibrated to maintain an 8.4-in. spacing between the nozzle exit -
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pléne and the pitch center on the test section centerline. The selection of 8.4 in. satisfied .

requirernents for the free-jet technique validation eﬁpeﬁlﬁents reporte(i in Re:f. 53: .

- Following the initial flow qualfty investigation, hthe nozzle was cbn;el;té& fok;a-
fixed-area nozzle and used in a free-jet vaiidatidn experiment. The Vmodiﬁéa_tion‘ includeq : .",
the addition of a méchaniéal link Betweén the upper and lc;wer>nozzle'w"alls thaf ﬁxed theﬂ k
: hgight at 11.25 inches. This corresponded fcd a fuil-scale exit area qf 126.6'sq in. olr_T 39.06

sq ft (ASTF). The link used space available in the ll;ozzle— exit cé.vity as shown in F1g 1. -
With the degrees of freedom réduced to pitch aﬁglé only, a single hydraulic actﬁatb} |
provided the only needed drive systelﬁ.‘ The link g‘éonﬁetry pgéserVed"thé 8.4-in. spacihg
between the nozzle exit plane a»lnd{ thepltéhcenter Expenments coﬁdi‘lézte}d for the ’
purpose of verifying water ’tunnel fe_sults usedthe lndz'zié aSééll{bI;l 'i.n:vthe modified -
configuration. However, i;( co'niinued to be designated as the variable-area nozzle‘tob
distinguish it from the subséquénﬁ s’iﬁglé-blo‘ck nozzlecOnﬁglvlrations'. ‘

As will be shown, the water tl;m'nel experiments ilielded four leading gdge ramﬁ .
configurations that would improve tﬁe variable-area nozzle flow quality ‘(Fig. 12).
Models of these ramps, added to the nozzle; perfni&ed meésﬁrement of _the:ﬂow' quality
ilﬁprovements and veriﬁca-tion‘of the water tuﬁﬁel ﬁp&ing‘s. Two ramps were designed
for use at'a ﬂozzle pitch »an’gle of30 deg.” A contoured ramp intersected the lowey noz'zl,el:
Iwall in the tangent i)lane as sh'own‘ in F1g 12b', The seébnd rarhp consisted of a planar
surface that intersected .the lower nozzle wall at an oblique angle as shown inF 1g 12¢.
The two ra:nps"acquired the de,signaﬁons “30-deg contoured” and “30-deg strajghf,”~ ,

respectively. Two additional ramps, shown in Figs. 12d andv‘12e, were designed fof a
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nozzle pitch angle.of 50 deg follow1ng the same des1gn phllosophy The use of 0 25-1n -

‘thick mild steel plate in the ramp fabncatlon perrnltted minor adJustments to the planforrn ,

~ dur1ng final ﬁttlng F1g 12f prov1des a photograph of a typical ramp 1nstallat10n
‘ 2.2.1:2 ASTF C-2 Free-jet Nozzle

The ASTF C-2 free-jet nozzle concept validation tests in R2A2 used a 12.91 |

percent scale model of a proposed concept The scale selection allowed the nozzle model '
to be mounted in an existing R2A2 attltude pos1t10n1ng mechanism while preservmg the o

scaled nozzle 1nlet he1ght above the st1111ng chamber ﬂoor It w1ll be shown that the. g

spacing between the nozzle inlet and th@:&t}“lhg chamber,ﬂoo‘mnﬂuences the flow - |
" quality and needed to be scaled _for the ﬂow-ﬁeld measurements. ”

| The nozzle model, illustrated in F-ig'. 'li3 was fabricated using O...'S‘-in.' thicl<'
aluminum plate bent to the requ1red wall contour and welded A lead1ng edge ﬂap or .
ramp attached to the lower nozzle wall 1mproved the flow quallty at. h1gh p1tch angles
“The nozzle 1nlet ramp concept a product of the water tunnel expenments preced1ng the "
development of the ASTF nozzle concept (Fig. 3) evolved dunng the course of the ”
1nvest1gat1on and w1ll be descnbed in subsequent sectlons. The ramp inclination angle ,
relative to the nozzle wall var1ed with nozzle p1tch angle according to a schedule. -
‘Manual adjustments of the turribuckles shown in F1g 13 establ1shed the requ1red ramp

_ angles The 1nvest1gator set the requ1red ramp angles by manually adJustlng the ‘

turnbuckles shown in F1g 13. Ver51ons of the nozzle model fabricated subsequent to th1s o
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investigation replaced the turnbuckles with linéar actuators for remofe posiﬁoning
. capability. The basic schedule varied ramp angle linearly ﬁom —10 deg to +20 deg ,asl the
nozzle pitch angle iﬁcreased from 30 deg to 45 deg. Below 30 deg of nozzle pitch, the
ramp angle remained constant at _—10 deg. The R2A2 tests included experiments with
. ramp-settings on and off the basic schedule. The R2A2 tests also included two ramp
planform shapes designated as configuration Al aﬂd configuration A2. Figufe 13b
illustrates the ramp planform shapes and the noézle wéll contours.

The model ASTF free-jet nozzle deviated from the fuli-scale design concépf
proposal, shown in Appendix D, with the omission of the beveled sections on the top
comners of the conﬁaction section. The full-scale ﬁozzle concept used the beveled coméré
to avoid mechanical interference> that did not o.ccur in the subscale installation. The
deviation simplified model nozzie fabriqatibn without detracting from the region of
interest in the lower sections of the nozzle. |

A remotely actuated attitude positioning mechanism supported and positioned the
ASTF C-2‘ nozzle model. As shown in Fig. 14, the mechanism consisted of a pair of
hemispheres: a fixed outer hemisphere and a movable inner hemisphere. The outér
hemisphere bolted to an adapter ring between the stilling chamber and the test sectioh to
forrr_l the pressure bulkhead. The pozz'le assembly attached to tﬁe inner hemisphere that
rotated to vary pitch angle. ’i‘he axis of rotation passed through the hemisphere centers so
that the space between hemisphere surfaces remained cénstant through the pli'tch range.
An inflatable seal betwéen the hemispheres minimized leakage. A slot in the outer

hemisphere allo§ved movement of the nozzle from —5 “deg to +45 dég-' in pitch. An
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electric jackscrew actuated the rnechanism as shown in Fig. 15. A rotlary ootentiometer R
provided the nozzle pitch angle rneasnrement. (lo“mbihéd angle of attackand angle of A .: '. o
sideslin conditions could be obtained by using an appropriate cornbin'ation of nozzle‘ roll * -
angle and nozzle pitch angle. The pitch mechanism could be rolled ‘in IO-deﬁg inerernents B
as set by the adapter ring bolt pattern. F ignre‘ 16 provides a »p‘hotog.raph of the nozzle

installed in R2A2.
222 | Water Tunnel Models
2;2.2.1 General
The various water tunnel s1mulatlons conducted applled a substant1al number of
nozzle models and devices for i 1mprov1ng the ﬂow quality. The nozzle models 1ncluded ai A

model of the R2A2 vanable-area free,-_l et nozzle,'{a'famlly o,f_‘ generic nozzles, and the »

ASTF nozzle concept. The yarious mo'dels’we"ré developed during the course of the =

. investigation outlined in Fig. 2. The initial experirnents"used the variable-area nozzle - -

model to verify the water tunnel s‘im.ulation of the vortex phenomenon and to' identify |
suppression concepts Genenc nozzles subsequently prov1ded the means to 1nvest1gate '
various parameters associated w1th the vortex formation and the suppress1on techruques :
The ASTF free-jet nozzle model allowed water tunnel evaluatlons pnor to 1nvest1ng in

the more expenswe R2A2 tests.
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2.2.2.2 Variable-Area Nozzle y

The water tunnel im_festi gation used a21.4-percent scale pleikiglass model,of the
R2A2 variable-area free-j Vetl nozzle. Shown in Fig. 17, the model assembly scale_d the
main features of the R2A2 model described in Section 2.‘2. 1.1. A temporarily installed |

_ug block p1vot1ng on a pin located at the p1tch center allgned the nozzle walls to facilitate

the setting of nozzle- p1tch angle. Tlghtenlng the screw JOlmng the two 51dewalls t1ghtly :

clamped the upper and lower walls allow1ng removal of the _ug block for testlng
Pertlnent dimensions of the nozzle components appear in Flg 17a and the contours
~ appear in Fig 17b. ; S
The variable-area nozzle model mounted on the ﬂange sandw1ched between the
plenum and test chamber in the same manner as in test cell R2A2. Figure 18 shows the
nozzle model installed in the water tun'nel.y Figure 19 provides a photograph ol’ the”
: Avariablel-area nozzle assembly and' w‘ater: tunnél'installation. :
The water tunnel investigation of the i'aiiablefarea nozzle flow field e)rplored a
pumber of candidate vortex attenuation methods. Figure 20 illustrates the various flow
straightening devices- applied in attempts to reduce the size or strength of the -vo'rtices.
_ The devices included vertically-oriented i/anes (F ig 20a), horizontally oriented turning
vanes (Flg 20b) a honeycomb section (Fig. 20c),. and screens (Flg 20d). For
‘ mstallatlon each device mounted i in the plane defined by the upper and lower nozzle wall

leading edges, as shown. This plane was located between the nozzle sidewalls. Screen

tests involved both one and two layer installations. A space of 3/16 in. Separated the -
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screen layers in the latter case. Experirnents with'the honeycomb and the horizontal van'e

) arrangeme'nts included installations with the deVic‘e mounted parallel to the nozzle inlet
. plane and with the device 1nc11ned 20 deg to the 1nlet plane

. In addition to the vortex attenuatlon dev1ces the water tunnel 1nvest1gat10n
explored potential vortex prevention dev.ices. Rather than attempting to breakup the | , :
vortices, these approaches focused on preuentrng the vortrces from formlng in the ﬁrst ‘\
place Approaches 1ncluded dev1ces for elrmrnatrng the stagnatron reglon and vortex
attachment point near the nozzle 1n1et, boundarx layer suctron;dev;lces,‘ and bloyvlng
devices. o -

A family of nozzle leading edge"'rampsprovided the means‘ to modify the ﬂov\:/
turning into the nozzle. The set of ramps allowed variation ot’ a number of desi’gn

parameters such as nozzle wall contact point and tangency. Five ramp configurations,

with respective designations of Rarnp 1- Ramp'5 appear in Fig. 21. Each installation .

.used a nozzle pitch angle of 30 deg Each ramp mounted between the lower nozzle wall
and the st1111ng chamber floor. The s1de edges of the ramps fit snuggly between the |
noZzle sidewalls. The family of ramps 1ntersected the nozzle lower wall at three d1fferent
~ locations as shown in Figs. 2la-2le. With the exception of the 2.7‘-in. intersection point,
two ramps addressed each 1ntersectlon p01nt The first ramp employed a curved contour .
" in order to intersect the nozzle wall tangentlally The second employed a s1mpler planar
| surface and intersected the nozzle wall at an obquue angle In addition, the expenments
1nc1uded two ramps that did not contact the floor of the stilling chamber (Figs. 21f-21g).

Des1gnated as Ramp 21 and Ramp 22, respectlvely, the two ramps differed in length and
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contour The ramp 21 configuration included two installations as shown in Frg 2lf.’ "
Figure 21h provides a photograph of a typ1cal ramp. |
' Phase II of the water tunnel flow qual1ty 1nvest1gat1on included porous walls on

, selected sections of the nozzle for boundary layer suction. The location of the porous: »
. walls on the left side of the nozzle, looking upstream minimized the irnpact on optical
access. Figure 22 shows the sect1ons of the nozzle modlﬁed for boundary layer suction.
To develop the porosity, the w1nd s1de of each sect1on was dnlled w1th #60 holes (0 040 . :
in. diam) spaced approx1mately 3/ l6 in. center to center Each porous wall sect1on
emptied into a plenum located behind the wall. ﬁach plenurn dra1ned outside the test cell -
* using gravity. Separate valves allowed the application of suction to any combination of ‘
' ‘the porous sections. | |
A blow1ng scheme for vortex preventlon used a perforated tube referred to as a ,A ‘

piccolo tube. Figure 23 1llustrates the p1ccolo tube The tube contained #76 holes (0 02
| in: diam) drilled in 0.1-in. increments along the length as shown. For tailoring of the
bleed flow, plastic collars covered sections of the tube. The tub‘e was installed beneath - ‘
‘the lower nozzle wall as shown~in F1g 23 The mounting fixture provided s'anability in
axial station,»tube height, and tube angle. An external water source 'supplied bleed ﬂow.l :

for the piccolo tube.
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© 2.2.2.3 Generic Nozzles

The water tunnel tests used a number of generic fixed-geometry nozzles to

provide the capability for independent variation of nozzle pitch angle, nozzle location in

plenum, nozzle inlet geometry, nozzle cross-section shape (2-D, or axisymmetric), and R

) riozzLe contraction ratio. In addition, the experiments used a 2-D nozzle designed around

a centerline curved in the vertical plane of éymmetry. All nozzles were fabricated using
0.1-in. thick plexiglass to allow viewing of the internal flow characteristics.

_ Sketches of the geheric 2-D ndzzles.appear in Fig. 24. The nozzle exit cross-

'section dimensions matched those set on the ,Wafer tunnel variable-area nozzle model.

The nozzle shown in Fig. 24a, featured a symmetrical contraction section. Designhted, as

the 2-D SYM nozzle, the nozzle used four identical wall contours positioned with the -

“leading edges at the same longitudinal‘statidn. The contours matched those used on thé
h upper and lower walls of the variable-area n'ozzle.: A n;)zzle desi gna_fed as tﬁe 2-D AS»Y‘ -_
nozzle used an asymmetrical contraction‘section to simulate the vari&tzvble-\ar.ea nozzlé’inlet ‘
configuration (Fig. 24b). The contraction in the vertical blane 6(:0urred downstream of

. the lateral contraction. The upper and lower nozzle walls matched the contours of the . -

variable-area nozzle. The side walls remained flat between the plane defined by..thé o

upper and lower wall 1eadihg .edges and the exit p‘lanev. Upstrearﬁ of the upper-degr wall ‘

inlet plane, the side-wall contraction section followed the semi-éfrciilar shaﬁc usedin . -

each segment of the variable-area nozzle side walls. The cut on the side-wall inlet,
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shown in Fig. 24b, was added during the experiments to allow a nozzle installation at a

loWer position without mechanical interference. “
Figure 24c illustrates the 2-D nozzle with the curved centerline referred to :;1s the .
2-D higﬁ alpha nozzie. The cross section at the exi.t plane matéhed those of the other
nozzles in the 2-D generic nozzle family. A centerline curved 20 deg in the pitch plane
- provided a more gradual turning of ,theAﬂ~ow relative to the. other generic noz_zles. D,u'ringl '
the course of the water tunnel Phase I expeﬁments, an'éxtensioﬂ was added to the lower
. wall as shown in Fig. 249. 4
An available AEDC bellmouth, compatible with the test cell R2A2 APM,
provided the? basis for two axisymmetric nozzle models. The éhoipe breserved the- obtion
of verifying water tunnel results in tﬁe.ﬁov;';ﬂela sux;vey tésts.‘ TLe models, shoWﬁ in Fig..
»25,‘ differed only in confractiOn ratlo The ‘lc;h‘g i’nlcozzlé éo?ided a cdntraction ratio of 4.5.
The short noézle consisted of the long 'ﬁ&zélé Eoﬁﬁgura&bn with the first 0.43 in. of the: | N
co'ntraction section removed to pr‘ovi\(ie‘ a contraction ratio o»f 2.4. ;I'he- nozzles were -
designated aé the long axi nozzle and the short axi nozzle, respectively.
" A slotted bulkhez;d, installed in plac:e of the val.'iable-‘area nozzle flange, supported ‘
the generic nozzles (Fig. 26a). The ~;,lot allowed the nozzles to be installed at various
pitch angles and vertical locations. Plexiglass spacers filled the sections of the slot 1er’[
vacant by each installation. As shown in Fig. 26b, the parameters XI and ZI defined the
nozzle location. |
. The generic nozzle experiments used a number of additional components to allow

‘ adjustment of the independent varjables or to investigate vortex suppression techniques.




‘These included a removable nozzle exit cavity section, a movable artificial bulkhead, a
movable artificial plenum floor, a pair of horizontal baffles, a pair of vertical baffles, and
a set of nozzle inlet ramps. The following contains a description of eaqh.

The variable-area nozzle configuration, shown in Fig. 8, included a cavity 4
between the nozzle exit plane and the facility test section. The cavity presented the
potential for recircul‘atirig flows and, af high pitch, flow impingement on the cavity wall.
Although the possibility that the cavity ‘ipt‘erfererice‘ inﬂueﬂced .noz>zle vortex formation in
some fashion was considered to be remote, the experiments investigated cavity effects.
To enable an investigation of the cavity inﬂueﬁcgs, the Z-b SYM nozzle and 2-D ASY
nozzle installations included provisions for adding or removing a 6-in. diam cavityl.
Shown in Fig. 27, the cavity attached to the downstream face of the bulkhead. In the case
of the 2-D SYM nozzle, the cavity could be mounted in either of two vertical positions
(27a).

A movable artificial bulkhead facilitated the variation of the spacing between the
free-jet nozzle inlet and the plenum bulkhead (XI) by eliminating the need to remove and
reposition the nozzle. Shown in Fig. 28, the artificial bulkhead consisted of a non-
structural aluminum panel offset from the true bulkhead. The aniﬁcial bulkhead included
an opening to accommodate the 2-D SYM nozzle.

In a similar fashion, an artificial plenum floor facilitated the variation of the

" nozzle vertical position relative to the floor (ZI). Shown in Fig. 29, the artificial floor

consisted of an aluminum panel offset from the true plenum floor. A number of

experiments varied ZI by shifting nozzle position in the bulkhead. Others varied ZI by




holding nozzle position constant and shifting floor position. The latter preserved nozzle.

location relative to the plenum centerline. Tﬁe artificial floor accommodated the 2-D
- SYM nozzle installation. |

Th;: 2-D SYM nozzle installation included provisiops for two types of baffles in
the vicinity of the nozzle inlet contraction section. A pair of hoﬁzbﬂtal baffles, shown in
‘Fig. 30, épanned the space between the plenum wall and the nozzle sidewalls. A p'air: of
- vertical baffles, shown in Fig. 31, fitted the gap between the plenum ﬂéor and the nozzle
- bottom wall. The baffles were designed to modify the re-circulating ﬂow that developed .
between the nozzle inlet and the bulkhead. |

The short axiéymmetric nozzle incl,ude;d provisions for two ramps. Each
employed a straighf conic.al section extg?ldipg from the no:zgle iﬁlet to the plcpum Wall.
Sketches of the ramps, designated as‘aixi ramp 1' and a:;i ramp2, appear-in ?igs. 32 and
33, respectively. With the nozzle set z;t a pitch angle of 30 deg, the investigator could
* mount axi ramp 2 in any of five configurations. As shown in Fig. 33, the configurations

differed in the location of the ramp trailing edge with respect to the nozzle inlet.
2.2.2.4 ASTF Nozzle Concept.

Water tunnel tests of the ASTF C-2 free-jet nozzle concept used a 21.4-percent
scale plexiglass model. Illustrated in Fig. 34, the model included the main features of the

- ASTF concept, including the beveled corners on the top of the contraction section. The

model nozzle contours and the final ramp planform, designated ASTF ramp Al, appear in
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Fig. 34b. The figure also shows the geemetfy ofa ratnp extension that ‘incvreases the -
planform dimensions. ' The apparatus included thepextensien to allow an evaluation of |
rarnp planform influence c:]n- ramp effeetiyeness as a vortex prevention device.' For each
| experiment, the ramp was manually attaehed to the lower nozzle wall at the required
angle setting. Photographs of the ASTlfnozzle model appear in Fig. 34c.

A fixed nozzle support sti'uettlre bolted te. lthe slotted‘bl.llkhea(‘i posltioned the
‘nozzle during the water tunnel Phase II tests. Shown in Fig. 35, the ﬁxture in'creasecl the
maximum pitch angle to 45;deg as needed to simnlate the ASTF enveloper A slot in the
- fixture accepted the nozzle model, and spacer blocks: ﬁlle_d the'vacant spaces as in the
éeneric nozzle installations. Each installation ma‘tchedfpitch, angle and geometrically
scaled the spacing between the nozzle inlet'and the plenum floor.. =

A requirement to evaluate an alternative ramp planfenn in Phasé 111 of the water -
tunnel 1nvest1gat1on resulted in ASTF ramp B shown in Fig. 36 Although equal in length
“at the planform centerlme the two ramps d1ffered cons1derably in shape. At the lateral |
stationa off the centerline, ramp B was con51derably shorter than ramp A. Unlikeramp -
A, ramp B attached to the nozzle lower wall with a‘ hinge to facilitate ramp angle .-
ehangee. ‘ | |

The ramp B pe’r‘formance‘ evaluations used a model‘of the ASTF C-2 free-jet APM
to support and pos1t1on the nozzle Illustrated in F1g 37, the model APM included
provisions for manual adJustment of nozzle p1tch angle nozzle yaw angle and nozzle .
axial d1stance from the p1tch center. It cons1sted of a pitch frame that rotated inside a

yaw frame. The model located the pitch axis 0.48 in. downstream of the yaw axis,
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geometrically scaling the ASTF C-2 configuration. The arrangement thus geomet;jcally
scaled the nozzle position relative to the plenum walls and the bulkheadp.‘ The model

APM pitch angle and yaw angle envelope euclcsed tlie ASTF C-2APM erlyelope.
23 INSTRUMENTATION

23.1 Test Cell R2A2 Experirrients

2.3.1.1 Test Cell

Research Test Cell R2A2 contains the instrumentation needed to measure test
conditions, measure test article parameters, arid monitor test cell systems. | Tlre wide
variety of test requirements addressed in the research facility generally requires tailoring
the specific instrumentation systems selected according to the specific obj ectii/es. :
Although instrumentation systems typically comply with the practices employed in the
Engine Test Facility turbine engine test facilities,‘unique systems may be used to acquire
' specialized measurements or to reduce the costs of the research experiments.

Currently, Test Cell R2A2 contains state-of-the-art electronically multiplexed
pressure transducers, data‘a‘cquisition systems, and datad processing systems that allow on-
line data reduction and data analysis. However, the flow quality experiments use(i al )
simpler system that pre-dated the current apparatus. With the original system, :s_elected ; |

parameter measurements could be reduced on-line for monitoring and directing the test.
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However, the bulk of the measurements were recorded on di gital tape for off-line *.
reduction on the AEDC central computer. Analog data systems multiplexed»and recorded
the high-response measurements on tape for off—line analysis in the ETF Dynamic _l)ata
Analysis Laboratory (DDAL). | |

To acquire various pressure measurements,' the _experiments used_ a series of x

dedicated pressure transducers in conjunction with a set of Scanivalve® systems. .- The -

"system contained fifteen Scanivalves® each ‘capable\of sensing ten pressures. Therefore,
150 pressure measurements required 15 da‘t'_alchanne'ls. The use of pneumatic scanning of
the pressures dictated careful selection of the dwell time for each valve position to ensure

_that the pressure sufficiently stabilized prior to'recordinig.” :A'limitedlnurnber“of dedicated |

N

pressure transducers permitted monitoring of parameters defining t‘est‘conditions.'

Pressure transducers may be selected and installed in accordance with the specific - .
test requirements. Decisions generally include the type of transducer, i.e. absolute yersus ;
| ~ differential, and the measurement range. 'Measurement‘ uncertainty requirements

typically dictate the transducers used. - The niozzle flow quality experiments used bonided '

strain-gauge pressure transducers to measure all of the steady-state pressures. A |

transducer measurement range selection of 0 to 15 psia spanned the pressure levels

encountered during the tests wh11e prov1d1ng the requ1red accuracy The transducers

were cal1brated with respect to secondary standards traceable to the National Bureau of

- Standards (NBS) now called the Natlonal Instltute of Standards and Technology (NlST) '

. Thermocouples prov1ded the temperature measurements The temperature

' measurement system cons1sted of a thermocouple t1me-share system, analogous to the
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pressure Scanivalve® system. The system allowed multiplexing up to 12 thermocouples -
‘on a single data channel. The data acquisition system scanned the Scanivalvef'D ports and

' the thermocouples simultaneously. However, analogous to the pressure measurement

system, dedicated thermocouples could be used to continuously measure selected

temperatures. The requirement for only one temperature measurement in the nozzle

“model tests rendered the time-share system unnecessary. A dedicated copper-constantan

thermocouple furnished the required measurement of free-jet total temperature (TTF)).

Measurements of stilling cha.mber total-pressure, stilling chamber total
temperature, and nozzle exit static pressure defined the test condltlons Durmg
experiments \iv1th the vanable—area nozzle a pitot probe rake sensed total pressure The
rake included twelve steady-state pitot tubes, a total temperature probe, and a hi gh—

response pitot probe. The total temperature and high-response pitot pressure probes were

mounted near the centerline of the stilling chamber. The twelve steady-state probes -.

spanned the stilling chamber on the verticalplane of symmetry as shown in F'ig. 38. .The
ASTF nozzle model tests required removal of the twelve-probe rake. In l1eu of the rake,
two pitot tubes located on the vertical syrmnetry plane provided the needed total pressure
measurements (Fig. 38) Additional pressure measurements were obta1ned on the st1lhng
chamber wall the test section wall and the test cell main exhaust duct as shown n F1g
38. The nogzle models generally included provisions for measuring exit static pressure..
However, in the absence of nozzle exit pressure measurements, the \testce'll Static

pressure measurements could be used to establish test conditions.
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2.3.12 Test Article

Test article measmeménts iﬁélﬁdéd;,nozé}e‘,'exi} ﬂow ﬁcld, sgrfé.ce pressure, and
X hardware position. The nozzle exit ﬂqw-ﬁeid “mea.s~urements inclﬁde& local Mach

* number and local flow angle. The surface pressure measurements were obfained |
primarily for determining the nozzle exit Mach number.

| A flow-field survey rake provided measurements of nozzle exit plane Mach
ﬂumber and flow angle distn'b‘uiions. Sﬁ,own in Fig. 39, the rake contained five probeé -
‘spaced on 2.5-in. centers. Each probe tip consisted of a 20-deg half-angle cone Witil :;
pitot pressure orifice and foul; smfacg pressure orifices. The surface pressure c;riﬁces.
were located in 90-deg increments around the circumferenc?e of the probe tip section (Fig.
39). A calibration related the average surface pressure normalized by pitot pressure, the ’
difference between the top and bottom surface pressures (#1 and #3), and the diffgrence A
 between the side surface pressures (#2 and #4) to local Mach number (ML), local angle
of attack (ALPL), and local angle of sideslip (BETL). The calibration provided
coefficients used in the data réduction algorithm to account for such effects as probe tip
manufacturing tolerances, pressure orifice imperfections, probe tip misalignment, and
probe tip interference. Tests in the AEDC aerodynamic wind tunnel 4T established the
rake calibration constants.
Flow-field measurements derived from cone probe pressure measurements m a

subsonic flow require accurate differential pressure measurements. The sensitivity of

‘ﬂ-ow angle to the orifice 1-3 and orifice 2-4 differential bressures decays significantly
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with reductions in Mach number. To ‘accommodate this decay in probe sgnsitiyity while .
‘managing measurement uncertainty, the experiments used differential pressure
transducérs for those key measurexﬁénts. Two differential pressure tr'c.m-sducers,

Baracell® capacitive transducers, connected the specific Scanivalves® serving the probe
surface pressure orifices. With proper ordering of the probe surface pressure connections
to the Scanivalves®, the transducers sensed the required pressure differences. The two
transducers provided design maximum différential pressures of 10 mm Hg (0.19 psid)

and 100 mm Hg (1.9 psid), respectively.l The data processing algorithm selected thé
appropriate transducer according to the level of the particular meaéurement.

For each nozzle installation, the flow-field rake was installed with the proi)e tips
at the nozzle exit plane. Using a horizontal orientation, the rake spanned the nozzle exit
width as shown in Fig. 40. Figure 40a illustrates the variable-area nozzle installation.
Similarly, Fig. 40b illustrates the ASTF nozzle model installation. A high-response pitot
pressure probe attached to the rake body as shown. The mounting positioned the high-
~ response probe 2.5 in. below the plane of the cone probe tips.

Flow-field surveys consisted of rake traverses between the upper and lower
nozzle walls. A hydraulic actuator comprised the rake drive mechanism. A linear
-potentiometer attached to thg actuator provided a rake position measurement. The zero
position was located on the nozzle horizontal plane of symmetry with rake position
measured positive up. A pitch sector mounted vertically in the test section supported the
rake and hydraulic actuator. The 32-in. pitch sector radius positioned the rake pitch

center of rotation at the APM pitch center. The arrangement allowed the rake pitch angle
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(survey plane angle) to be manually set equal to the nozzle pitch angle. With the rake so
oriented, the probes directly measured flow deviations relative to the noézle centerline.
The arrangement provided the added benefit of moderating the magnitude of the flow
angle presented to the probe tips, minimizing the uncertainty.

The variable-area nozzle required six position indicators conespondiﬁg to the
three upper wall and three lower wall actuators. A linear potentiometer mounted in
parallel to each hydraulic cylinder, shown in Fig. 8, provided the needed measurements.
The conversion to a fixed-area nozzle included the removal of the six potentiometers. A
single linear potentiometer, attached to the yoke joining the uppér and lower nozzle
walls, sensed pitch angle (Fig. 11). The ASTF nozzle positioning mechanism used a
rotary potentiometer to sense pitch angle (Fig. 15).

Two surface pressure orifices installed in the variable-area nozzle yielded
measurements of exit static pressure. One orifice was located on the upper nozzle wall
and the other was located on the lower nozzle wz;ll.

The ASTF nozzle modél instrumentation included pitot tubes and surface pressure
orifices as shown in Fig. 41. The four static pressure orifices located at the downstream
station provided nozzle exit static pressure measurements. Static pressure orifices
installed along the upper \;vall, the lower wall, and the ramp provided data for pressure
load determination. Pitot tubes positioned at the exit plane detected upper nozzle wall

flow separation.
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The majority of nozzle model pressnre orifices were connected to the R2A2 -

Scanivalve® system. However, dedicatedpressure transducers provided continuous

" _monitoring of a number of key pressures.

‘2.3;2 Water Tunnel Experiments - .. . . .

Dye introduced into the water tunnelfree-jet stillin'g chamber model seryed as the :
tracer for viewing flow- streakllnes Movable dye inj ectlon probes allowed the inj ectlon
point to be yaned Figure 42 illustrates a typ1cal probe A pressunzed dye reservoir
located out51de the tunnel forced the dye through the probes A regulator allowed
ad_] ustment of reservoir pressure and therefore dye ﬂow rate. The installation of a
number of fittings at different locations on the stilling chamber floor and the fabrication
oi' a family of probes vyith various lenéths .enhanced the yariability in dye inj ection point.
The ﬁtting locations appear in Fig. 43._\'The apparatus 'a‘llowed the dye injection point to
be readily varied during a run. Inj ection point changes were accomplished by manually
setting the perpendicillar distanee between the'probe tip and the eha;mber wall, by
exchanging probes, and by moving probes to different fitting locations.

A set of flow meters measured the rates used for the boundary layer suction and

the blowing experiments. Two sets of flow meters were plumbed in parallel and mounted

on a portable rack. The measurements used various combinations of meter settings as

dictated by the magnitudes of the flow rates." '
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The water tunnel yielded primarily qualitative results in the form of flow

visualization. The streaklines revealed by the dye traces were recorded using 35 mm still
photographs. Halogen lamps illuminated the desired regions of the flow field for the

photographic coverage.
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3.0 TEST DESCRIPTION

3.1 GENERAL

The airflow tests conducted in Research Test Cell R2A2 consisted of three
distinct phases. The airflow experiments ciiffered primarily in the nozzle configurations
and test matrices used. Phase I focused on the baﬁic variable-area nozzle, Phase II
focused on the variable-area nozzle with vortex suppression modifications, and Phase III
focused on the ASTF nozzle concept. The purpose of Phase IT was to validate the water
tunnel findings with respect to vortex suppression prior to development of the ASTF
nozzle concept. The purpose of Phase I1I was to validate the ASTF nozzle concept prior .
to full-scale design. The basic procedures, data reduction methods, and uncertainties
appiied to all three of the airflow test phases.

As in the case of the airflow experiments, the water flow tests consisted of three
phases differing primarily in the nozzle configuration and test matrices used. Each phase
used the same fundamental test procedures. Phase I focused on validating the water
tunnel simulation of the v,ortex formation phenomena. Phase I also enabled screening of
candidate vortex suppression methods. Phase II focused on investigations of additional
vortex suppression methods as well as refining methods explored in Phase I. Phase III

supported the development of the ASTF nozzle concept.
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3.2 TEST PROCEDURE
3.2.1 R2A2
3.2.1.1 General

Prior to each test period, the rake angle was set to the first nozzle pitch angle
designated in the test matrix. Various system calibrations were then performed. A
template used to space and align the upper and lower nozzle walls facilitated calibration
of the variable-area nozzle actuator system. On-line application of the calibrations used a
table of the six potentiometer readings versus nozzle pitch angle and height. An
inclinometer set on the lower nozzle wall provided the basis for calibrating the modified
variable-area nozzle and the ASTF nozzle model in pitch. The inclinometer élso served
as the basis for alignment of the ASTF nozzle ramp angle. Direct measurement of the
flow-field probe tip position relative to the upper and lower nozzle walls yielded the
calibration input for the rake position instrumentation. The pressure measurement system
calibration used the laboratory scale factors in conjunction with a resistance shunt
calibration procedure. The temperature, differential pressure, and the high-response
system calibrations applied voltage substitutions based on the transducer laboratory
calibrations.

With the atmospheric inlet system used for the R2A2 tests, establishing free-jet

nozzle flow conditions required setting the test cell pressure to achieve a nozzle pressure
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ratio, PF J/PTF J commensurate with the desired Mach number. Based on the unit.
Reynolds number curves of Fig. 5 and a nozzle height of 11 .25 in., the MACH O 9
‘ condltlon y1e1ded the maximum Reynolds number of 3 97 X 106 Wlth flow established -

ﬂow-ﬁeld rake traverses between the lower and upper nozzle walls mapped the

d1str1but10ns in local Mach number and local flow angle The surveys generally used a ks

2.5-in. spacing in the traverse d1rect10n Coupled w1th the lateral 2.5-in. probe t1p

spacing, the traverses yielded a measurement grid with equally spaced points in each R -

direction. Occasional traverses with a smaller rake position step size satisfied needs for
higher spatial resolution. High-response data were acquired only at selected rake:

positions in the traverse.
3.2.1.2 R2A2 Phasel

Tests of the variable-area nozzl‘e mod‘el comprised Phase I of the R2A2 flow
quality investigation. Test variables consisted of nozzle height, nozzle wall divergence
angle, nozzle exit Mach nurnber,- and nozzle pitch angle. The tests included'non-zero .
wall divergence angles to establish calibrations of non-uniform flow conditions for later - ‘
use in aircraft inlet model free-jet experiments. The non-uniform flow field would., in .'
principle, facilitate experimental investigations of aircraft inlet distortion to free-j et ﬂoyy |
quality. Nozzle height settings,included 55/8 ini'_and 11 % in. The tests included ' |
‘variations in nozzle h.eight for use in subsequent aircraft inlet model experiments. In this ]

case, the tests would help define nozzle exit cross-sectional area requirements.v The flow- .

46




ﬁeld traverses at H =5 5/8 in. used 2 1-1n 1ncrement in rake pos1t1on (RAKE) The

. ‘traverses atH=11 Y in. generally used a 2- Yo, 1ncrement However at the latter :

" - height settmg, a l-in. 1ncrement was occas1onally adopted for all or part of the traverse '

- The tests used Mach numbers of 0. 3 0:6, and 0.8 for the maJonty of test configurations. : |
Respect1ve Reynolds numbers 1ncluded 1.9 x 106 ft 3.4x 106 ﬁ ! and 4. 1 X 106 ftl.
'Nozzle pitch angle settings included 0-deg; 20- deg, 30-deg, and 40-deg. Nozzle roll |
) angle remained at 0 deg for all tests. Table 1 provides the test matnx (tables appear in

Appendlx B)
3.2.1.3 R2A2 Phase II

Tests of the modified variable-area nozzle model, for the purpose,of v_erifyirig
selected vortex suppression techniques under objective 3, compﬁsed_Phase II of the,air :
flow experiments. Unlike the Phase I tests, th‘e nozzle height rem~ainel'd fixed at H= 11% -
in: w1th a fixed wall divergence angle of 0 deg Test apparatus included the four nozzle
inlet ramps: (1) 30-deg contoured, (2) 30-deg stra1ght (3) 50-deg contoured and (4) 50- -
deg straight. Nozzle pitch angle settlngs of 30—|deg and SO-deg Acorresponded to the
. respective ramp design'ations. Nozzle exit Mach numbers included 0.3, 0.6, ‘and 0.9.
Based on results from Phase I, the traverses used a 1-in. increment in rake position in the -
bottom half of the,nozzle and a 2.5-in. increment 1n the top half. The test matfﬁ.?( appears‘

in'Table 2.
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" 3.2.1.4 R2A2 Phase III

Tests of the proposed ASTF free jet nozzle concept comprised Phase III of the
R2A2 free-jet nozzle flow quality investigation. The experiments inélu(ied nozzle médel
pitch angles of 0-deg, 30-deg, and 45-deg with a roll angie of 0 deg. Facility exhaust
duct choking instigated by the increase in ﬁozzle area aﬁd m;ass flow with respect to the
previous configurations, precluded testing at MACH = 0.9. As a result, the majority of
tests adopted a Mach number df 0.6 with a unit Reynolds number of 3.4x 10°ft". Based |
on a nozzle height of 16 in., this correspon&s to 5Reyn61ds number of 4.5 x 10°. On a
standard day, ASTF can provide a Reynolds numbér of 2.7 x 10 based on the full-scale
nozzle height of 124 in. | N

The flow-field survey rake positioning.mechanism, designed for the varia‘ble-érea
nozzle, waé incapable of traversing the full distance between the upper and lower nozzle
- waljs. However, the positioning meché.nism would traverse from RAKE = —5.5 in. to
RAKE = +5.5 in. The region between JRAKE =+/— 4 in. used a 2-in. survey incrément. '
A 1.5-in. s&vey increment was used to reach each end point.

The initial Phase III test configuration consisted of ramp conﬁguraﬁon Ai and
R2A2 stilling chamber configuration A. Exp_eriments included ramp anglgs both on and
off the prescribed ramp schedule. During the Phase III program, the R2A2 stilling -
chamber was converted to configuration B to reduce a suspected influence of corner-
separations on the nozzle inlet flow. vExperiments that follo?ved thé modiﬁcatibn Atestedi

both ramp configuration 1 and ramp configuration 2. Table 3 depicts the test matrix.
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3.2.2 Water Tunnel

3.2.2.1 General

The three water tunnel test phasee applied the same basic test procedﬁre. First,
test articles were installed et the positions and orienrations required for the particular
experiment. The water level was then raised to just below the access openirlgs so that the
hatches could be left off during the test. The open hatches provided access to the test
artlcles during the runs saving configuration change time. The location of the flow-field
region of interest near the bottom of the stilling chamber and the considerable time that
would have been required to complete minor conﬁguratron changes justified the
approach. Nevertheless, initial tests comparing results with and without the hatches
installed verified the assumption that the open hatches would not edversely affect the
results. | | |

The dye injection reservoirs were filled with a dye composed of milk, food color,
and alcohol. The addition of alcoﬁol neutralized the dye buoyancy so that the injected
dye would closely follow the streakhnes Pretest procedures included verifying dye
neutral buoyancy in a water sample taken from the water tunnel test section. To further
ensure that the dye traces would delineate the streaklines, the experiments used the -
absolute minimmrl reservoir pressure needed to inject a steady dye stream. Clips
pinching the flexible plastic tubes that 'corrnected the reservoirs to the probe bodies

provided a simple means to interrupt dye flow between experiments.
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Early experiments verified that precise water velocity measurements would not be

* required to achieve the test objectives. The secondary flows of concern developed in the

flow nearly independent of; the ﬂowv velocity used. Tnerefore, the tests used the low end '
of the tunnel velocity range. Nominal velocities, estimated by timing dye pulses as they
pass between grid marks on the nozzle wail end in the stilling chamber, served as the
basis for calibrating the water tunnel console readout. Subsequent tests used the consOle ‘
controls for establishing water flow conditrons.

The water tunnel results consisted primarily of qualitative flow visualization data,
the quantltetlve ﬂow-ﬁeld measurements reserved for the detailed airflow expenrnents n-

test cell R2A2.. Photographing the streakline traces recorded the water tunnel results for

’ subsequent analysis and archiving. The steadlness and per51stence of the secondary ﬂows‘ A

appearing in the flow field allowed recording using still photography. Generally, the

photographlc procedure used a combmatlon of three viewing positions: (1) 51de view of

_ the nozzle inlet section, (2) top view of the nozzle inlet section, and (3), view looking

upstream into the nozzle exit. The open test section hatch prowded the optical access
needed for distortion-free views of the nozzle flow. - Adjustments of the halogen lamp

positions provided optimum lighting for each view. Typically, the camera recorded test

‘conﬁguration information encrypted in markings placed within the field of view. -

- To facilitate bookkeeping of the photographic -results, the nozzle exit area was

- divided into nine zones as shown in Fig. 44. The zone identifiers indicated the general

location of the streaklines. Finer variations of the dye injection points within each zone

.. more completely mapped the flow field.
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3.2.2.2 Water Tunnel Phase I

Phase I of the water tunnel flow quality in\}estigation included experiménts with
both the variable-area nozzle and the vg_eneric noézles. The experiments with the variable-
area nozzle grouped into twoAcategories-focused'o'n_ the following objectives: (1)
verification of the water tunnel simulation:'and (2) identiﬁ;:atiqn of voﬁcx supp_rpséion )
techniques. The veﬁﬁcation that the \J;(ater tunnel simulation would adequétely repr'oduc-:e
the vortical flow features of interest formed a critical p?ecursor to vortex suppression ‘
technique develoi)ment. The experiments used a nozzle height of 2.4 in., scaling to the
11.25 in. nozzle setting in R2A2, and a nozzle pitcﬁ angle of 30 deg. The tests also uséd
a nozzle water velocity of approximately 4.4. in./sec, with a corresponding ‘unit Reynolds
number of 3.6 x 10° ft”'. Thus, the Reynolds number based on a 2.4 in. nozzle heiéht wz;s
7.2x 10, | | |

Streaklines viewed through the nine nozzle mea-surement zonés mapped the flow
to verify that the water tunnel adequately simulated the R2A2 flow field including the '

development of vortices. The streaklines were photographed from the side view. ‘

" Prior to the investiéation of vortex suppression techniques, a nozzle exit blockage ‘
was introduced to verify the supposition that blockage effects on vortex formation could
be neglected during the experiments. A wood block, with dimensions of 1.65 x 1.45 x
5.2 in., served to simulate an aerodynamic interference in the nozzle eﬁit flow. The block

was mounted vertically 1.1 in. downstream of the nozzle exit plane to provide a 60
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* percent blockage of the projected n'd‘zzle"ekit ared; T-he ndzzle ekitﬁfejrnained open for
suhsequent experiments with the conﬂdenée that the results would epply to highly- i '
- blocked free-jet tests of a1rcraﬁ propu1s1on systems |

Following verification of the water tunnel simulations and the 1nsen31t1v1ty‘to
nozzle exit blockage, the test process proceeded to the tdentlﬁcatlon of flow quahty
impronement techniques. The investigation consideted techniques for preventing
formation of the large vortices in the t/ariable-area nozzle with the anticipation that some
vortical flows would likely remain. The small vortex in each of the viscous-dominated
nozzle corner flows represents one example. The didnteter would be on the order of the
corner boundary layer thickness. Another possibility was the seconddry flow induced by
the flow direction change incuned as the nozzle bends the flow to the desired pitch angle.
. As aresult, the experiments emphasized ‘preventing the very large vortices that produc_e
the excessive flow non-uniformities measured in R2A2.

Potential vortex attenuat_ion teehniques included screens (one andﬂtwo layets),
vert1ca1 stralghtemng vanes, horizontal vanes, and honeycombs that mlght reduce -
. secondary flows in the variable-area nozzle The hor1zonta1 vane assembly angle and the
honeycomb angle, with respect to the nozzle inlet plane, were varied. Tests 1nc1uded
~ angles of 0 deg and 20 deg. Each case applied dye injection pomts upstream of the ﬂow—j
straightening device. -

The test configurations included the fatnily of nozzle inlet ramps. Experiments
using ramp configurations 1-5 enabled an evaluation df ramp performé.nce versus.

geometric size and complexity. The ramp experiments varied the point of intersection
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with the lower nozzle wall, the ramp nontour (curved versus straight), and the ramp slope

at the intersection point. Photographic recofding‘nf the results Concentrated primarily on
zones 1 and 3. '

The Phase I water tunnel experiments also included an investigation of the key
parameters inﬂuencing the vortices. The tests used the generic nozzles to effeqt a
systematic variation in nozzle exit ca\"ity, nozzle veftical position relative to the plenum o \

. . t
floor (ZI), nozzle longitudinal position relative to the bulkhead (XI), nozzle pitch angle
(0), nozzle contraction section geometry, nozzle cross-sectional shnpe, and nozzle
contraction ratio. Nozzle pitch angle settings included 30 deg and 45 deg.

In addition to the exit block test, the experiments employed the removable exit
cavity to evaluate the effect of nozzle exit flow interference on the nozzle vortices. The
cavity provided the means to assess the role that the cavity might assume in forming
vortices in the variable-area nozzle. The experiments included the configuration
primarily to verify the assumption that the exit cavity did not induce or enhance the
vortices.

Tests of the effect of nozzle vertical position on vortex formation included
vanations of ZI at constant nozzle nitch. Holding nozzle pitch angle at 30 deg, the 2-D
SYM nozzle and.the 2-D ASY nozzle were each tested at three vertical positions
corresponding to ZI = 0.6 in., 1.4 in., and 3.4 in. In addition, the 2-D SYM nozzle tests .
included é number of experiments with the artificial ﬂqor to effect changes in ZI without |

jchanging nozzle location with respect to the plenum centerline. The artificial floor
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provided ZI settings of 0.6 in. and 0.0:iﬁ. Flow visualiiation focused only on the zones
exhibiting anomalous flow, saving considerable test tirﬁe.

The experiments employed the arti-ﬁcialnbvulkhead to vary the »spacing between thé
nozzle inlet and the bulkhead; The test enabled an evaluation of the effect of nozzle
longitudinal position, XI, on vortex formation. The tests used the 2-D SYM nozzle with
the value of XI reduced to 0.1 in.

To evaluate the effect of nozzle pitch angle on vortex formation, the tests included
experiments at nozzle pitch angles of 30 deg and 45 deg. with ZI =2 in. The experiments
used both the 2-D SYM nozzle and the 2-D ASY nozzle.

The direct comparison of results from the 2-D SYM and the 2-D ASY at
equivalent test conditions provided the me‘ans to evaluate the inlet contraction section
geometry effects.

Tests of the axisymmetric nozzles addressed two objectives: (1) to investigate the
effect of nozzle cross-sectional shape on the secondary flows and (2) to investigate the
effect of nozzle contraction ratio on the flow characteristics. Tests of the short
axisymmetric nozzle at 30 deg pitch with ZI = 0.5 in. and 1.4 in. provided results for
direct comparison with the corresponding 2-D nozzle results. Tests of the long
axisymmetric nozzle at 30 deg pitch and ZI = 0.85 provided results for comparison with
the short axisymmetric nozzle to evaluate contraction ratio effects.

Tests of the short axisymmetric nozzle supported an evaluation of the ramp vortex

| prevention technique application to a generic nozzle installation. The tests used two

ramp configurations, Axi Ramp 1 and Axi Rarﬁp 2, each installed with the nozzle set at
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PITCH =30 deg and ZI = 1.4. The Axi Ramp 2 configuration tests includc\ed flvel
positions varying ramp trailing edge location with respect to the nozzle inlet.

The curved 2-D high alpha nozzle tests encompassed pitch angles of 30 deg and

45 deg with ZI = 0;6. Th(f; tests included runs With_ and Without the lower wall ex'tgnsidn

‘installgd.

The test matrix, including all of the nozzle configurations, appears in Table 4. .
3.2.2.3 Water Tunnel Phase II

Phase II of the water tunnel studies, included experfmenfs with the variable-area
nozzle, the generic nozzles, and the ASTF nozzle concept. The variable-area nozzle tests
explored vortéx suppression techﬁiques posed subsequent to the phase I wc;rk. : The
experiments encompassed blowing with the piccolo tube, boundary layer suctiop, gnd

additional ramp configurations. The latter provided information needed to design ramps

- for the ASTF nozzle. The generic nozzle tests focused on alternative vortex suppression

methods with the bvafﬂe conﬁgﬁfations. Phase II concluded with tests to verinythe ASTF
nozzle concept prior to in’vesting in tﬁe R2A2 airflow experiments.

The blc;wing experiments applied the biccolo tube concept deécribed in Ref. 87.
The piccolo tube approach attempté to remove vorticity by creating évelocity gfadiént in
the direction opposite of the v‘ortex.rotAation. The introduction of bldwing ﬁear the point
where the vortex attaches to fhe plenum ﬂoor establishes the desired gfadient. 'Duﬁhg the

water tunnel experiments, covering selected orifices in the tube produced the needed
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. gradients. Adjustrnent of the blowing region width varied the lateral location‘ of the )
gradient‘ center. o | | | | |

The test matnx appeanngln Table 5 presents the p1ccolo tube testvparameters
Test var1ables 1ncluded blowing rate tube height above the plenum floor, and tube w1dth.
The mass flow varied from 1.5 gph to 4-gph (O 4 percent to 1.0 percent of nozzle flow
rate) The tests 1ncluded helght settlngs of ZP 0. 75in.,. 1 13in., and 1.191 in. w1th
width settlngs of 0.9 in,, 1.75 in., 1.88in., and 2 38in.

: The boundary layer control expenments encompassed a systematic van'ation of

suction location and rate. The goal was to not only investigate suction as a'means' of

vortex suppression but to explore the boundary layer influence on vortex formation. The

tests procedure involved the independent activation of suction regions 1-4 with the nozzle
flow velocity set at approximately 4.4 in./sec. This corresponded to a nozzle flow rate of

- approximately 394.9 gph. In regions demonstrating a strong influence of flow rate on.the .

flow field, the test procedure included increasing suction rate in 2 gph increments starting

at 6 gph.. The increase was discontinued when observed changes with flow rate ceased or

the maximum available rate was reached. The tests also included a limited number of - .
" experiments with combined blowing regions'activated. The matrix appears in Table 5. - \
The Phase II experiments also included a number of additional ramp I‘

conﬁgurat1ons to support development of the ramp concept for the ASTF nozzle. Tests

of the ramp configurations 21 and 22 explored ramp performance w1th the leadlng edge o

unsealed from the plenum section ﬂoor The goal was to evaluate a ramp concept that o

could readlly be adapted to the vanable-pltch and vanable—yaw ASTF nozzle Pos1t1on oo '
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located the ramp 2l- leading edge 0.4 "in;‘ahoue the plenum ﬂoo-r (Fig.ﬂ 2lf)".A Positlon 2 ; |
located the ramp 21 leading edge 1.0 in. above the plenum ﬂoor (Fig. 21f) The ramp 22
conﬁguratlon tests used a single pos1t1on as shown in Fig. 21 g

The test Phase II conﬁguratlons 1ncluded the two nozzle 1nlet bafﬂe 1nstallat10ns
The horlzontal bafﬂe installation and the vertlcal hafﬂe installation each attempted to . S
reduce the flow 01rculat1on in the nozzle inlet reglon. |

The results from the water tunnel P~hase IT experiments supported the final . . . B
. selection of an ASTF nozzle configuration. Water tunnel expenments at pitch angles of 0 *
deg, 30 deg, and 45 deg explored the ASTF nozzle model ﬂow quality. Dunng the tests
the nozzle model ramp angles varied from —20 deg to +20 deg. Table 5 prov1des ‘the test | B

matrix.
3.2.2.4 Water Tunnel Phase III

Phase III of the water tunnel ‘studies foeused on an evaluation of the ASTE nozzle _
model with ramp conﬁguration B installed. The experiments encompassed‘ a nozz-lev '
pitch angle range of 10 deg to 45 degand a nozzle.yaw angle range of 0 deg'to <10 deg. -
The nozzle orientatlon angles generally varied in 5 deg increments. “The ramp angle .

settings generally applied the ramp A schedule However, the tests incorporated a
number of expenments with off—schedule ramp angle settings in order to evaluate the

schedule compatlblllty w1th the ramp B design. .
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Streakline traces were obsérved_ and ﬁhotographed primaﬁly in zbnes 1-6. | )
Pﬁoto graphic coverage used the side view and ﬂle_:'view lqoking upstré:arn-into the nozzle.
Some experiments investigated the flow alé)hg 'i}ie uppc'ar_‘noz‘zle wall, at ﬁigh—bitcﬁ ‘
conditions, by injecting dye into ione 8. Ta‘plc 6 providés 'the w'afer tunnel Phase I1I test 3

matrix.
3.3 DATA REDUCTION

| The steady-state data obtained durin’g thé R2A2 tests were reduced off-line using
two-basic data reduction programs.. The Engineering Umts Data Reduction Prc;gratn |
(EUD) c;onverted the raw data to engineering units by applyiﬁg the instrument
_ calibrations. The performance data reduction proémn calculated test conditions apd | ) ,‘
local ﬂow-ﬁe}d characteristics from the_ EUD data. In addition, the per‘formanJC'e pfogr‘z‘im
grouped, labeled, and printed all measured and 'caléulated parameters in'aﬁ easy reference
format. |

TheAETF Dynamic Data Analysis Lab reduced high-responsé pitot pressure data

selected from the data set. The anaiysis provided the root-mean-square turbulence level
normalized byN‘the free-j et .tlotal pressure (PT). In addition, Power Spectral benéity piots

displayed frequency content information.
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34 UNCERTAINTY OF RESULTS
3.4.1 R2A2 Measurément Uncertaint‘y‘

Repeat calibrations of the insfnimen,tation system with respect to seconda{y
standards traceable to the National Bureau of Standards provided the basis for
_ measurement uncértainty estimates. The me'é.surement uncértainty com;binéd bias and
pr'ecisién errors according to thé following: .
U=+~(B+195x5s)

where B represents the bias limit, s represents the sample standard deviation, and t95

represents the 95™ percentile point for the two-tailed Student’s t distribution. For degrees

of freedom greater than thirty, t95 aSSﬁmes thé value of two. The u\ncertaint‘ies‘ of the
measured data appear in Table 7. | -

To estimate the uncertaintieg in thg'caléulated bafameters, the analysis applied the
Taylor series method of error propagation. Refg:réncé 102 dgscribes the ’i‘aylor series’

~method. The uncertainties in the calculated parameters appear in Table 8.
3.4.2 Water Tunnel Result Uncertainty - .

A number of approximations inherent in subscale water tunnel simulations of air

flow problems might contribute to the unéertainty‘,of results. These include the
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following: (1) geometric Qetail, ) incomprcssibil_ity in the simulation, (3) Reynolds
number rﬁiématch, and (45 facility interference (inclludirig dye inj eétion).‘ The degree to
which the approximations impact the results depends on the mechanisms involved in the
flow phenofnenon under study. Oftqn, water tunnel simulations produce very reiiaﬁle

qualitative results even if quantitatively iﬁaccmate. The vortex shed off a sharp lip might

: be an example. The water tunnel may faithfully predict the presence of the vortex but

incorrectly reproduce the relative size and strength. However, if the mechanisms

involved in the development of a flow phenomenon are highly sensitive to Reynolds

number, the water tunnel might misrepresent even the qualitative result. A more in depth - |

iﬁvestigatiori of tﬁe water tunnel simﬁlation'issues appears in Ref. 103.

The assessrﬁent of ‘the uncertainty asso_éiated with applying fhé water tunnel té. a
particular air-flow problem requires estimates of the predominate flow phenomena
sensitivities to the aforementioned a;p'})roximations. The sensitivity of tﬁé free-jet no.zzle
vortex formation to the approximations,hés not been esta;.blished. Thefefore; the multi-
phase flow quality investigation included verification of key water tﬁnnei results in R2A2
tests. Phase I of the water tunnel invéstigation included a qualitative Qeriﬁcation bf the |
variable-area nozzle flow simulation. The test series included Phase II of the R2A2 |
experiments solely for the purpose of j}eﬁfyipg 'vortex suppressiqn tccfhpiqués identiﬁed
in the water tunnel. The program usgd. Phase. III of tl;:e R2A2"éxpél;imfants' to verify a

nozzle concept derived with the aid of the water tunnel. Cross checks between the

 various test phases showed the water tunnel simulation of the free-jet nozzle vortices to. .

be qualitatively reliable.
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4.0 RESULTS AND DISCUSSION - "/,

- 4.1 R2A2 PHASE 1

Free-jet nozzle flow quality anomalies induced by undesired second'ary' flows first

appeared during the R2A2 Phase‘I ekperiments. This section presents key results

acquired during tﬁe tests. Throughoﬁt the presentation, the variable-area nozzle flow
quality measuremenfs appear in plots of local Mach numbér distribﬁtion aﬁd local flow -
angle distﬁbutioﬂ. Local flow angles were expressed in terms of ALPL and BETL.

Figure 45 displays the Mach number distribution at a nozzle height of 1,1"25 in.
The results appear in plots of probe veﬂical“pc;sition versus local Mach nuﬁlber. Each - .
plot includes the measurements from a single prob_e—with a curve for each combination of
pitch angle and Mach number. The ﬁve pl(‘)ts,.therefore, contain the rgsults of the

complete set of surveys for the 11.2'5-in..'height. The lateral symmefry of the’

- distributions may be observed by comparing Figs. 45a and 45¢ as well as Figs. 45b and-,‘ '

45d. The probe 2 and the probe 4 traverses Were highly symmetrical. The main feétures

of the probe 5 traverse also appeared in the probe 1 traverse. However, the latter case

- displayed larger deviations in the Mach number, The most notable feature was a region.

. of accelerated flow near the nbzzlc wall (probes 1 and 5) in the lower half of the nozzle.

With respect to flow quality requirements, the only poinf in the data set with a Mach

.number deviation exceeding the allowable limit of +/~0.05 occurred at PITCH = 30 deg




. and MACH = 0.8. This dev1atlon occurred locally at the locatlon occupled by probe l
' when RAKE /} in. (Fig. 45a)

TheLmeasured ﬂow angle d1stnbutrons appear in plots of ALPL and BETL versus' _
probe position. Flgure 46 presents results obtained at MACH 0 6andH= ll 251 1n
with pitch angles of 0 deg, 20 deg, 3Q deg, ;and 40 deg. Each plot 1ncludes an outhne of
the nozzle exit cross section with ‘the swurveypoint:s marked. The arrow drawn from each
pornt represents a vertical component -equal to ALPL‘and a horizlonvtal cornponent eqtral
to BETL. Although not the actual ﬂow .vec,tors,‘the arrows repreSent the proj ections of
the velocity vectors onto the exit plane.; Therefore, the arrows show the direction,of local .
ﬂow deviations from the axial direction. |

At a pitch angle of 2t) deg, a pair of counter-rotatlng vortices appeared in the
'-lower half of the nozzle (Fig. 46b) The ﬂow angle plot clearly displays the vort1ces by
showing the circulation of the flow. Vortrces rotating in the clockwise and
* ‘counterclockwise senses appeared in,.the nozzle lower left and lower right quadrants,
respectively. The diameters of the vortices were on the'order of the quadrant size. The '
cores of the vortices appeared to be located synnnetrically about the nozzle exit vertlcal"
centerline. As the pitch angle inCreased t0.30 deg, the vorticesvinlcrease'd in -severity (Fig; o
. 46c). Measured flow angles ranging up to 16 deg‘i'n the vicinity of the vortices far
“exceeded the allowable limit of 3 deg Ata pltch angle of 40 deg, the magmtude of the
ﬂow angles decreased to values comparable to those measured in the 20-deg p1tch case
(F1g 46d). The 40-deg p1tch case did not retam the symmetry in the vortex pair that

characterized the 20-deg and 30—delg pitch cases. In fact,- a-recogmzable vortex appeared -
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on the right side of the nozzle only. A comparison of Fig. 46¢ with Figs. 45a and 45¢
showed that the Mach number spike measured on probes 1 and 5 resulted from
accelerated flow near the vortex. The largest occurred at MACH = 0.8.

Figure 47 presents the flow angle measurements at H = 11.25 in. and PITCH = 30
deg with MACH = 0.3 and 0.8. When combined with Fig. 46¢, a complete presentation
of results spanning the Mach number range results. The main features of the flow field,
large counter-rotating vortices in the bottom of the nozzle, persisted at all of the Mach
numbers.

The nozzle Mach number distributions measured with the nozzle height reduced
to 5.62 in. appear in Fig. 48. Asinthe H =11.25 in. case, the profiles displayed a
symmetry about the nozzle exit plane vertical line of symmetry. As in the previous
results, the nozzle contained regions of accelerated flow along the probe 1 and probe 3
traverses in the bottom half of the nozzle. However, the Mach number deviations
remained within the allowable limit of 0.05.

Figure 49 presents the measured flow angle distributions at MACH = 0.6 and H =
5.62 with pitch angles of 0 deg, 20 deg, 30 deg, and 40 deg. The results displayed a
consistency with those obtained at H'=11.25 in. At PITCH = 20 deg, the }symmetrically
located counter-rotating vortices appéared with flow é.ng‘iés) far in excess of allowable
- limits. As the pitch angle increased to 30 deg, an increase in ﬂbw angle signified the
éorresponding increase in vortex strength. At the 40-deg pitch condition, the asymmetry
in the lower half of the nozzle developéd as before. The large flow aﬁgles persisted on

the right side of the nozzle and decreased on the left. Figure 50 provides the flow angle
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measurements at PITCH = 30 deg and MACH = 0.8. Results appearing in Fig. 50 may
be compared with those in Fig. 49c to observe the Aeffect of Mach number'. Relative to the
MACH = 0.6 case, the MACH = 0.8 case displayed slightly less flow angularity near the
vortex. However, the MACH = 0.8 retaine& the basic features that characterized the
MACH = 0.6 case.

The variable-area free-jet nozzle flow quality tests included flow field surveys
with the upper and lower nozzle walls positioned at the various divergence angles-
planned for aircraft inlet model experiments. The resulté displayed a superpositic;n §f the
vortex circulations and vertical ﬂow components due to the non-parallel walls. A ;ample
result appears in Fig. 51 for the H = 11.25in., PITCH = 20 deg, MACH = 0.6, and DIV =
4 deg. . |

Phase I of the R2A2 flow quality investigation was completed in June, 1982. The
results can be summarized as follows:

1. Large secondary flows consisting of counter-rotating vortices formed in the

lower two quadrants of the nozzle resulting in unacceptable flow angulérit'y.

2. The upper half of the nozzle did not contain large secondary flows. '

3. The development of the vortices was a function of the nozzle pitch aﬂgle. The

vortices first appeared at the 20-deg pitch angle cqndition.

4. The most severe flow anomalies appeared at the 30-deg nozzle pitch angle

condition.

5. Vortex formation was relatively insensitive to noizle Mach number and

nozzle height.
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The results of the R2A2 Phase I tests yieldéd the conclusion that additional work would

be required to address the vortex problem.
4.2 WATER TUNNEL PHASE I
4.2.1 Vortex Parametric Investigation

The vortex parametric investigation focused on identifying the parameters that
influence the formation of the nozzle vonice;. The goal was to improve the
un'dersténdiﬂg 6f the interactions between the nozzle: and p'lenum flows and provide the
insights needed to synthesize viable vortex suppression methods.

During preparations for the water tunnel expen'.ments, the mechanisms producing
thé vortices remained unknown. As a result, it was not possible to assess, a pn'on',. the
sensitivity of the phénomenon to ‘the airflow paraméters that the water tunnel couid not
match. Therefore, the water tunnel expe;n'ments started, in February 1984, with a
verification that the simulation would qualitatively reproduce the results measured in
R2A2. Although the water tunnel tests could not match such parameters as velocity,
Reynolds number, and Maﬁh number (cor‘npressibility), they did closely approximate the
geométry since the; stilling chamber and variable-area nozzle model faithfully scaled the -
R2A2 hardware. |

The initial _expén'ments used a free-j et nozzle setting q_f PITCH=30degand H =

2.4 in. The nozzle height modeled the R2A2 nozzle height of 11 25 iri. Upon
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establishment of the water flow, the pair of cotmter-rotating vortices appeared
Iimmediately, verifying the validity of the simulation. Experiments derhonstrated the
insensitivity of the vortices to velocity. Suhseduent tests generally used a nominal hcazle
exit velocity of 4.4 in./sec.‘ Figure 52 show‘s the vortices. Figure 52a provides side view
photographs of the zone 1 and zone 3L vortices. Figure 52b shows a schemati¢ of the - |
vortex characteristice. The dye streakline traces coiled around the vortex core in a helical ]
pattern. The vortex locations, in zones 1 and 3, and the vortex rotation directions '
qualitatively matched the R2A2 results. An astonishing result was the time dinvarian'ce of
the vortex phenomenon. The streakli'nes ehowed the core location to be steady and
displayed little wavering in the helical pattern. This result explained the excellent
repeatability in the R2A2 ﬂow—ﬁeld meas_urements in the vicinity of the vortex core.

The water tunnel flow visualizatioh capability also provided the means to observe
the streamwise structure, unlike the R2A2 nozzle exit plane measurements. The reshlts
showed that at the nozzle inlet plane deﬁned by the upper and lower nozzle walls, the
vortices were well de\;eloped As expected the vort1ces attached to the st1111ng chamber
floor near the nozzle inlet plane-and- d1ffered from the vortlces expected to develop in the '
nozzle corner boundary layer.

The streakline traces in zones 2 and 4-9 appear in Fig. 53. The stratght streaklines |
revealed the uniform ﬂcw conditions that existed in those regions. |

The data presented in Figs. 52 and 53 verified that the water tunnel qualitati\;ely.
reproduced the R2A2 variable-area nozzle flow characteristics. Despite the mismatches .

in compressibility (Mach number), velocity, and Reynolds number, the water tunnel
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adequately simulated the phenomena leading to- the vortex formation. . The results yiel&ed
the cﬁtical conclusion that the water tunnel would provide a valid and valuable tool-forv
the subsequent investigations. This conc;lusion.substﬁntiated a decisiqn to ?ro‘ceed with
thé water tunnel test plans. | | |

Although not expectéd to factor into the vortex formation, nozzle exit bldckége
effects deserved a brief experiment. The exbcriment used the variable-area nozzle modél
in conjunction with the nozzle exit block. The blockage changed the path of the nozzle
exi.t streaklines. Thé paths followed l;yl the Ydrtices also changed. However, the .
experiﬁents verified that the blockage did not affect the formation of ti}e vortices.

Following the blockage tests; the experiments proceeded to the parametric studies
using the generic nozzles. The initial generic nozzle tests used the 2-D ASY. nozzle
confi émation (Fig. 24b). The asymmetric inlet simulated the c?ontfaction section of the .
vériable-area nozzle. To expedite the »tests, flow visualization generally concentrated on
zones 1-3. ’fhe remaining zones were sﬁeyed only to the extent necessary to verify
uniform conditions. Flow-field photogfaphic ;:-overage consisted of views looking
' upstreain into the nozzle exit.

Unsteady vortices appeared during tests of the 2-D A»SY nozzle. Figures 54a and
_ 54b include a photograph and a sketch of the observed voﬁices at PITCH = 3 0 de'g ’and ZI
=1.4in. A relatively small unsteady vortex formed near the lower nozzle wall. . Difficult
to photograph, the vortex appeared to drlﬁ back and fortﬁ between zones 1 and 2. "The
time-variance precluded stabilizing the dye on a helical streakline. However, the dye

traced the vortex long enough to obtain the photograph shown in Fig. 54a: The traces
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suggested the presence of a pair of small counter-rotating vortices. Streaklines along the .

lower nozzle in the regions adjacent to the vortices displayed sidewash angles on the
order of 10 deg.
The results obtained with the 2-D ASY nozzle set at PITCH = 30 deg and ZI = 3.1

appear in Fig. 54c. The observed streakline patterns qualitatively matched the ZI = 1.4

in. case. Unsteady vortices appeared to exit near the zone 1 and zone 2 border. Attempts -

" to stabilize the dye on the varying vortex remained unsuccessful. Sidewash anglés at
other positions along the lower nozzle-wall appeared to be less than at ZI=14in.
suggesting that the increase in ZI reduced the severity of the ﬂo‘wv anomalies.

Reductions in ZI, below 1.4 in., required removing part of the 2-D ASY noézle
sidewall contraction section. Figure 54d _shdws results obtained with the modified nozzle
set at PITCH = 30 deg and ZI = 0.6in. Vorticesl stronger than those observed at the high
ZI settings formed near zone 3. Careful adjustmént of the dye injection point allov'-ved

* brief observations of the time-variant helical streakline patterns produced by the vvorte‘x.

Streakline traces mapped using small perturbations in the dye injection point locatioﬁ

suggested that_ a pair of counterrotating vortices may have existed. Occasionally, thé dye

from the probe split to trace the pair of voﬁices.

The results with the nozzle exit cavity installed appear in Fig. 55. As expected,
the presence of the cavity did not affect the formation of fhe vortex. The vortex still
resided near the bottom wall of the nozzle. The lateral location of the vortex filament

may have altered slightly with a shift toward the nozzle vertical plane of symmetry.
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However, the small position shift may have been a manifestation of the experiment

repeatability.
- With the 2-D ASY nozzle 1nstalled at PITCH = 45 deg, the free-jet bulkhead
" restricted ZI to a minimum of 2in. The results, appeanng in Fig. 56, compared to the
PITCH=30degand ZI=1.4i 1n. case. An unsteady vortex, near the bottom of the
nozzle, favored the left s1de looking upstream |
The 2-D SYM nozzle comprised the second generic nozzle configuration. Figure
57 shows the nozzle flow characteristics observed at PITCH = 30 deg with ZI = 06 in.,
3.4 in. and 1;4 in. AtZI=0.61in., a vortex formed in zone 3 favoring lthe right side |
looking upstream (Flg 57a) Dye introduced into the flow readlly traced the hellcal
streaklines suggesting a relatlvely steady vortex pos1t10n relatlve to the 2-D ASY case.
Furthermore the vortex appeared to be larger than in the former case. The dye inj ectlon
point showed the vortex attachment pomt locatlon on the plenum ﬂoor approx1mately Ya
in. upstream of the lower nozzle wall leadlngledge Lateral‘traverses of the lower half
of the nozzle revealed the apparent _presence o‘f; secopdary yortlces. A smaller vortex
adj acent to the main vortex rotated in the opposite dir‘ection. The dye traces behaved,as if
a small unsteady vortex also exis‘ted in zone 3. However, attempts to phot_ograph the. ,
small tlme-vanant vortices remalned unsuccessﬁll | } |
Figure 57b prov1des results. obtalned with the 2-D SYM nozzle set at PITCH = 30
-deg and ZI =3.4 in. An unsteady vortex formed which appeared to be much less -
pronounced than in the ZI = 0.6 in. case. “The results approximated those obtamed with

the 2-D ASY nozzle in the corresponding position.

69




e

" The apparent size df the vortices appearing in the 2-D SYM nozzle at PITCH = 30 .
degand ZI=1.4 resided between t_ﬁose observed in tﬁe ZI=0.6 in. and ZI = 3.4 in. cases.
- Fuﬁhennore, tile vortex appeared to be larger than the vorte)‘c in the corresponding 2-D .

ASY.no'zzle experiments. Shown in Fig. 57c, the main vortex formed in the left side of
zone 1. Th;e relatively stable position permitted photographing the helical streaklines. - As
in the ZI = 0.6 in. case, observations included the vortex attachment pointllocated on the
pfenum floor and upstream of the lower nozzle wall leading edge. Ag in previous cases,
-perturbationg in the dye injection pdint location produced results suggesting the breéencé
of a second counter-rotating vortex. | |

The artificial floor afforded the means to extend the range of ZI. Furthermore,- it
provided the means to vary ZI without.ch'anging the nozzle position with respect to the
plenum centerline. The results obtaiﬂed with the 2-D nozzle set to ZI = (0.6 in. generally
agreed to those obtained with the nozzle positioned 0.6 in. above the actual plenum floor
(Fig. 58a). A very distinct voﬁex r(‘esi,dgckl‘near the 1t‘)‘ottc;m centgr of the nozzle.

Results obtained with the arti.ﬁci‘;ll,f‘loor repositiongd to ZI = .0'0 in. appear in Fig.
58b. Although the results showed the presence of a vortex, the vortex appeared to be
J -‘ smaller and weaker than in the previous cases.

The arti.ﬁcial bulkhead provided a variation in XI \yhile holding all other | ,
parameters constant. The experiménts u;ed the 2-D SYM nozzle model set ét 30 deg
pitch and ZI = 3.3 in. Fiéure 59 contains a sample result. Although a vortex was

observed, it was less pronounced than in the previous case with ZI = 0.9 in.
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Although lacking photographic coverage, the 2-D SYM nozzle flow field at
PITCH =45 dég and ZI = 2 in. displayed the presence of vorticés. At the npzzle e);it, the
vortex appeared to.be smaller tﬁan at the PITCH =30degand ZI=14 case.i
Observations incl;lded the vortex attachment point on the plenum floor. The results were
cbmparable to those obtained with the 2-D ASY nozzle at PITCH = 45 deg.

Following the 2-D SYM nozzle expe;iments,_thé parametric investigation
proceeded to the axisyrrﬁnetric nozzles. The a%isymmetric nozzle ';ests addressed the
possibility that the observed vortices:were manifestations of the nozzle corner vortices.
Figure 60 ililustrates the short AXI noizle flow-field characteristics at PITCH'= 30 de‘g.‘
Figures 605—0 include the results at ZI = 14 in. Relative large, unsteady vortices formed
ﬁear the bottom of the nozzle (Fig. 60a and 60b). Apparently, the nozzle flow field
contained at lease two countenotating vortices, drifting in position. Obsel;va;ions
included the main vortex attachment pbint located on the plenum floor upstream of the K
noézle inlet (Fig. 60c). The vortices appeared larger in size than tﬁose observed in éitﬁer
the 2-D ASY or the 2-D SYM nozzles 'at- thécorrésponding orientation and positioﬁ.
These ~1;esu1ts immediately distinguished tﬁe large nozzle vortices from vortices ;[ﬁat form
in the corner boundary layers of 2-D nozzles. -

Figures 60d and 60e present results obtained with the short AXI nozzle set at
PITCH = 30 deg and ZI = 0.5. Unsteady vortices a;;peared near the bottom center of the
nozzle as in the ZI = 1.4 in. case. The results did not reveal the effect of reducing ZI on

the vortex."
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Following the short AXI nozzle tests, the experiments proceeded to the long AXI '

nozzle configuration. The free-jet Bulkhe?.d limited the ZI positions available in the long
AXI nozile installation. As a result, the éxperiments used ZI = 0.85 in. for the PITCH =
30 deg case. The results, shown in Fig. 61—; included the unsteady vortices near the |
bottom of the nozzle. The vortex ﬁésitioﬁ drifted as in the short AXI nozzle. The clearly
yisible vortek attachment pbint on the ;étilling g}}gmbér floor remained approximately 1
in. upstream of the nozzle inlet. Thé results demonstrated thé insensitivity of the vortex
foﬁnation to nozzle inlet contraction ratio.
| The experiments yielded two additional importanf observations. First, almost any

disturbance artificially introduced in the plépmn chamber I:esulted in the formatioﬁ ér
amplification of the unsteady generic nbzzl’e vortices. Disturbances induced b:y gentiy

" stirring the plenum chamﬁer flow with a pencil resulted in largg vortices in the nozzle.
Second, dye .could be carefully infroducé%d into the corners of the 2-D nozzles to observe
the corner vortices described in the introduction. The corner vortices were smaller and

distinct from the larger unsteady vortices observed near zone 3.
4.2.2 Vortex Suppression investigation .

The vortex suppression concepts investigated under Phase I of the water tunnel
tests grouped into two overall approaches. The first approach considered methods of
reducing the flow anomalies produced by the vortical flows to acceptable levels. The

approach focused on techniques of straightening the flow to remove the swirl. The
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second approach considered methods of preventing the vortices from forming in the first .

“place. This approach investigated techniques of modifying the flow field in the vicinity
of they nozzle inlet to thwart the fnechanisrhs leading to vortéx formation. Theée
teéhniciues focused on tﬁe flow ﬁeld‘né:ar thé vorteﬁ( attach’menf point upstream of the
noizle inlet. They proceeded on the supposition that eliminating the vortex attachment
poiﬁt would elimin;ate the vortex due to the well-known pripciple that a vortex cannof
begin or end in spaée, but ﬁu;t extend to infinity or to ‘so‘me‘ attachment point on a
boﬁndary.

The'Aﬁr-st approach to addr_éssipg the vortex problem applied the various flow
straighténing devices to réducing the flow anomalies. The experiments used the variable-
a;eé nozzle, the npzz'le cbntaining the largest and most persistent vqrtices. The flow
’ straightg:ning devices included the sp'feens; \}ahes,' anid héneyéofnbs.: '

. Figure 62a shows tﬁe zone 3resu1ts obtaiﬁe;di\;/ifil ;ne' la‘ye;r' ';f ath"e"‘écreen installed
at the. nozzle inlet plane. Figure 52 _shqu'1-£1 Lb.e "cén'éu‘lt‘eél é.éva ‘tl)aéeiir;é for‘com'parison.
_The screen appeared to rgducg the size and 'i‘ntensity of the vortex as evidcrilc}’ed by‘é
reduction in the diameter of the helical streakline pattern and a reduction in the n‘umbér §f
tu;'ns per ﬁnit lengtﬁ in the helix. Th.el ihje&ted dye spread and~aséﬁmed a fan shape that
: .délineated the vortetx' as shown in the i)hotograph.
| The addition 6f the secoﬁd layer of screen yielded thé result shown in Figi 62b. |
"The photograph still shows the vortex with the helical pattern and the fanning of the dye.
T-hﬁs, neither of the scréen configurations appeared i_o hold promise for reduc¢ing the S\;\}irl

to acceptable levels.
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Following the screen tests, the experiments proceeded to the vertical turning vane
grid, installed ét the nozzle inlet. Results obtained with the vertical vane assembly
installed appear in Fig. 63.‘ The vanes appeared to reposition t_he vortex slightly closer to
the sidewall. The v_ortex‘ may also have been slightly smallef in diameter. ‘However; the
apparent reduction in size may have reﬂectéd the scatter in the water flow results.-

. Overall, thel vertical vane grid offered little evidence of flow quaiity improvement.

The honeycomb séction Iprovided another methodAof straightening the swirling
flow. Results obtained with the honeycomb mounted at the nozzle inlet appear in Flg 64.
Figure 64a shows results obtgined with the honeycoxhb set parallel to the nozzle inlet
plane. The honeycomb did little more than shift the vortex upward slightly. A
- subsequent experiment inclined the honeycomb section to align the ce;lls with the vortex
core. As shown in Fig. 64b, the realignment signiﬁcantly altered the result. The zone 3
vortex was substantially reduced in size and strength. The limited experiments did not
explore variations in honeycomb cell size, relative to the vortices, or the cell length to
height rétio. The reiative difnensions of the honeycomb and the vortices are known to
influence the honeycomb effectiveness in removing flow swirl. Overall, the results
suggested that the honeycomb offers some potential for reducing the secondary ﬂows.v
However, additional experiments would be require& to'enablé selection of the honeycomb _
design paraméters.

The grid or cascade of horizontal tﬁpﬁng‘ _vanc's provided a means of explqring the
pbssibility of improving the flow by pre-turning the approaching _stream.' The

experiments included two cascade positions, analogous to the honeycomb grid positions.
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Figure 65a presents the results obtain.e'd with the gri{d mounted parallel to the nozzle inlet |
plane. Although the size of the zone 3 vortex appeared to be slightly reduced, excessive
vorticity remained. Moving the grid to the inclined position produced the streaklines
shown in Fig. 65b, offering no improvement. | |

The water tunnel Phase I tests also employed the second approach to suppressing
the vortices. In particular, tﬁe experiments ’used a nozzle inlet ramp to modify the flow
field in the vicinity of the nozzle inlet and the vortéx attachrhent point. The idea of the
nozzle inlet ramp evolved during observation of the vortex attachment to the plenutﬁ
floor. Varying the dye injection point upstreafn of the noizle inlet clearly showed the
existence of a stagnatioh point, reverse flows, and éomplex interactions between fluid
dynamic int-eractions between the nozzle; contraction section and the plen@ floor. The -
ﬂoW experienced an ab;'upt direction change as it encountered the stagnation region.

. These observations prompted the idea of using a fairing or ramp to modify the ﬂovx; and
achieve two effects: (1) to gradually turn the flow into the ﬁozzle and avoid the
stagxlation'region entirely and (2) th .eli}r’;iﬁ?.te the vortex ajt‘tac:hment' point. Without an
attachment point, the vortex would Bplgxl‘able_ to n;aintain.i,ts egistenpg. cou |

The initial results of the ramp‘ exﬁel;iments appear in Fig. 66 f(_)_'r zone 3.
Originaﬂy, the test apparatus included only the ramp designated as ramp #1. Figure V66a
shows the results obtained with ramp #1 installed. The ramp virtually eliminated the

.large vortices from zones 1 and 3. The 'sﬁeaklines followed the nozzle wall contour with -
no evidence of seconciary flows. Thé only rem?inihg swirl consistéd of the very small

- vortices embedded in the viscous corner flows. As described previously, the small corner
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vortices existed in the four corner boundary layers and were not considered tobea
concern in the present work.

The spectacular flow improvement achieved using the ramp #1 configuration
prompted the ramp geometry parametric i‘nvesti gation using configurations #2 - #5.
liamp conﬁguration #2 intersected the lower wall closer to the leading edge and used a
contoured shape to match the nozzle wall slope at the 1intersection point. Flgure 66b’
illustrates the results obtained with ramp #2 1nstalled Although the ramp resulted ina
large reduction in the zone 3 vortlcity, it did not completely eliminate the vortex as in the
case of ramp #1. |

Ramp configuration 3 moxied -theenezvzle Wall intersectibn pomt dewnstream of the
ramp #1 pes1t10n The conﬁguratlon used eontounng to match the nozale v&iall slope at
the intersection point. The test results appear in Fig. 66c- As ni‘th’e case of ramp #1, the
rarnp completely eliminated the zone 1 and zone 3 vortices.

Ramp configuration 4 intersected the lower nozzle wall at the same station as -
ramp #l‘. However, unlike ramp 1, ramp 4 used a straight contour and accepted a s1§p§_ :
mismatch at the nozzle wall intersection point. ’The potential for a simple lo‘wfcost ramp.
design motivated the ramp 4 tests. Figure 66d illustrates the flow field produced with
ramp 4 installed. The ramp performed essentially the same as ramp 1in preventing
vortex formation. The result lead to the conclusion that, with respect to vortex
suppression, ramp effectiveness does not demand a tangency condition at the intersection
point. Therefore, a simple straight ramp design may be viable for the free-j et nezzle :

application. However, more detailed flow-field measurements would be required to -
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ascertain the effect of the slope mismatch on the flow quality that remains after removal

: of the vortex. f

Ramp configuration 5 provided the final Phase I perturhation in ramp geometry.
Ramp 5 intersected the lower noz;le wall at the ‘same stati-on‘as ramp 2. Hower/er, ramp
5 also used a straight contour and permltted a 'slope mismatch at the tangency point. The =
test results, shown in Fig. 66e, 'qualitatiyely agreed with those obtar'ned for the ramp 2
installation. Speciﬁcally, the ramp reduced but did not eliminate the vortex pair. This
result reinforced the conclusion that ramp performance, relative to vortex elimination‘,
~ depended more on the size of the ramp (extent of stagnationmzone and nozzle wall B
coverage)- than on the contour or tangency condition.

Subsequent to the variable-area nozzle‘ tests, the rarhp concept was applied: to the-
unsteady vortices observed in the generic nozzles. The initlal tests usedr the"2-]')‘ SYM-
nozzle l?Vith settings corresponding to PITCH = 30 deg and ZI= 0.5 in. The re-sults
demonstrated a flow ﬁeld devoid of vortices as shown in Fi 1g. 67 Figures 67a—c include
photographs of streakhnes through zones 1-3, respectlvely

The second set of tests apply1ng the ramp to genenc nozzles employed the short
AXI nozzle. Nozzle sett1ngs 1ncluded PITCH 30 deg and ZI = l 4 1n Results with
AXI ramp 1 mstalled appear in Fig. 68 The photographs 1nd1cated that the nozzle flow
remained mostly free of vortices. However dye trace behawor suggested that a small
unsteady vortex may have intermlttently formed near the bottom of the nozzle. In
‘ . addition, the exposed ramp ‘edges, upstream of the nozzle inlet, produced vortices that ‘

closely followed each side of the nozzle.
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Figure 69 provides results obtained with AXI ramp 2 installed on the short AXI
nozzle. The tests included five variations of the AXI ramp 2 installation. The first AXI
ramp 2 installation, designated configuration 1, included a seal between the ramp surface
and the nozzle wall. Photographs of several streaklines appear in Fig. 69a. The test
results were comparable to the AXI ramp 1 results. Figure 69b illustrates several
streaklines observed with the second AXI ramp 2 installation, designated as configuration
2. The resuits also approximated the AXI ramp 1 findings.

The third AXI ramp 2 installation, designated as configuration 3, involved a shift
in ramp position to produce a gap between the ramp trailing edge and the nozzle wall.
The large gap permitted small unsteady vortices to form in the nozzle as shown in Fig.
69c. The vortices occupied the same region near the bottom of the nozzle as in the tests
with the ramp absent.

Raising the ramp trailing edge developed configuration 4 of the. AXI ramp 2
installation. As evident in Fig. 69d, the configuration failed to improve the performance
‘and the vortices persisted.

Setting configuration 5 of the AXI ramp 2 installation entailed reducing the axial
gap and raising the ramp trailing edge to thg high position. As shown in Figs. 69e,
reducing the gap reduced the vortices to the levels experienced with AXI ramps 1 and 2
in configurations 1-3.

The vortex suppression experiments concluded with tests of the 2-D high alpha
nozzle. The experiments started with the nozzle set at PITCH = 30 deg and ZI = 0.6 in.

Strong reverse flow underneath the nozzle lower wall characterized the flow on the
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bottom of the nozzle. As the flow rounded the leading edge to enter the nozzle,~ unsteady~

conditions developed in the conditions along the lower nozzle wall. The a‘ddition ofa

© 1/16 in.‘ radius lip to the lower wall 'irnproved t_heﬂow. Photographs of the streaklines
.appear in Figs. 7.0a'-c for zones 1-3, respectively; The streaklines d'iSplayerl'no e{'irlence
of vortiees, although some unstearliness remained. The addition of th'e lower wall :

- extension, at the nozzle inlet, produced an even more favorable ‘resu,lt'.' Figures 7I()d;f

illustrates the flow characteristics in zones 1-3 with the extension attached. The ﬂou/

remained steady with evidence of some sidewash along the lower nozale wall. However,

the flow visualization failed to d1sclose the presence of vort1ces

-
¢
L0

F1gure 71 shows results obta1ned w1th the 2-D h1gh alpha nozzle set to PITCH = j N
45 deg and ZI = 0 6 in. Parts a-c furnish photographs of the streakhnes through zones 1-
3, respectively. Although the tests d1rect1y d1sclosed no vort1ces dye behavior dunng
lateral traverses along the lower wall suggested that a srn_all vortex may have formed

interrnittently in zone 3.
. 423 Water Tunnel Phase I Summary:

Phase I of the water tunnel investigation was completed in May 1984. The |
following points summarize the results:

1. Water flow simulations provided a valid characterization of the free-jet nozzle

" vortices.
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The generic nozzle flows contained vortices that were less steady and more

centrally located than those in the variable-area nozzle vortices.

. Nozzle inlet vortices formed in nozzles with square and circular cross.

_sections.

The short axisymmetric x;ozzle contained vorfi;:es that were 1arg§£‘ than,eithef
of the 2-D nozzles. |

The Z-b SYM nozzle contained larger vortices thaﬁ the 2-D ASY nozzle ﬁty Z1
=0.61in. and 1.4 in. | R |

The vortices generally 1ncreased1nstrength as ‘ZI/H br ZI/D 'dé‘é‘féased;

However, the short AXI nozzle did ﬁbvt"'displlay this trénd for ZI=0.6 and 1.4

" in.

10.

I1.

The effect of nozzie pitch angie on vortex .in‘tensity d'ec~reased betWe;e;n ‘PITCH E
=30 deg and 45 deg. |

Nozzle contraction ratio-exerted little influence on the formétion of vorficés' in
the axisymmetric nozzles. |

With the exception of the nozzle comer vorFices, éach 'vortex a.ttached to the

plenum floor in the complex flow field immediately uﬁstreéfn -of the nozzle.

" inlet.

Properly oriented flow straightening devices, such as honeycombs, reduced
the vorticity.

Nozzle inlet screens failed to remove the vortices.
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12. Nozzle inlet ramps modiﬁedvthe complex nozzle inlet flow field ;ntd
prevented vortex formationj ‘ |
- 13. Streight and contodted ramps effectively prevented vorte_t{ formation.
h 14. Ramp effectivenéss decayed:as the planform size decreased. -
15. Vortex elimination did not re-c‘luir.e ramp ttailing edge tangehcy with the .‘

nozzle wall.

16. Ramp effectiveness did not require a seal between the ramp trailing edge and

the nozzle wall. Moderate;gaps, on the order of 5 percent nozzle diameter, »
allowed acceptable ramp performahce.
17. At high pitch angles, rmodiﬁed' free-jet noézle wall contours ilhproved flow

quality. | |
The results suggested that a properiy designed honeycomb would remove the nozzle
vortices. vHo.v‘vever solid strltctures in the flow create nozzle blockage and present the
possibility of mechanical failure and a FOD hazard for the test artlcle As a result Phase
I of the water tunnel experiments culmmated in the selectlon of the ramp as the most
attractwe flow quality 1mprovement techmdue of those tested The ramp approach was

selected for verification in the R2A2 Phase II tests.
4.3 R2A2 PHASE 11

Although the water tunnel had demonstrated a faithful simulation of the airflow

- findings, the investment risks involved in adopting the ramp for the ASTF nozzle




prompted a sub-scale t'alictation of the concept. Phase I of the R2A2 expeﬁrhents '
focused on verifying the water tunnel findings in tests using airflow as the medtﬁm._ The
eﬁ{periments encompassed four ramp conﬁgurations ‘deri\‘red during the water tuhnel
Phase 1 er{peﬁments. ‘As described ir1 Secti‘on' 2.2.‘1.'1, the ramps were designated as 30-
| deg straight, 30-deg contoured, 50-deg straight, ahd 50-deé contoured.

| The presentation of the ramp performance verification results hses the same
format as”the presentation of the R2A2 PhaseI results. Thus, comparisons with results
presented in Section 4.1 may be used to exarhine the net effects of the ramps.

f;‘ igure 72 shows the Mach humber distributions measured at MACH =0.6 for.
each of the ramp configurations. In the bottom half of the nozzle, the Mach number
dlstnbutlons measured by the probe 2-4 traverses displayed little difference between the
straight and contoured ramp configurations. However, the probe 1 and 5 traverses, with
. the straight ramp configurations, revealed regions o_f low Mach number flow not
observed in the contoured ramp tests. Both \the PITCH = 30 deg and the PITCH = 50 deg
results displayed this characteristic. However, ‘the Mach number yariation remained -

within the +/-0.05 target.‘ In the upper half of the nozzle, measurements showeti regions
of low Mach number near the upper wall, presumably the result of nearby upper wall |
separations. At PITCH =30 deg, the lowaaeh number regions appeared only in the
upper corners (probes 1 and 5). At PITCH = 50 deg, the probe 2 measurements also
detected low Mach number flow. In each case, the 50-deg pitch y1e1ded the largest
deviation in Mach» number. Furthermore, at PITCH = 50 deg, the Mach number drop

slightly exceeded the target in the probe 1 and probe 5 positions. Although the survey
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resolution precluded detailing the extent of Lihe lov;/. Mach number region, the results
suggest that the ﬁozzle test rhorhbus, the reéioe delivering the flow quality targets, may
be smaller than the deei gn region deﬁned by Fhe nozzle cress section dimensions with
boundary layer offsete. |

Figure 73 presents the measur:ed ﬂew angle distributions for each of the ramp
configurations. Results obtained at PITCH = 30 deg and MACH = 0.6 with the
contoured ramp installed appear in Fig. 73a. The plot shows that the presence of the
ramp corﬁpletely eliminated the large vortices deseribed in Section 4.1. In fact, the
results displayed a more generalized secondafy flow pattern, in the lower half of the
nozzle, with rotatien in the opposite direction of tﬁe original vortices. The secon.daryk
flow iﬁcluded downwash at the sidewalls that turned inward near the lower wall and then
washed'ﬁpward in the center. The flow patterns measured along the 'p.robe 2 and 4
traverses suggested that a sidewash in the adjoining quadrant supplied the sidewali
downwash. Although the flow angles associ‘ated with the seconeary flow patterns were
much smaller than those associated with the origiﬁal vortices, they exceeded the +/- 30-
deg limit at four points (Fig. 73a). |

Flow angle measurements acquired at PiTCH =30deg and-MACﬂ = (.9 with the .
- 30-deg contoured rarhp iﬁstalled appear in Fig.’73b.‘ At this higher Mach number |
condition, the basic features measured at MACH = 0.6 persisted. Hewever, the higher
Mlachd ﬁumber case displayed a small ;'eduction in the flow angle magnitudes. Tﬁe survey’

did not include flow -arigle measurements at the RAKE = -5 in. position.
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Frgure 74 prov1des the flow angle measurements obtained at PITCH = 30 deg and
| MACH = 0.6 with the 30- -deg straight ramp 1nstalled As in the previous cases, the flow-
.ﬁeld surveys showed the absence of the large vortex pair measured during the R2A2
Phase I tests. Howet'er; the condition did not preserve the flow symmetry previously
| observed between the lower left and Llo‘wer right quadrants. ‘Large flow angles measured
at two positions in the lower left quadrant were not complemented by large angles in the
lower right qnadrant. ’i’he flow angle pattern suggested that a vortex of unknown origin
. nmay have res1ded along the left sidewall. A defect in the ramp. mstallatlon may have
been respons1ble for the flow anomaly The right quadrant measurements might lead to
the conclusion that the straight ramp would prove 1ncapable of preventing formatlon of
the»main vortex pair. |
The measured flow angle distribution at PITCH = 50 deg with the 50-deg |
contoured ramp installed appears in Fig. 75. F igure 75a shows the results acquired at
MACH = 0\.6.' The main flow pattern observed at PITCH = 30 deg with the 30-deg -
* contoured ramp installed also appeared at PITCH = 50 deg. All measured flow angles
remained within the allowable variation of +/~ 5 deé. Increasing the Mach number to 0.9
y1e1ded only a shght reduction in the magnitudes of the flow angles (Fig. 75b). The
secondary flow pattem remalned unchanged.
- Flow angle measurements obtained at PITCH = 50 deg and MACH = 0.6 with the

stralght ramp 1nsta11ed appear in Fi 1g 76 As in the PITCH = 30 deg case, substitution of

" the stralght ramp for the contoured ramp somewhat degraded the flow quality. However,
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the PITCH = 50 deg case preserved the symmetry between the two lower nozzle
quadrants. |
Phase II of the R2A2 flow quality investigati.on was completed in October 1984.
The results may be summarized in the following observations:
1. Nozzle inlet ramps effectively eliminated the large pair of vortices
characteristic of the variable-area nozzle flow field.
2. The contoured ramps furnished flow quality superior to the straight ramps.
3. Secondary ﬂov;l with rotation in the opposite direction of the original vortices
remained after the ramps removed the primary vortex pair. However, the
remaining flow angles were much smaller than those that accompanied the
original vortices, and generally within the target limits.
The results measured duringthe; R2A2 Pha;se IT tests verified the chosén vortex
suppression technique identiﬁed duﬁng the water tunnel Phase I investigation and

provided the impetus to proceed to the water tunnel Phase II tests.
4.4 WATER TUNNEL PHASE Il
4.4.1 General
Phase II of the water tunnel investigation evolved during the development of the

ASTF free-jet nozzle concept. The experiments were arranged to supply results to the

development effort and to culminate in a test of the selected ASTF nozzle configuration.
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Thus, the early portion of the test phase used the variable-area nozzle installation to
accomplish vtwo tasks: (1) to explore additional vortex prevention techniques, i.€.
blowing and boundary layer suc;tion and (2) to refine the nozzle ramp design criteria. The
first task explored a number of potential techniques that deserved consideration before a
fmai decisioﬁ to proceed with the ramp concept. The second task provided infoﬁnation
to aid in adapting the ramp concept to the ASTF nozzle concept. The latter portion of
this test phase then proceeded to the ASTF nozzle configuration to provide a qualitative

checkout prior to investing in the air-flow tests.
4.4.2 Experiments with Blowing

The blowing experiments focused on the piccolo tube concept. The initial piccolo
tube installation used a height deﬁned by ZT = 0.75 in. and a width setting of 2.375 in.
The selected width positioned the piccolo tﬁbe vortices, induced by the jets, at the nozzle
sidewalls. Prior to activating the tube, the nozzle vortices were photographed to record
any installation effects. As shown in Fig. 77a, the presence of the tube did not effect the
formation of the vortices. Figure 77b provides a sample of the nozzle flow with the
blowing activated. The experiment ﬁsed a flow rate of 1.5 gph, approximately 4 percent
of the nozzle flow at the nominal 4.4 in./sec exit velocity: The most notable effect of the
blowing was an increase in nozzle flow turbulence. Although the vorticfty seemed to be
reduced and repositioned, fluctuating streaklines with const‘antly changing patterns

replaced the steady helical streaklines. A series of photographs helped record the time
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variation in streakline pattern. The photograph appeai'ing in Fig. 770 typifies the vortex

streakline pattern:

A second piccolo tube test used a wldth .setting corresponding to WT =0.9in. to
move the piccolo tube’ vortices laterall‘y‘toward the center of the nozzle. Activated with a
blowing rate of 1 gph, 2.5 percent of the noézle flow rate, the tube slightly reduced but
failed to eliminate the nozzle vortices (F1g 78). Again, the slight ‘ﬂow quality
improvement came at the cost of signiﬁcuntly increased ﬂow turbulence. Figure 78b

includes two photographs of the contraetion section taken through the stilling chamber

access hatch. ‘The photographs Yclearly show the left-hand vortex induced by the jets.

The direction of rotation, opposing the nozzle vortex rotation, can be deduced from the

photographs. The results indicated that the p1ccolo tube vortex was 1mproperly

' 'pos1t10ned to cancel the formmg nozzle vortex.

Figures 79a and 79b prov1de piccolo tube results obtamed at ZT =0. 75 in. with

WT = 1 .75 in. and 1. 875 In., respectively. Although the configuration positioned the

' plccolo tube vortices closer to the sidewalls, the nozzle vortices pers1sted. As in the

previous cases, the blowing produced unsteady flow characteristics. At ZT = 0.75 in., the
unsteady streakline patterns masked the effect of WT variation.

~ A number of tests also explored the effect of ZT on piccolo tube effectiveness. -

“These included ZT settings of 1.1875, 1.75, and 2.375 in. Figures 80a and 80b show the

resulting nozzle flow characteristics for WT = 1.75 and 1.875 in., respectively. Ata

) hlowing rate of 1.5 gph, the flow appeared to be steadier than in the case of the previous

ZT setting of 0.75 in. However, the picoolo tube failed to eliminate the vortex. Increases
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in blowing only elevated the level of turbulence as evidenced by fluctuations in the
streakline patterns.

The piccolo tube experiments clearly showed the effectiveness of the piccolo tube
to be very sensitifle to the ;elative locations of vortex induced by the blowing and the
free-jet nozzle vortex to.be cancelled. Eurthermore; the introdqctidn of flow turbulence
presented an objectionable effect that contributed to the elimination of the piccolo tube

from further consideration.
4.4.3 Experiments with Boundary Layer Suction

’The suction expeﬁments entailed activating the various suction regions or
combinations of suction regipns to inVesti'gate the effect of strategicallSz applied Boundary
layer control on vortex fo“ll'ina,t.i“c’;n." -*Ph;)t'ééraphiélrecording of the nozzle flow
characteristics with b6uncf;1f§'léyef suction héct)‘r‘léentrated on zone 1 corresponding to the
side of the nozzle contairiing the b"ouhdéry layer control.

Results ac'quired with s‘u_ction e;ppliéd only> to region 1 appear in Figs. 81a and 81b
for suction rates of 20 gph (5.1 percéflt of nozzle flow) and 33 gph (8.4 percent of nozzle
flow), respectively. The latter represented the maximum suction rate available in region
1. Although shifted laterally in position, the free-jet nozzle vortex persisted. The shift in
position likely represented simpiy:the sidewash induced by effectively adding a sink at

the nozzle sidewall.
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Unlike reglon 1, suction in region 2 profoundly. affected the formation of the
nozzle vortex. Observation of those effects-rlnot'ivated detailed tests of region 2 suction
w1th the suction rate varied ﬁ'orn"6 gphto 18 gphin increments of 2 gph. Figure 82
presents selected results obtained over the suction Tate range. At suction rates of 6 to 8
gph (1.5 to 2 percent of nozzle ﬂow rate), the vortex migrated closer to the sidewall and
reduced in size. The result at 8 gph appears in Figs. 82a and 82b. Figure 82a includes a

photograph with dye injected in the position that traced the nozzle vortex with suction

off. Increasing the suction to 8 gph caused the vortex to completely disappear from view.

Figure 82b includes a photograph taken with the dye injection point shifted laterally =
toward the s1dewall The photograph shows that a vortex smaller than the original,
rema.lned at.a position roughly half way between the original vortex and the nozzle
A s1dewall.. |
Figures 82c and 82d, analogous to Figs. 82a and 82b, provide results with the
suction rate increased to 12 gph (3 percent of nozzle flow rate). ‘The results presented in
' F1g 82c displayed no sign of a vortex in the or1g1nal location. F1gure 82d 1llustrates the
presence of a vortex at the s1dewall With respect to the vortex observed at the 8 gph
condltlon the vortex was smaller and closer to the sidewall.
Results obtained at a suct1on' rate of ld gph (4 1 percent of the nozzle flow rate)
appear in Figs. 82e and 82f for the onglnal and perturbed dye 1nJectlon po1nts
- respectively. Neither view revealed any sign of the vortex.
| The dramatic effect ot' the region 2 suction on the vortex fonnation naturally

motivated some quantification of the suction flow ratés_needed‘to provide adequate flow
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quality. The minimum required suction rate proved difficult to establish due to the corner
vortex. Relatively low suction rates, approximately 1.5 percent of the nozzle flow rate,
dramatically improved the core flow despite leaving a remnant of the original vortex near
the sidewall. At 10-12 gph (2.5 percent - 3 percent of nozzle flow rate), a small vortex
still presented itself very close to the sidewall. However, the adjacent core flow became
completely devoid of vortices. Further increases in suction rate simply continued to
attenuate the sidewall vortex until reaching 4 percent of nozzle flow rate. At that. point,
the vortex became indistinguishable from the corner boundary layer vortex. The corner
boundary layer vortices have been deemed acceptable on the basis that they are outside
the defined nozzle test rhombus (that excludes the wall and corner boundary layers as
well as the free shear layers downstream of the nozzle exit) and would bypass the test
article by design. At flow rates below 4 percent of nozzle flow, some degree of sidewall
vorticity would need to be accepted on the same basis. However, one must remember
that although the experiments verified the water tunnel simulations in a qualitative sense,
they did not address validation of quantitative results. Thus, a detailed quantification of
the required suction rates would demand airflow experiments.

The results obtained with suction applied at region 3 appear in Fig. 83. The
system permitted region 3 suction rates ranging up to 30 gph or 10 percent of the nozzle
flow rate.  Suction rates between 6 gph (1.5 percent of nozzle flow rate) and 16 gph (4.1
percent of nozzle ﬂdw rate) p;oduceci only a minimal reduction in vorticity. Figure 83a

provides representative results at a suction rate of 14 gph. As the suction rate increased
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from 16 gph to 39 ‘gph-, additionalnreductions in vortex size occurred.’ Howe\;er, the
vortex persisted even at the 'maximum suction rate of 39‘ gph (Fig. 83b). |

Suctlon applied at region 4 removed some of the vortex ﬂow 1eav1ng a smaller ‘
vortex in the nozzle flow field. Figures 84a and 84b shows results for suction rates of 20
gph (5.1 percent of nozzle ﬂow) and 35 gph (8.9 percent of nozzle flow), respectively.
At 35 gph, the njaximhm available flow rate, the vortex perststed a1thot1gh reduced in
size. The helpful lateral displacetnent of the vortex location induced in the previous
experiments did not occur.‘ |

The suction results, in particular the region 2‘ suction results, demonstrated that
strategically applied boundary layer control offered a feasihle vortex elimination method.

The region 2 experiments were d;amatized by the ability to stop or restart the vortices, at.

will, simply by cracking a valve to activate the suction. However, consideration of the

technique for the ASTF free-jet nozzle introduced the prospects of a complex full-scale
boundary layer suction system, substantial operational costs for pumping the mass flow
required, and significant maintenance costs associated with porous walls. To avoid these

issues, the development proceeded with the ramp concept selection. -
4.4.4 Experiments with Baffles
The success of the ramp approach to eliminatihg nozzle vortex formation, as

demonstrated in the water tunnel phase I tests and the R2A2 phase II tests, had clearly

shown the effectlveness of modlfymg the ﬂow in the vicinity of the nozzle inlet plane In
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particular, the flow in the region near the bottom nozzle wall and the vortex attachment

point on the plenum floor dominated the vortex formation and sustenance. The baffle
experiments explored alternative means to influence the flow in that critical region. The
tests included both the horizontal and vertical baffle configurations.
The experiments used the vertical baffles in an attempt to prevent flow from |
migrating down the side of the plenum and entering the stagnatioﬂ region beneath the
nozzle. The results, shown in Fig. 85a, revealed the presence of intermittent vortices.
The vortices clearly attached well upstream of the nozzle inlet plane. Furthermore, they
were unsteady suggesting that turbulence or perhaps the cavity beneath the nozzle was a
factor. However, the baffle did appear to reduce the size of the vortices. Removal of the
baffle verified this fact by yielding larger steady vortices.
The horizontal baffles offered another apprcl)ach to modifying the flow entering
the stagnation region near the nozzle inlet. The result, shown in Fig. 85b, indicated that a
vortex persisted near the bottom center of the nozzle.
The baffle experiments led to the conclusion that the devices did not offer a viable

means of eliminating the nozzle vortices.
4.4.5 Ramp Criteria Refinement

The experiments included tests of additional ramp configurations to aid in
developing a ramp configuration for the ASTF free-jet nozzle. The experiments used

ramp configurations 21 and 22.
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Figure 86 illustrates the zone 3 flow characteristics with ranip 21 installed. In
position 1, shown in Flg 86a, the ramp eliminated the large nozzle vortex. However,

éhiﬁin‘g the dye inj ection point laterally revealed evidence of a small vortex very close to

-the side wall (Fig. 86b). Ramp configuration 21 installed in position 2 completely

eliminated the vortex as shown in Fig. 86c.

- Figure 87 provides the re;plts obtained with ramp configuration 22 installed.
Although the ramp appeared to eliminate the nozzle vortex, the configuration induced
turbulence in zone 3. The‘ turbulence manifested itsélf in large ﬂuctuation§ in the péth
followed by thé dye. Figure 87 contains two photographé illustrating the turbulent nature
of the flow. Tﬁe turbulence was presumed to be a result of separation on the sharp ramp
leading edge located in the complex flow field inside the nozzle contraction section. -

The ramp refinement experiments provided qualitative information and insightsi
that would be subsequently uéed to apply the ramp method to an ASTF ﬁ'ee;j et no_zéle

cbncept.
4.4.6 ASTF Nozzle Concept Evaluation

The development of a free-j et nozzle configuration to recommend for application

- in ASTF C-2 integrated results of the nozzle ramp experiments with the specified ASTF

free-jet nozzle requirements. The free-jet nozzle requirements with respect to the

P §

LSRN
‘

orientation angle eh);elép;e and the nozzle exit cross section had profound effects on the

nozzle"dési‘gn’.' Satisfaction of these réﬁuiréirients with a nozzle that would function under

.2
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the ASTF plenum size constraints demanded a number of design tradeofifs l)etween
features conducive to high ﬂow.lduality“'andifeatlires needed to accommodate fighter-size
inlet systems and ﬂight’_envelopes. The forrner dro’ve parameters such as nozzle length-
: to-height ratio 'and contraction ratio ii'p'w;ird The latter drove the same nararneters
downward Append1x D descnbesthe evolution of the nozzle de51gn and 1llustrates the
tradeoffs needed to sat1sfy the various constraints. The results of the tradeoffs yielded a |
.~ minimum length nozzle conﬁguration wlth a rectangular exit cross sect1,on using
dirnensions tailored according to typical ﬁghter'aircraﬁ conﬁgurations. The nozzle
configuration shown m the appendix hecarnethe subj ect of the water tunnel ASTF nozzle
| concept evaluation under Phase II. o
The initial ASTF nozzle model ei{periment investi'gated-the flow characteristics.
furnished without a ramp. 'The_experiment served as a baseline for the ramp performance' :
evaluation since the nozzle geonletry deviated from the.previouslyv tested generic nozzles.
To facilitate ‘the‘ experiment, the nozzle was mounted inverted with ZI = 1.6 in., to
pos1t1on the smooth upper wall contraction section at the plenum chamber floor. This
mount1ng allowed an honest assessment of the performance that could be expected with a
’ simple ﬁxed-geometry nozzle. The installation located the flat nozzle wall and ramp
hinge at the top away ﬁ'orn the region of interest. The results presented in Fig. 88
show that a very large nozzle vortex formed in'zone 2.
The nozzle was insta_lled in the upright desi gn position for experirnents involving

the ramp. Nozzle yaw angle, YAW, remained at O' Vdeg throughout the experixnents. | ‘

Figure 89 shows results obtained at PITCH = 45 deg and RMP = 20 deg. Figures 89a-c

94




illustrate the streakline traces through zones 1-3, respectively. Ail three zones appeared
to be devoid of vortices. However, during lateral traQerses of the dye injection point
across zones 1 — 3, the dye occasionally traced streaklines slightly inclined v;'ith respect
to the lower nozzle wall. The deflection occurred near zone 2. The slightly anomalous
flow may have been caused by small fluctuating vortices that eluded direct observation.
Figure 89d Iprovides a photograph, in top view, of the flow approaching the ramp. The
photograph shov.vs the streaklines to be nearly perpendicular to the ramp leading edge at
the intersection points. The perpendicularity likely helped avoid the formation of ramp
leading edge vortices.

The next set of experiments consisted of a repeat test with the ramp extension
installed. The flow fields observed in zones 1-3 appear in Figs. 90a-c, respectively. The
photographs showed the results to be essentially equivalent to the basic ramp results.
This equivalence in the qualitative results suggested that the basic ramp provided a
sufficient length.

Figure 91 provides results obtained at PITCH = 30 deg and ZI = 2.25 in. for two
ramp inclination angles. Views of zones 1-3, with the ramp set to RMP =—10 deg,
appear in Figs. 91a-c, respectively. The results showed the absence of vortices in zones 1
and 3. However, as in the PITCH =45 deg case, the straight streaklines displayed some
angularity near zone 2 attributed to the possible existence of small vortices. As before,
the presence of such vortices was not directly observed. Changing the ramp angle to +20
deé yielded the same qualitative results as shown in Figs. 91d and 91e for zones 1 and 3,

respectively.
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The Phase II ASTF nozzle model expenments concluded with a-test of the PITCH
"='—10 deg condition. Since the water- tunnel plenum dev1ated sllghtly from the ASTF C- |
2 conﬁguratlon pnmanly at the top, the tests used the nozzle mounted in the 1nverted
pos1t10n Pitched downward 10 deg, the nozzle cléared the plenum floor w1th Z1=1.05

in. Flgure 92 presents the results. Small,‘unsteady Ivoxtices appeared near the 'upperj

‘ nolzzle wall (now located at the bottorn of the ‘nle_nurrvl‘). Although'smaller than the o
voxtices previeusly encountered with the nozzle inverted, the vortices were large enou'éh

_to observe directly.
" 4.4.7 Summary and Conclusion

Phase I of the water tunnel 1nvest1gatlon concluded in February 1985 The
following list summarizes the results

1. The piccolo tube reduced but failed to eliminate the',i'ariable;area.free-j et
nozzle vortices. -Piccolo tuhe control and nozzle flow turbulence levels
‘pres'entedsevere problems..

2. Boundary layer suction in'region 2 effeetiuely prevented fennation of vortices -
in the variable-area nozzle. - |

3. l?ounda'ry -.layer’ suction in regions l, 3, and 4 remained »ineffeeti\'/e in

preventing vortices from forming in the variable-area nozzle.
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4. A nozzle inlet ramp with the leading edge positioned above the stilling
chamber floor effectively prevented vortex formation in the variable-area
nozzle. |

5. V'I;he ASTF nozzle copcepf provided adequate flow quality, with respect to
voffical ﬂoWs, 'ét h:igh pitgh angles é;nd zero yaw. The ASTF nozzle ramp
cdr;cept provided anleffe;ctive. 'means of vortex suppression.

6. The ASTF nozzle concept yielded small vortices in the top region at PITCH =
—10 deg.

The results summarized in item 4 substantiated the leading e@ge ramp concept that
evolved during the experiments.

Test Phase II concluded with a decision to proceed with the ASTF nozzle concept

in the R2A2 experiments. Flow-field measurements would be required to quantify nozzle
performance with respect to flow quality and ensure achievement of the specified

requirements.
4.5 R2A2 PHASE III

The R2A2 Phase III experiments provided quantiﬁcé.tion to the ASTF nozzle
model flow characteristics qualitatively observed in the water tunnel. With respect to
ASTF, the R2A2 experiments replicated the geometry and Mach number. Although the
measurements included the compressibility effects neglected in the water tunnel, they

were subject to mismatches between Reynolds number between R2A2 and ASTF. The
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prespntafion of thch aivr ﬂpw-resplts appearing in this section adopts the format used in the
R2A2 Phase I and Phase II presentatioﬁs (Séc-tions 4.1 and 4.3, respectively).
Flow-field mea@rements obtained with the R2A2 stilling chamber in the
unmodified configuration, without exteﬁsion, appear in Figs. 93-96. Each test used the.
Ramp A1l configuration. Figure 93 provides the Maqh number distributions- ‘ |
corr_esponding to the following three cases: (1) PITCH = 0 deg with RMP = —-10 deg, (2)
PITCH = 30 deg with RMP =-10 Vdeg, and-(3) PITCH = 45 deg with RMP = 20 deg.
Figure 93a providés the absolute Mach number measurements. Figure 93b presents'plots
of local Macil number deviation from nozzle exit average. The plots include tabulationg
of average Méch number, maximum deiliation, and estimated standard deviation. With
the biases remolved,- the plc-)ts display the spaiial Variations in Mach number. The plots
show the Mach number to be uniform with the only nofable deviationsvoccurring‘ near fhe
sidewall at PITCH - 45 deg. The measurements exceeded the allowable Mach number
A devialltion at 6ne point; the point occupied by probe 5 with the rake in the -2 in. pos;tion.
However, one must note that two points, those occupied by probe 5 in the —4.0- anci -5.5-
ih: po§itioﬁs encountered flow angles outside the probe calibratidn range. As aresult, the
" mean and deviation calculations excluded those poinfs and that region Aof the flow, even
fhough the Mach numbe; measurements met tfle flow quality criteria. - ‘ |
Measured flow angles at P"ITCH = (0 deg and ramp Al inclined at -10 dég appear-
. in Fig. 9;1. The‘;absolute measurements, shown in f‘ig, §4a, displayed a dowﬁward bias of )
1.04 d'ég. This b1as did not represent an ALPL vairié.tio_n and could easily .be removed by‘

adjusting-nozzle pitch angle. Likewise, any yaw bias could be removed through suitable
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adjustments in nozzle yaw anglei‘ F iggre 94b shows a plot of flow angle deviations from
the mean. Plotting the deviations effectively removed the pitch angle and yaw angle
biases. The figure includes the estimated standard and maximum deviations from the
mean flow angle. The resulting deviations exceeded target limits in flow aﬁgle at five
points in ALPL and three points in BETL. The points that violated the limits generally
resided across the bottom of the nozzle or along the sidewall.

Figure 95 presents the measured flow angle distribution at PITCH = 30 deg with
ramp Al inclined at —10 deg. The figure provides plots of the measured flow angles (Fig.
95a), a plot of the flow angle deviations (Fig. 95b) as well as tabulations of the maximum
measured deviations and the estimated standard deviation. One point near the bottom left
cornér of the nozzle exceeded the target ALPL deviation limit of +/— 3 deg or 10 percent
of the nozzle pitch angle. One point in the lower right quadrant of the nozzle exceeded
the BETL deviation limit. The point resided in a region displaying a curious sidewash
angle.

Flow angle measurements acquired at PITCH = 45 deg with ramp Al set at RMP

-=+20 deg appear in Fig. 96. The lower right nozzle quadrant contained a region
displaying very large flow angles suggesting the presence of a strong counterclockwise
vortex. Two points along the sidewalls experienced flow angles that exceeded the probe
calibration range. As a result of the uncertainty introduced with the over-range
measurements, the mean and deviation calculations excluded the two points. With the

" exception of three points in or adjacent to the lower right quadrant, the flow field

achieved the target flow quality.
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 The flow anomalies measured at PITCH = 45. deg indicated that the nozzle flow

quality would fall short of the goals over a substantial portion of the nozzle area. This -

observation prompted a review of the test installation in search of features that might

contribute to the anomalies. The review.identified the following three possibilities: (1)

 inadequate nozzle design, (2) inadequate ramp design, and (3) upstream disturbances in

the plenum chamber flow. A thorough reexamination of each preceded any ﬁlﬁher
tésﬁng. ‘

As described in Appendix D, the requirement t(-) provide a free-jet test rhoml;us of
sufficient size to enclose the inlet of a typical mixed-compression fighter aircraft while

coifering a large PITCH/YAW envelope dominated the nozzle design. The size and

_orientation envelope requirements, urging the design toward larger nozzles, was opposed

by the confinement of the C-2 plenum, urging the design toward smaller nozzles. The
opposing constraints imposed severe restrictions on nozzle length (and therefore length-
to-height ratio) and contraction ratio. The nozzle design reevaluation revealed little
op'portunit'y to relax the design for flow quality improvement.

The investigation ~reexamined the ramp with the same scrutiny applied to fﬁe

nozzle design. Unlike the nozzle body, the ramp planform offered the opportunity for

- enlargement. Furthermore, the ramp mechanical design, for the R2A2 experiments, used

fabrication methods that could be readily implemented in the field. As a result, ramp
conﬁguratioﬂ A2, with an enlarged planform, was fabricated to explore the possibility of

ramp design inadequacies.
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- The reexamrnation then focused on the R2A2 stilhng chamber conﬁguratlon and
the poss1b111ty that upstream d1sturbances may have 1nduced the flow anomahes As
descnbed in Sectlon 1 2 the 1nten51ﬁcatlon of upstream amblent vorticity represents a

known cause of vortices observed in inlets operating in the vicinity of a solid surface.

| Such amb1ent vorticity might be 1ntroduced by plenum chamber disturbances upstream of

the ﬁee-J et nozzle 1nlet The d1sturbances might result from the plenum wall boundary

layer, the plenum pitot rake, and the Junctlon of the 54-1n.-d1am and the 63-in.-diam

~ plenum sections.

. The junction between thei two;plenum sections requires further explanation. As
shown in Fig. 4, the 54-in.-diam and the 63-in;;diarn sections intersect at a tangency point
on the hottom of the plenum chamber. 'l;herefore; the flow along the bottom of the |
chamber experiences only a small step as it enters the larger diameter section. However,‘
the step from the small diameter section to the large diameter section increases at the
sides and top of the chamber. Floui along the sides encounters an abrupt TEVerse step and

the associated separation. The fixed sidewalls of the variable-area nozzle extended

" upstream of the junction and fit close to the bottom of the plenum. Apparently, the flow

captured by the nozzle excluded the separated flow. However, high pitch angles
positioned the inlet section of the ASTF nozzle model downstream of ‘the junction. In the
absence of the fixed side walls in the ASTF nozzle configuration, the nozzle appeared to

be capable of directly capturing flow from the junction separation. The rotational flow

could then develop into nozzle vortices.
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, Thé‘ oﬁpo‘n@ﬁi’ties for the plénuxinb éha"mber configuration to introduce vorticity
into the ﬂow sﬁppfoaéh;né the nozzle pfé;hpf‘ed the implementation of a number of -
modiﬁéatipf:ls pribf to cont1nu1ngw1ththe experiments. ’fhe first modification entailed
. the removal of the bulky pitot probe rake located immediately upstream of the nozzle.
.Probés lqcated at the top of the stilliﬂg chamber replaéed the rake as the source of the
stagnation pressure measurements. The second modification addressed the backward-
facing step'produéed by the junction between the 54-in.-diam plenum section and the 63-
in.~diam plenum section. The a;ddition of a 54-in.-diam extension shifted the step
downstream of the nozzle inlet and yielded the plenum configuration designated as
. plénufn configuration B (Fig...4). Testing then resumed uéing both ramp configuration

Al and ramp configuration A2.

Figure 97 provides plots of the Mach number distributions for the following three .

cases: (1) PITCH = 30 deg with ramp configuration A2 at RMP = —10 deg, (2) PITCH =
45 deg’ witﬁ ramp cohﬁgmation A2 at +20 deg, and (3) PITCH = 45 deg with ramp
co.nﬁgﬁrgtioﬁ 2 at RMP =+20 'd'eg’. Generally, the Mach number distributions displayed
uniform flow. However, low Mach number regions existed in each bottom comér as
_ évidcnt m the p;obg 1 and probe 5 traverses. ﬂDespite .the‘regions of depressed Mach
’ nﬁmber, all measurementé femained within the +/— 0.05 allowable Mach number
d:'evi\ation; ‘

| Flow angle measurements acquired with the plenum chamber in coﬁﬁguration B
. Aappvear in Figs. 98-100. Figure 98 contains the results obtained at PITCH = 45 ‘deg with

ramp configuration A1l ihc_:lined to +20 deg. A relatively small downwash along the
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"~ lower rigHt sidewail repiacéd the \v/ery" la'rge upwash measured With ;the plenum in

| configuration A. The large flow angles previously measured near the center of the

. corresponding quadrant dropped by a facto; of two. However, the region in the lower left

" quadrant experienced soﬁe degradation in flow quality. Three points exceeded the target |
ALPL variation limit and two points exceeded the target BETL vaﬁati‘oﬁ limit. These

points OCcupied‘ the lower 25 percent of the nozzle cross-sectional area.

Flow aﬁgles measured at PITCH = 45 deg with ramp configuration A2 set at +20
deg appear in Fig. 99. The flow quality expérienced a slight improvement with two
points exceeding the target +/— 4.5-deg ALPL deviation and 1 point exceeding the
+/—4.5-deg BETL deviation limit. Modest decreases in tile estimated standard deviations
for ALPL gnd, BETL reflected the improved flow quality. The absoluté value of the
maximum ALPL deviation decreased by 3.65 deg. Similarly, the absolute value of the
BETL deviation decreased By 0.91 deg.

Figure 100 contains plots of the flow angle distributions obtained at PITCH = 30
deg with ramp configuration A2 inclined at —10 deg. Although all measured deviations
in BETL fell within the +/- 3-deg limits, six ALPL measurements exéeeded the limits.
The delinquent points resided primarily in the lower left quadrant. A degradation in flow
quality over the previous PITCH = 30 deg result can be observed by comparing Figs. 100
;md 95. TheA ALPL absolute value of the maximum deviation in ALPL and the estimated
- standard deviation in ALPL increased by 1.99 and 1.13 deg, respectively. The absolute

" . value of the BETL maximum deviation decreased by 1.52 deg and the estimated standard
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‘ deviation increésed slightly by 0.12 deg. Thus, the flow qﬁality impr&eménts obtained
Av'vitﬂ famp A2 at PITCH = 45 deg did not occur at PITCH = 30 deg.

" The r‘esult's suggestéd'tﬁat the stilliné chambér diameter change point influenced
the PITCH = 45 deg condition more than the PITCH = 30 deg condition.’ Tﬁié might be
..expected'as the nozzle inlet m6véd uéward from the plénum floor and upsfr_eam as pitch
‘angle decréase;i. < | |

Ihe R2A2 Phase I.IIv‘e:)t(peri{n‘q,r\l_ts cppclude_d in March 1985. The following items
sumrparjze,the ;gsillts: oo Ny . | L |
- 1. The ASTF (n'ov,zﬂzle. model gqneféliy achieved the how quality goals 6ve‘r most
of the exit area. However, ehﬁch co#ﬁlgilratidn cdntained some deviations
excceding the taféét limits. | |
2. AtPITCH=45 deg with thekplen‘mn in configuration 1, excessive flow
a-ngularity appeéred in the lower nght quadrant of the.nozzle. B
3. “The stilling chamber was modified to remove features suspected of inducing
the anomalous flow. |
4. The modified stiiling chamber imbroved the flow quali.ty at PITCH =45 deg.
5. | Ramp configuration A2 improved the flow quality relatiye to ramp
- configuration Al at PITCH = 45 '(ieg. |
6.. Ramp conﬁgurétion‘ A2 ap’pe,ared.to degrade the flow quality relative to ramp

configuration Al at PITCH = 30 deg.
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4.6 WATER TUNNEL PHASENI - *
« e

The ASTF subsonic ﬂéefj et nozzle rémp planform design aséumed a two-pbsition
nozzle mount ‘conéept as descﬁbe& in Ap};‘endix D. However, the full-scale nozzle
developmept ultimately adopted a single-position nozzle ingtallation. Due to the confines
of the ASTF stilling chamber, the single-position-conceptﬂaffected the ramp design. In-
paﬁiculm, the concept included the selection of an intermediate spacing between the
nc;zzle exit pléne and the nozzle attitude positioniné mechanism pitch center. This
compromise in the spacing reduced the spéce available for.ramp placement at the high
pitch angles. As a result, the program added Phasé IIT of the water tunnel tests to
evaluate the .implications of truncating the ramp planform commensurate with the
availablev space. The ramp B configuration was used throughout the tests.

In addition to testing rami) configuration B, the water tunnel Phase III
experiments explored other issues that had yet to be fully addressed in the investigation.
- These issues included the following: (1) the R2A2 stilling chamber design and potential
influence on vortex formation, (2) the effects of yaw angie on the ASTF nozzle model
flow quality, (‘3) the low Niach nqmber zones near the upper nozzle wall, and (4) the
sensitivity of nozzle flow ciuality to the ramp positioning schedule. This section briefly
summarizes the findings in each of these areas.-

The start of the experiments explbred the suspicion that the 63-in.-diam stilling

chamber section might be influencing the R2A2 ASTF nozzle model flow quality. As
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described in Section 4.5, the suspicion stemmed ﬁom the concem that separated flow
from the comer of the aﬁ-fecing step, the corner e)listing at the junct‘ion betvl/een the 54-
in.-diam eection ‘and the 63-in.—diam section, could introduce the vorticity needed to form
nozzle vortices. Dye injeeted in the vicinity of~thé corner did, in fact, | suggest that the
: separat1on contnbuted to mtenmttent vort1ces in the nozzle. As aresult, the water tunnel
| ‘ model plenum chamber vl/as mod1ﬁed to configuration B prior to proceeding with the
Phase III tests.

The water tunnel Phase III tests used the vanable—p1tch and vanable—yaw nozzle
: att1tude positioning mechamsm model to support the nozzle Table 9 summarizes results‘
acquired during execution of the 19-point test matrix. Unsteady or 1ntennlttent vortices
appeared in zones 1 and/or 3 during the majority of the tests. Figure 101 includes
photographs of the zone 1-6 streakline traces obtained at PITCH = 45 deg and YAW = O
deg. Fig-ures‘101a-f correspond to zones 1-6, respectively. Generally, each part contains
a photograph of the streaklines in side view and a photograph recercling the view.looking
upstream into the nozzle exit. Figures 101a and 101c display the zone 1 and zone 3
vortices, respectively. Shalght strea.l<line traces characterized flows in the other clye
injection zenes. The unsteadiness of the vorticee produced difficulties in resolving the
effect of nozzle pitch angle on the vortices. However,vthe severity of the flow anomalies
appeared to decreaee as the pitch angle decreased.

Figure 102 presents results obtained at a nozzle orientation corresponding to
PITCH = 30 deg and YAW =0 deg. Figure 102a-f contains photogrephs of strea.ldines

through zones 1-6, respectively. The streaklines through each zone were recorded in side
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view and in a view looking upstream into the nozzle exit. The photographs show
streaklines generally devoid of vortices, although a small vortex wasv‘ intermittently
observed in zone 3 (Table 9). | | |

| The water tunnel allowed the effect of yaw on the nozzle flow characteristics to
be easily observed. In tenns of 51gn convention, positiue yaw translated the ‘zone 1
section of the nozzle toward the adjacent plenum wall and zone 3 away fron1 the-
opposing plenum wall. As shown in Table 9, the zone 1 i/ortices observed at zero yaw,
generally did not appear at the negatlve yaw angles However, the zone 3 vortices '
1ncreased in seventy as the region had shiﬁed toward the plenum wall

Streakhne traces photographed at PITCH 45 deg with YAW = -5 deg and —10

deg appear in Fig 103 Photographs of streaklmes through zones 1-6 appear in Figs.
103a-f, respectively. The fluctuating vortices of zone 3 appeared to extend to zone 6;
: however, no vvortices originated in the latter zone. |

| Figure 104 illustrates the zone 1 and zone 3 results obtained at YAW =—10 deg
with pitch angles of 30 deg and 10 deg. Photographs of streaklines through zones 1 and 3
with PITCH 30 deg appear in Figs. 104a and 104b, respectively. The ﬁgures provide
two views of each zone. The results at PITCH = 30 deg with yaw were comparable to
those obtained at PITCH = 45 deg. The PITCH .='4—/10 deg case displayed a reduction in
the severity of the zone 3 'vortices (Figs. lOtlc and 104d). 'l'he reduction likely related to
the reduction in the distance between zone 3 and the plenum wall at the reduced pitch.

The airflow experiments discussed in Section 4.3 included the measurement of

low Mach number flow near the nozzle upper wall. As a result, the water tunnél Phase -
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III experiments included observations of the dye paths along the'upper nozzle wall to

identify any flow separations. Streakline traces through zone 8 appear in Fig. 105 for
nozzle orientations corresponding to YAW = 0 deg combined with PITCH = 30 deg and
45 deg.' The PITCH =30 deg results appear in Fig. 105a. The PITCH = 45 deg results |
appear in Fig. 105b. The traces indicated that the flow managed to follow the upper wall
edntour at the high piteh angles even though the zone 8 dye traces displayed a slight
unsteadlness at PITCH 45 deg However care must be exercised in interpreting these
results since the water tunnel Reynolds number did not match the R2A2 or the ASTF

. facilities.

The next series of experiments investigated the effect of ramp position schedule
on the free-jet nozzle flow quality. The approach centered on perturbing the ramp
inclination angle to an off-schedule position and observing the resulting streakline paths.
Figure 106 shows a comparison of the nozzle flow characteristicsvat PITCH =25 deg
with ramp angles of -10 deg, accordirrg to the ramp schedule (Appendix D), and —20 deg.
Photographs of the zone 1-3 streaklines, with RMP = —10 deg, appear in Figs. 106a-c,
respectively. .Similar photographs for the RMP = ;20 deg setting appear in Figs. 106d-f.
The comparison showed the nozzle flow quality with ramp B set at —20 deg to be superior
to that with the ramp set to -10 deg 1nclmat1on The result suggested that below PITCH
= 30 deg, the ramp B pos1t10n1ng schedule should be modified.

The assessment of the ramp B effectiveness used comparisons of the water tunnel
Phase III and Phase I results. The comparisons indicated that the use of ramp B

degraded the flow quality. Although the ramp Al results obtained in Phase II showed

108




some flow anomalies that might be attributed to small {'ortices, they did not directly

display the distinct zone 1 and zone 3‘vortic¢sv. It happens that zones 1 and 3 correspond

to the sections of the ramp B‘planform‘ that was truncated relative to ramp Al

Streaklines through. zone 2 located déwnstream of ramp center section, did not reveal the

_ presence vé)f any vortlces The ramp B <-:ent’e¥ sectlon rémalned true to the ramp Al

d1mens1ons the truncatlc;n havué been applled near the outside edges of the ramp. In

addition, the generlc nozzle model experlments conducted in Phase I, the experiments
with the ASTF nozzle mounted inverted in Phase II, and experiments with the ramp
removed in Phase III all( showed the existence of vqﬂiées in zone 2. In each case vortices
in either zone 1, zone 3, or both accompanied the zone 2 vortex. The results suggested

" that truncating the 'ramp Al planform to evolve the ramp B shape permitted the formation

of the zone 1 and zone 3 vortices while preserving uniform flow characteristics in zone 2.

The water tunnel Phase III experiments concluded in August 1987. The following

" points summarize the results:

1. Substitution of the ramp B configuration for ramp Al degraded the freg-j et
nozzle flow quality. Furthermore, the ramb B installation permitted the
formation of vortices in zones 1 and 3.

2. Nozzle yaw angle exerted a strong influence on the zone 1 and zone 3
vortices.

3. At pitch angles below 30 deg, modifications to the ramp positioning schedule -

improved the flow quality associated with ramp B.

109




5.0 SUMMARY AND CONCLUSIONS

The develot)ment of e—free-J et test method for evaluating inlet-engine
competlbtllty requ1red the development ofa t/anable attltude and vanable-Mach number
subsonic free-jet noézle In addition to the pitch-yaw angle envelope and Mach number
range, the free-jet requirements specified the flow quality needed for the airframe-
propulsion integratien test application. The flow quality specifications included |
-allowable deviations'in flow angle aﬂd Mach number over the nozzle test rhombus, the
portion of the jet cross section botmded by the viseosity-dominated ﬂow near the nozzle
wall. The latter consisted of the nozzle eoundary layer that{evolved into the free shear

. layer or mixing layer downstream of the exit plane.

. The free-jet nozzle development included a subsonic free-jet nozzle flow quality

‘investigation to provide information during the design process and to verify that the final
nozzle aerodynamic design tvould meet specifications. The flow quality investigation
employed two test facilities. A sub-scale model of the ASTF C-2 test cell provideti the
air-flow environment and true Mach number conditions for quantifying the free-jet
nozzle flow characteristics. Second, the UTSI water tunnel furnished the means to
qualitatively investigate the nozzle flow characteristics through the use of flow
visualization. In addition to providing insights into the flow features through flow
visualization, the water tunnel provided a rapid and inexpensive means to investigate a
large number of configurations. The multi-phase flow quality investigation alternated

test entries between the two facilities using results from one to support subsequent tests in
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the other. In general, the investigation used the water tunnel to screen a large number of
test configurations and conduct parametric studies. The investigation used the air-flow
facility to validate key water tunnel results and quantify flow uniformity for comparison
with specifications.

Flo.w-ﬁeld survey tests conducted using a suB-scale variable 2-D nozzle model

revealed the presence of strong vortices and excessive flow non-uniformity. This result

ultimately expanded the flow quality investigation into six separate test phases, three in -

'eaéhifééility. The teé fphaées explbvre'('l vortex suppression techniques applicable to the
ASTF free-jet éysfem;'

>Flow visualization in water flow simulations enabled a qualitative evaluation of a
number of prospective flow improvement methods. 'Techniques evaluated grouped into
the following two categories: (1) voﬁex attenuation and (2) \{oftex prevention.

‘The vortex attenuation approach attempted to reduce existing vorticity to

. acceptable levels using flow straightening devices at the nozzle inlet or inside the nozzle.

Water tunnel results indicated that honeycombs and screens at the nozzle inlet could
reduce thé secondary flows.

The vortex prevention approgch entailed modifyinglthe ﬂow api)roaching and
entering the nozzle to prev.ent large vortices from forming. Techniques investigated
included nozzle inlet ramps, baffles, boundary layer suction,’ and blowing techniques.
Although the water tunnel results highlighted the inlet ramp and selective boundary layer
suction ag effective vortex prevention methods, the ramp appeared to offer the more

robust and low-cost approach. Subsequent flow-field measurements in the sub-scale free-
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jet facility, using ramps in conjunction with the variable-area nozzle, quantified the

results at true Mach number conditions. Verifying the water tunnel results, the

measurements substantiated the selection of the ramp technique for implementation in the

ASTF nozzle design.

The investigation next proceeded to the development of a subsonic nozzle
conﬁguratlon for the ASTF C-2 free-_]et system The nozzle definition process integrated
the flow quahty and ASTF facﬂlty requlrements The latter included consideration of the
test article, pltch-yaw envelope, altltude-Mach number envelope, and physical space
eenstraints. The conflicting eonstraints of nozzle siée requirements, driving the nozzle

exit area upward, and facility physical space, driving the nozzle size downward, resulted

. in a nozzle with a very low contraction ratio and length-to-height ratio. The resulting

geometry rendered the flow quality criteria difficult to achieve. Although the sub-scale
flow-field surveys included a few measured flow deviations larger than the flow quality
limits, the nozzle exit flow generally met the criteria.

During the evolution of the full-scale version of the nozzle design, the design.

* team proposed modifications to the ramp configuration. The modifications would

aehieve the following: (1) attainment of the entire pitch-yaw envelope with a single

nozzle mounting position and (2) alleviation of mechanical interference with the full-

~ scale nozzle attitude positioning mechanism. The former would reduce test costs by

eliminating the requirement to interrupt testing for nozzle repositioning. The latter
interference surfaced during the tradeoffs that occurred during the detailed design

process. The ramp modification consisted of a reduction in the planform area and shape.
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The trurrcation of the ramp occurred near the outside leading edges with the centerline
dimensions remaining essentially intact.

Dunng water tunnel 1nvest1gat10ns of the proposed truncated ramp configuration,
flow anomahes of unknowrr magmtude appeared in the nozzle. The results indicated that
the anomahes could be reduced at pltch angles below 30 deg by modifying the ramp
schedule. The’ pro_] ect d1d not receive fundmg for quantifying the severity of the flow
anomalies in air-flow tests.

'The experimental results yielded the following general conclusions:

1. The complex flow-field involved in a free-jet test system contains the

| elements conducive to the formation of secondary flows. These include the
features needed for the so-called inlet ground vortex, namely a sink operating
near a surface in conjunction with ambient vorticity in the approaching flow.
They.inclu'de the features needed for s-duct type vortices, the change in flow
direetion as the nozzle bends the flow to the desired combination of pitch and
yaw. In the case of the é-D nozzles, the features include the corner boundary
layers needed for the develepment of comer vortices.

2. Although the flow quality standards needed for free-jet inlet-engine
compatibility testing are less stringent than wind tunnel standards, vortices
can lead to excessive flow non-uniformity.

3. The formation of large secondary flows is a strong function of nozzle

‘ geometry, pitch angle, yaw angle, and proximity to the plenum chamber walls.
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With the exception of the small corner vortices, formation of the secondary
flows does not depend on nozzle exit cross section shape. Square,
rectangular, and axisymmetric nozzles have a nearly equal affinity for vortex
formation. |

Flow strai ghtening devices such as honeycombs may be employed to reduce
the magnitude of anomalies introduced by vortices. -

Some nozzle configurations may use strategically-place boundary layer
suction to prevent vortex formation. In particular, configurations with
complex and out of plane contraction sections might eflfectively émploy this
technigue.

Nozzle inlet ramps offer a robust methbd of preventing vortex formation that
_m:-iy be applied to a wide raﬁge of nozzle configurations. | 'fhe ramp modifies

the flow in the stagnation or separation region hpstream of the nozzle inlet

‘ eliminating the vdrtex‘ attachment point and preventing the vortex.

Simultaneous acilievement of the test thombus size and pitch-yaw envelope
requirements within the physical size constraints of the ASTF C-2 facility
demands an unconventional nozzle configuration. A low contraction ratio and
a low length-to-height ratio characterize this configuration.

Deviations from nozzle design conventions and the requirement for large
variations in angles of pitch and yaw may significantly degrade flow quality

relative to wind tunnel standards. However, the flow quality goals established
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for free-jet propulsion system tests can be achieved over most of the nozzle
exit area. |
10. The water tunnel offers a unique test capability that will provide valid
simulations of numerous air flow situations despite issues §f scaling and
incompressibility. Qualitative flow visualization provided by the water tunnel
'used in conjunction with measurements iﬂ an air-flow facility can furnish an
investigator the tools needed to solve complex flow problems. Using these
g tools he can gainv‘insights into'com’plex flow mechanisms, the ability to
rapidly screen large numbers gf conﬁgurations, the capability for extensive
parametric investigations, and the measurements needed to quantify findings.
‘The investigation reported in this thesis focused on flow quality requirements that
originated in the early concept definition phase of the free-jet system development. At
the outset, the adequacy of the specified flow quality for the free-jet propulsion test‘
system lacked an experimental justification. Adding to the complexity of the flow quality
issue were the various interactions between the nozzle flow, forebody simulator, and the
iﬁlet in the ;:lose-coupled and high-blockage configurations characteristic of free-jet
installatioﬁs. Asa result,‘thé free-jet method development included a comprehensive
validation to verify that the system, including the flow quality specifications, would be
adequate. for inlet-engine compatibility testing.
Comparisons between sub-scale free-jet tests and wind tunnel tests formed the
basis of the free-jet validation program. Steady-state and dynamic inlet distortion -

measurements at the simulated engine face were first obtained using models of fighter
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aircraft inlet-forebody combinations in wind tunnel tests. The same measurements were
subsequently acquired in R2A2 using the same inlet models in conjunction with the free-
jet nozzles developed in the present investigation. During the free-jet tests, forebody
simulators replaced the full aircraft forebody to ensure that the experiments would fully
represent a full-scale test configuration and address the various interactions between the
nozzle and test article. Comparisons between the free-jet and wind tunnel results, based
on inlet distortion measures of mérit and predetermined validation criteria, proved that
the flow quality delivered by the present nozzle system would meet inlet-engine

compatibility test requirements (Refsv. 53, 55, 57, and 58).
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Aerodynamic Interface
Inlet Reference Plane (AIP)

Plane (IRP)

ALPHA ALPL

BETA BETL
MACH ML

a. Aircraft in flight

Forebody
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~
<
ALPL
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ML Reference
ALPF] Freejet Plane Rake
BETF) Nozzle

MFJ

b. Free-Jet Simulation

Figure 1. Free-Jet Test Concept.
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© 20,000

Pressure Altitude, ft

T, °R

RE x 1078, ft-1

10,000

500

450 ]
05
.0
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2.0
1.0
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0.8
0.7
0.6
0.5 ] ] | | | i | | 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 . 0.9 1.0
MACH

Figure 5. Research Test Cell R2A2 Performance with Atmospheric Inlet.
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Upper/Lower Nozzle Wall

X y
0.000 0.000
©0.500 0.007
1.000 0.030
1.500 0.670
2.000 0.119
2.500 0.188
3.000 0.272
3.500 0.372
4.000 0.490

4.500 0.626
5.000 0.781
5.500 0.957

6.38 R

Nozzle Sidewall Section A-A (Fig. .6b)

A1l Dimensions in Inches

X y
6.000 1.156 -
6.500- 1.378
7.000 1.629
7.500 1.909
8.000 2.227
- 8.500 2.587
9.000 3.000
9.500 3.483.
10.000 . |  4.064
10.500 4.807
11.000 5.928
11.250 7.500
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: ,Figilre 9. Variable-Area Free-Jet Nozzle Airflow Model Wall Contours.
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=T =R
—_— s N
— \
-—— - N\
- \
\
\
Upper Nozzle Wall— \\
\
Nozzle Sidewall |
|
Lower Nozzle Wall —— II
/
/ -
///
—r

Outer Sidewall Removed

-a. Installation

Figure 12. Variable-Area Nozzle Airflow Model Ramp Configurations.
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A1l Linear Dimensions ?

in Inches

Material: 1/4-in. Steel |

7.5

l/6.5 R J

27

Ramp Planform

32 J Nozzle Pitch Center

_ - {

Nuzzle Centerline —/

Ramp —

38R —

7{(— Test Cell Centerline
0 deg

%'&

5
N

Lower Nozzle Wall/Ramp Intersection

LSS S/

T T 77777 777777 Plenum kan
Side View

_ b: 30-Deg Contoured Ramp Configuration

Figure 12. Continued.
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A11 Linear Dimensions
in Inches

,-—11.25 —]

Material: 1/4-in. Steel

s

‘ 34
|
| Ramp Planform
|
36 / Nozzle Pitch Center
Test Cell Centerline - L. '/
30 deg
|
|
%_l\
S
\.‘lj
e
Nozzle Centerline —~ ]
Lower Nozzle Wall/Ramp Intersection
Ramp.\ .
Side View

c. 30-Deg Straight Ramp Configuration

|
VIV iV GV AV v iV 7 v 4V GV &7 &y v v v e 77 77— Plenum Wall
|
|

Figure 12. Continued.
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A1l Linear D1mens1ons N B
in Inches oo :
Material: 1/4-in. Steel ' . 12
I | J
| .
| ¥
| : g

24 —
Ramp Planform

‘ » Nozz]e P1tch Center
, — 27 T/
Test Cell Centerline- ' - : {/

50 deg /|

~

. Intersection

. y‘b _
Ramp
Nozzle Centerline -
'f‘\\\\\\\\\\\\q L.ower Nozzle Wall/Ramp
‘ N M .‘ ) . . .

T T T T 777777 U777 Plenun Wall
‘ ‘ Side View ‘
|
|

d. 50-Deg Contoured Ramp Conﬁguratioh‘

Figure 12. Continued.
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"A11 Linear Dimensions
.in Inches

‘ 'I 9.5
Material: 1/4-in. Steel

N ———

25

Ramp Planform

- : Nozzle Pitch Center
i 31.9 ‘*‘l/
Test Cell Centerline 4 4 : '/ .

50 deg

/‘\
’ Y
\ | Xw
. ’.\h
&
/

Ramp . Lower Nozzle Wall/Ramp
\ Intersection

Nozzle Centérline

TT777777777 7777 77777777777 Plenun Wall
Side View '

e. 50-Deg Straight Ramp Configuration

~ "Figure 12. Céhtihued.
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Flow

16 in.

%nbuck]e

20 in.

. >/

a. Isometric View

Figure 13. ASTF Subsonic Free-Jet Nozzle Airflow Model.
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1.44

Upper/Lower Nozzle Wall

All Dimensions in Inches

O~ ANMOMOTNNONMNMNNONO T~ QANNETTNO
Or-rONOTNOMNMRONO T~ ONMTOMRODO—NM

QOO0 0O0O0O0O0OTrrrrrrrrrrrvr v~ ANANNANN

~

AR RRRRRY

ARWY

Ay

AN

AL MR A AR RRRY

1.36R

Nozzle Sidewall Section A-A (Fig. 17a)

b. Wall Contours

Figure 17. Concluded.
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24

| 4
1.8 |
Y
42| 46
|
Y
\= —) All Linear Dimensions
: 5.6 7‘| in Inches

Ramp Planform

=[ — Elozzle Pitch

58 i d / enter
— 1 - Test Cell
30 deg Centerhng

e
~

-

_
Y i_ower rglt,ozzle Wall/Ramp
Ramp ntersection
Nozzle _\
Centerline
~ T Plenum Wall
Side View
a. Ramp 1

Figure 21. Variable-Area Nozzle Water Flow Model Ramp Configurations.
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1.45

?2'20 4.15

All Linear Dimensions

| 5.6 | in Inches

Ramp Planform
/ - — Nozzle Pitch
l / Center

— est Cell
eg ‘ enterline

1
\
BN

1.79 \
e
Lower Nozzle Wall/Ram
/ Ramp\ Intersection P
Nozzle
Centeriine
~ > ~ » Plenum Wall
Side View
b. Ramp 2

Figure 21. Continued.
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e J All Linear Dimensions
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Ramp Planform
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Nozzle \
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~ T ~ Plenum Wall

Side View
c. Ramp3

Figure 21. Continued.

164



24

1.65

4.32

All Linear Dimensions
in Inches

!
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5.8
Ramp Planform

- - Nozzle Pitch
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Test Cell
eg Centerline

e
Lower Nozzle Wall/Ramp
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~ T Plenum Wall
Side View
d. Ramp 4

Figure 21. Continued.
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All Linear Dimensions
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r
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Ramp Planform
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Side View
e. Ramp 5

Figure 21. Continued.
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2.9

4.5

All Linear Dimensions
5.0 in inches

— Nozzle Pitch
/ / Center

Test Cell
g Centerline

|
r

Ramp Planform

Nozzle

Centerline 7 — Lower Nozzle Wall/Ram
/ Ramp Intersection P
Position 2 L— -
Position 1 1.0 %’T—
7z ( f IS Plenum Wall
Side View

f. Ramp 21

Figufe 21. Continued.
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Ramp Planform

All Linear Dimensions in'Inches -

' : — Nozzle Pitch
'/ / Center
—_ — Test Cell
Centerline

Nozzle

: — Lower Nozzle Wall/Ram
Centerline Intersection P
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23 P
‘ Plenum Walt
TS
Side View
g. Ramp 22

Figure 21. Continued.
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6.1

5.0

-

13.5

I

ol

AII Linear Dimensions
in Inches

Ramp Planform

Rampx

Nozzlé
Centerline

e =l Nozzle Pitch
' / Center
- \/// F Test Cell

30 deg Centerline

1.21

- Y~ Nozzle Wall/Ramp
Intersection at Centerline

Plenum

Wall
Side View

Figure 32. Ramp 1 Configuration for Short Axisymmetric Nozzle
Water Flow Model.
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6.2

3.5

|

AII Linear Dimensions
in Inches

Ramp

Nozzle/

Centerline

10.7

| a. Ramp Planform

.. 6.0 .
s L B Nozzle Pitch
' ' 7‘ Center

- Test Cell
Centerline

1.21

Nozzie Wall/Ramp
Intersection at Centerline

\

Plenum
Side View . Wall

b. Poéition A

Figure 33. Ramp 2 Configuration for Short Axisymmetric Nozzle
Water Flow Model. ‘
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T Nozzle Pitch
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Ramp

Centerline

Nozzie /
Centerline
2.0

Plenum
Side View Wall
c. Position B
All Linear Dimensions 6.35 ]
in Inches B T Nozzle Pitch
'/ Center
R \// A Test Cell
Centerline
Ramp “0 1.21
»
~
Nozzle
Centerline
’ Plenum
7 Wall

Side View

d. Position C

Figure 33. Continued.
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Nozzle Pitch
Center
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Centerline

Ramp
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Nozzle'
Centerline Nozzle Wall/Ramp :
Intersection at Centerline
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Side View Wall
e. Position D
All Linear Dimensions 7.29
in Inches — = Nozzle Pitch
'/ | Center
- - Test Cell
30 deg/ Centerline
Ramp- o 88 >\
Nozzle/
Centerline 1
1.4
! Plenum
7 Wall

Side View

f. Position E

Figure 33. Concluded.
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Length Selected According 0.063 In. OD Tube -
to Nozzle installation Stainless Steel
(1-3 Inches)

Dye Injection Probe\ “‘
Probe Immersion
/ 3 Variable
0.02 In. OD Tube - — h

Stainless Steel

Test Section Wall /

Air Supply Line

Valve —

. Flexible Plastic
Dye Reservoir : Tubing

Figure 42. Water Flow Test Dye Injection Probe System.
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Lwuliyl ALPL, deg
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Looking Upstream

a. PITCH =0 deg
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 —» ! - \//

Looking Upstream
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b. PITCH = 20 deg

Figure 49. Van'ablé-Area Nozzle Exit Flow- Angularity Measurements
with MACH = 0.6, HN = 5.63 in., and DIV = 0 deg.
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Figure 49. Concluded.
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Looking Upstream

a. Absolute Flow Angle

Figure 94. ASTF Nozzle Model Exit Flow Angularity Measurements with
MACH = 0.6, 6 = 0 deg, Ramp Configuration A1,
RMP =0 deg, and R2A2 Configuration A.
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Component

Average, deg

Max. Dev., deg

Std. Dev., deg

ALPL -1.040 2.646 0.841
BETL 0.256 2.124 0.662
3 ALPL-
ol . AVG,
0 1 0 deg
Inches 3 0
T X { ¥~ BETL-AVG, i
f deg
X \ ] ) .
!
t . J . ‘
v
® f — l
_b,
~ A 4 \
/ \ - ' —— -

Looking Upstream

b. Flow Angle Deviations from Average

Figure 94. Concluded.
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Looking Upstream

a. Absolute Flow Angle

Figure 95. ASTF Nozzle Model Exit Flow Angularity Measurements with

MACH = 0.6, 6 = 30 deg, Ramp Configuration Al,
RMP = -10 deg, and R2A2 Configuration A.
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Component Average, deg Max. Dev., deg Std. Dev., deg

ALPL -0.739 .+ =3.299 : - 0.984
BETL 0.629 4,160 0.924
3 ALPL-
wlual 1 AVG,
0 1 o deg
Inches 3BETL0
- " | ¥ deg ’ ~
¥ ¢ ¥ > nd
1
J % -y ~
- £ - ] . — -
j N X / -
/ ™ N |
/ w
X ) (

Looking Upstream

b. Flow Angle Deviations from Average

Figure 95. Concluded.
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‘Looking Upstream

a. Absolute Mach Nurhber
Figure 96. ASTF Nozzle Model Exit Flow Angularity Measurements with

MACH = 0.6, 6 = 45 deg, Ramp Configuration Al,
RMP = -10 deg, and R2A2 Configuration A.
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Component Average, deg Méx. Dev., deg Std. Dev., deg

ALPL -0.849 -7.460 2.453
BETL 0.813 2.665 1.150
3 ALPL-
| AVG,
0 1 : ’ 0. deg
Inches 3 0
BETL,
4 by b /deg 4
~ f . ~a /’ ~»
7 . / >
A . t

/

Looking Upstream

b. Flow Angle Deviations from Average

Figure 96. Conciuded.
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3 ALPL,
0 1 X 0 deg
Inches 3 0
BETL,
J I'4 o J deg l
f
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J « » X J
!
- . wl ~

)

.
I

Looking Upstream

a. Absolute Flow Angle

Figure 98. ASTF Nozzle Model Exit Flow Angularity Measurements with
MACH = 0.6, 6 = 45 deg, Ramp Configuration Al,
RMP = +20 deg, and R2A2 Configuration B.
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Component

Average, deg

Max. Dev., deg

Std. Dev., deg

ALPL -0.286 9.168 2.480
BETL -0.037 5.864 1.898
3 ALPL-
Lsstasa AVG,
0 1 o deg
Inches 3 0
w BETL-
4 o X AVG, ‘
| deg
J x « X ¥,
J <« &1 ‘ K J
. N — Pk -
__zr___ _1+__ T

Looking Upstream

b. Flow Angle Deviations from Average

~ Figure 98. Concluded.
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a. Absolute Flow Angle

Figure 99. ASTF Nozzle Model Exit Flow Angularity Measurements with

MACH = 0.6, 6 = 45 deg, Ramp Configuration A2,
RMP = +20 deg, and R2A2 Configuration B.
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Component

Average, deg

Max. Dev., deg

Std. Dev., deg

ALPL -0.739 -5.571 2.109
BETL -0.153 -4,.952 1.854
3 ALPL-
ﬁVG,
0 1 " éo eg
Inches 3 0
| BETL-
- Y ave, O~
deg
« A X ¥
- 1 A .
|
-~ - - ! _
¥
_— /
—_— ./ '\

Looking Upstream

Figure 99. Concluded.
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b. Flow Angle Deviations from Average
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s e

Looking Upstream

a. Absolute Flow Angle

Figure 100. ASTF Nozzle Model Exit Flow Angularity Measurements with |
MACH = 0.6, 6 = 30 deg, Ramp Configuration A2,
RMP =-10 deg, and R2A2 Configuration B.
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Compbnent

Average, deg

"Max. DeV., deg

Std. Dev., deg

ALPL -0.555 " -5.285 2.113
BETL -0.179 -2.639 1.040
73 ALPL-
. 3 AVG, | .
0 1 o 9e9
Inches - .3 .0 -
o ' ' BETL-
¥ “ . A avg, - T
- e’
. .
t -
. S
; ¥
/
}

T

Looking Upstream

Figure 100. Concluded.
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B. Flow Angle Deviation from Average

















































































APPENDIX B

TABLES
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Table 2. Airflow Test Phase II Matrix.

MACH
0.3 0.6 0.9

Ramp Configuration

Straight Contoured Straight Contoured Straight Contoured

PITCH, 30 29 29 29 29 29 29
deg
50 " 30 30 30 30 30 30
XX xx = Run Number

Table 3. Airflow Test Phase III Matrix.

Ramp Configuration

Al A2
RMP, deg
-20 -15 -10 5 15 20 23.5-20-15-10 5 15 20 235
0 [31 {31 (31 === |-== | === | === [ o= o= | omm | omm [ mem | = | ===
30 |- = |32 |-= |32 | e | == | o= | 34| e | e e | e | -
PITCH,

deg 32
45 o | emm oo [-- |33 |33 |- | === | == | =] ---|34 | 34| 34

34

XX xx = Run Number

Run 31 and Run 32 — R2A2 Config. A
Run 33 and Run 34 — R2A2 Config. B
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Table 4. Water Tunnel Test Phase I Matrix

Nozzle 0 (deg) ZI(in) XI (in) Vortex Suppression Method
Variable Area 30 1.55 N/A N/A, Exit Blockage Test
Screen — 1 Layer
Screen — 2 Layer
Vertical Vane
Honeycomb, 0 deg Inclination
Honeycomb, 20 deg Inclination
Horizontal Vane, 0 deg Inclination
Horizontal Vane, 20 deg Inclination
Ramp 1
Ramp 2
Ramp 3
Ramp 4
v v v Ramp 5
2-D ASY 1.4 0.9 N/A
¢ ¢ N/A, Exit Cavity in Position A
N/A, Exit Cavity in Position B
34 0.9 N/A
v 2.0 0.9
45 Y 0.0
2-D SYM 30 0.6 0.5
l l Exit Cavity Centered on Noz. Exit
Nozzle Inlet Ramp-
33 1.0
0.0 l N/A, Artificial Floor
0.6 N/A, Artificial Floor
33 0.1 N/A, Artificial Bulkhead
1.4 0.9 N/A
v 2.0 0.0
v 45 v \4
2-D ASY 30 0.6 0.5
2-D High o v 0.6 2.3
v 45 \ 4 1.8
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Table 4. Concluded. -

Nozzle 0 (deg) ZI(in): XI(in.)  Vortex Suppression Method
SHORT AXI 30 1.4 1.1 N/A
Axi Ramp 1
Axi Ramp 2, Position A
. Axi Ramp 2, Position B
| AxiRamp 2, Position C
~  Axi Ramp 2, Position D
Axi Ramp 2, Position E
v 05 | Y7 [ . NA L
LONG AXI 0.85 0.8 l
v v | 14| v
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Table 5. Wafer’Tunnel Test Phase II Matrix

Nozzle O (deg) ZI(in)- .  Vortex Suppression Method

VAR AREA| 30 1.55 |Piccolo Tube: * ZP-(in.)  W-(gph) BL (in.)
- [ S W0 1.5-4 2.38
0.75
‘ 0.90
: 1.75
v | 1.88
1.19 v
: . 1.75
v 2.38
0.75 0.90
_ vy 1.75
Boundary Layer Suction: ~ Region W (gph)
o 1 . 6-33
2 6-36
3 6-33
4 6-34
1&3 6-33
2&3 l
P 4&3 '
Ramp: Designation Position
: 21 A
\ B
v v N 4 : _ 22
2-D SYM 30 0.6 | Vertical Baffle
v ¥ |Horizontal Baffle =
ASTF NOZ Ramp: RMP (deg)
45 1.2 20
0 4.8 -10
v v -20
30 2.25 -10
v 20
1.60 |N/A, Nozzle Inverted 1
v Honeycomb on Plenum Floor, Nozzle Inverted
v 10 1.05 |N/A, Nozzle Inverted (Yields, 6 =-10 deg)
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Table 6. Water Tunnel Test Phase III Matrix
0 (deg) ¥ (deg) Ramp - RMP (deg) Plenum
45 0 - B 20 R2A2 Configuration
v -5, A / -
40 . -10 : 10
35 0 0
v -10 u v v
45 0 20 ASTF C-2 Configuration
i v NoRamp | N/A : .
-10 B 20
40 0 10
v -10 v
40 0 20
40 -10 20
35 0 0
L[ l
-5 Y
30 0 - -10
l -10
-5
25 0
30 v
l -10
: -5
25 0
l -10
-5
20 0 L
10 v
25 0 -20
v -10
20 0
v -10
10 0
-10
l -5 v v v
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Table 6. Concluded

0 (deg) Y (deg) Ramp - RMP (deg) Plenum
45 0 B 20 ASTF C-2 Configuration
35 -10 0

v -5 v
45 -10 20
v -5 v
35 0 0
35 -10 0
40 0 10
-10 l
l = v v

350



UL §G-0 St O §-

LO/+ S0/+ 0e< 1°0-/+ IV ‘HOLId
d39p 09€+ 01 0E1-|  %STO + mom -+ 0e< 1'0-/+ LL
~vedd
3y ww 001-1 oY -/+ 0CH+ 0e< 0 1-H+ f-e1dd
eisd G1-¢ £59°0-/+ [1S°0-/+, 0g< 1L0°0-/+ d
CINLd-TANLd
CINId-ILNLd
vdd-1dd
. SHNd-1dNd
SINd-1INd
S vOvd-10vd
i-oesd gl-¢ ce6'0-/+ Lo+ 0€< o1°0-/+ rOed-10¢d
: L rOTd-10td
vd1d-1d1d
YV1d-1VIid
14
C1d1d-1d1d
JUSTOINSBIA] JUSWAINSBIN JUSWIAMSBIN
jouun jounun wopaal jojun
aguey ‘ Jo 23182 Ioyowrered
Aurepaoup) serg Xapu] uoIsIoald

‘SanjuIelIadu ) I9jPuweled palInseajy '/ 9[qe],

351



6'0=HOVIN LO1XVT9-/+
- 90=HOVIN LOLXCTL8/+ 0te<
€0=HOVIN OTXSLT-/+ CR.!
6 0=HOVIN A, 08€°C-/+
9°0=HOVIN U, 085°C-/+ 0t<
¢€0=HOVIN A 61L°CT/H+ L
6'0=HOVIN Y010°0-/+ 91800°0-/+ €1100°0-+
9°0=HOVIN br10°0-/+ 8CI10°0-/+ 0e< 96100°0-/+
€0=HOVIN SLTO0-/+ 8Y120°0-/+ ) 86200°0-/+ HOVIA
JUSTIAINSBIA JUSWIAINSBIA JUSWIAINSBIN
joun jonun WOp33a1 joyun
a8uey Jo 92132 Io)ourered
Aurepaoun sergq XOpU[ UOISIoaI]

suonpuo)) 1s9, e

"SaNUeMadU) I9joweIed paje[no[e) ‘g 9[qel

352



60="TIN 200°0-/+

90 ="TIN 200°0-/+ 0g<

£0="TIN £00°0-/+ TN

60="TN S1°0-/+

90 ="TIN S1'0-/+

£0="TN €T0-/+ 0g< TLHY
1 33p 01-0 TdIV

Ajurepaoup) sAne[ay

60="TN 20°0-/+

9°0="TIN 20°0-/+ 0g<

£0="TN €0°0-/+ TN

60="TIN 9°0-/+

9°0="TIN L0 /+ )

£0="1IN vi-/+ 0g< 1149
1 39p 01-0 TdIV

Kyureaoup) [eioL
JUSWAINSBOIA JUSWISINSBIA JUSWISINSBIN
Jonun Jonupn Wopaal] Jonun
aguey Jo 92182 Io)oureIe
Kjureyasup) selg X9puJ UoIsIdaIg

SJUSWISINSBIJA] P[OLI-MO[] ‘q

‘popnjouc) ‘g lqe,

353



Table 9. Summary of Water Tunnel Test Phase III Results

Nozzle Orientation ' A Zone
0 (deg) Ydeg) . 1 2 3 4

10 0 —

10 -5

10 -10 )
20 0 )

20 -10 )
25 0 J J
25 -10 v
30 0 J J
30 -5 : )
30 -10 | y
35 0 J J
35 5 y
35 -10 J
40 0 J )
40 -5 y
40 -10 )
45 0 ) )
45 -5 v
45 -10 | v

v = Unsteady Vortices Observed
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APPENDIX C

FLOW ANGLE DEFINITIONS
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FLOW ANGLE DEFINITIONS

1.0 FREE-JET ORIENTATION AND AERODYNAMIC ANGLES

Simulation of flight conditioné in a free-jet test cell requires correlating the free-
jet flow angles to the flight aerodynamic angles. To accomplish this, it is useful to adopt
conventijons consistent with standard wind tunnel aﬂd flight aerodynamic angle -
definitions. The aerodynamic community gepérally defines the angle between the wind
vector and the aircraft using two anglqs:' .

ALPHA The angle between the projection of the wind x-axis. (xw) on the
body x-z plane and the body x-axis (x). Positive rotates the +z-
axis into the +y-axis, ALPHA = arctan(w/u).

BETA The angle.between the wind x-axis (xw) and the projection of the
wind x-axis on the bo&y x-z plane. Positive rotates the +y-axis
into the +x-axi§. BETA = arcsin(v/V).

Figure C-1 illustrates the wind axis system, body axis system, ALPHA, and BETA with
the associated sign conventions. Corresponding free-jet aerodynamic angles, ALPFJ and
BETF]J can be defined with the wind axis taken to be parallel to the nozzle axes.

In the wind tunnel éor in flight), combinations of the acrodynamic angles ALPHA
and BETA are achieved by properly orienting the aircraftj with respect to the wind vector.
The relative orientation of the aircraft body axis may be defined through a series of

angular rotations that start with the body axes aligned with the wind axes. The rotation
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angle's or orientation angles must follow a )slk)‘eci'ﬁéd‘ sequence consistent with the
functions relating the orientation and ;.er‘odynafni"c aﬁgleé. |
Unlike the wind tunnel or ﬂlght cases, the fre‘e;j‘et te;st‘ facility achieves combiﬁed
ALPF]J and BETF]J by rotating the wind vector with respect to the test article. With the
wind vector defined to be parallel to the nozzle x-axis, sequential rotations through a set
of free-j ét nozzle orientation angles may be used to provide a desired combination of
ALPFJ and BETFJ. Any wind vector deviations from the nozzle axis will' be detected by
‘the inlet reference plane instrumentation and included in ALPFJ and BETFJ offsets. The
free-jet nozzle orientation angle déﬁnitions include the following:
PITCH Angle of nozzlé rota.tion around the nozzle y-axis (yn). Positive
rotates the nozzle +x-axis (xn) into the nozzle +z-axis (zn).
YAW _Angle of nozzle rotation around the nozzle z-axis (zn). Positive
rotates the nozzle +y-axis (yn) into the nozzle +x-axis (xn).
ROLL ‘Angle of nozzle rqtation around the nozzle x-axis (xn). Positive
when the nozzle +z;axis (zn) is rotated into the nozzle +y-axis
. |
Figure C-2 illustrates the free-jet nozzle orientation angles. With the angles defined in
this way, the standard relations between orientation and acrodynamic angles used in wind
tunnel and flight testing may be applied in conjunc;tion with a reversal in rotation
sequence.
Combined ALPFJ/BETF] conditions can be achieved using only two of the three

orientation angles. PITCH and YAW will be used in some R2A2 tests and the ASTF
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free-jet system. However, the R2A2 flow quality studies and early inlet model tests used

PITCH and ROLL.
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2.0 FLOW-FIELD MEASUREMENTS

The cone probes used for the nozzle exit flow-field measurements used

calibrations based on the following definitions:

ALPL The angle between the projection of the wind x-axis (xw)
on the probe x-z plane and the probe x-axis (xp). Positive

rotates the proBe'+ziaxi§- (zp) into the probe +y-axis (yp).

ALPL = arctan(wp/up).
BETL | The angle between the projection of Ithe wind x-axis (xw) on the
probe x-y plane and the probe x-axis (xp). Povsitive rotates the
probe +y-axis (yp) into the probp +x-axis (xp).
BETL = arcsin(vp/Vp).
Figure C-3 shows the angles. The ALPL definition is equivalent to ALPHA or ALPFJ
defined relative to the probe.. However, unlike a BETA or BETFJ definition for a probe,
BETL is defined in the probe x-y plane. 'i‘he definition follows a convention often used
with probes as a convenience for displaying and interpreting the flow-field
measurements. ALPL and BETL may be combined to provide a total flow angle,

THETA, as shown.
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yw Omitted for Clarity

Figure C-1. Definition of ALPHA and BETA.
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Figure C-2. Free-Jet Nozzle Orientation Angle Definitions.
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Yy Omitted for Clarity

Figure C-3. Flow-Field Probe Aerodynamic Angle Definitions.
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ASTF SUBSONIC FREE-JET NOZZLE CONCEPT DEVELOPMENT
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ASTF SUBSONIC FREE-JET NOZZLE CONCEPT DEVELOPMENT

1.0 INTRODUCTION

Thé criteria in place in 1984 served as the basis for the basic ASTF subsonic free-
jet nozzle. The concept was formally subnlaitted. for preliminary full-scale design and
tested in Research Test Cell R2A2. This appendix presents the nozzle concept as
originally submitted.

Two overriding requirements dominated the subsonic free-jet nozzle concept
formulation: (1) nozzle size requirements anci nozzle flow-quality requirements. Nozzle
sizing required consideratfon of tﬁe test article, ASTF C-2 test cell dimensions, required
PITCH-YAW envelopé, and the reciuired altitude—Mach number envelope. Test article
size and shape dictated a large nozzle to pro'yidel adequate coverage with the nozzle test
thombus. The PITCH-YAW envelope and test facility plenum dimensions drove the
design toward a smaller nozzle to avoid mechanical interference. The altitude-Mach
number envelope also forcéd the design toWard a smiall nozzle due to the finite capability
of the ASTF plant. To meet the conflicting cénstrai’nts imposed by these considerations,
it became necessary to tailor the nozzle géoﬁe@ to match the test article geometry and
the required test envelopé. Evidently, different test articles or test envelopes might
require design and fabrication of additional free-jet nozzles.

Early consideration of the free-jet test concept'inélud.ed the estimation of the flow

.quality that would be needed for applying the method to inlet-engine compatibility

‘ _'cvaluaﬁons. The estimates became the basis for the establishment of flow quality criteria "~
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that served the entire free-jet nozzle develoﬁment process. Subsequent to the initial
nozzle (ievelopment, sub-scale validation tests, using aircraft inlet models, would verify
the flow quality criteria. Thus, thé allowable ﬁon—uniformity criteria reflected the
objective of the first ASTF nozzle design, the achievement of flow free from major
anomalies. Accordingly, the nozzle concept incorporated features designed to pre;'ent
the formation of large vortices and the associated non-uniform flow. As wind tunnel
flow quality standards wére not required, the design permitted a level of vorticity
commensurate with the flow quality goals. |

| The following sections summarize the main assumptions adopted during the
nozzle developmeni, describe of the nozzle concept, and furnish details of the nozzle

acrodynamic shape.
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'2.0 ASSUMPTIONS

The dependence of the nozzle cenﬁéuration on test article geometry and test

envelope necessitated the selection of appropnate criteria for nozzle specification.

Internal AEDC documents list the bas10 criteria. The main criteria spemﬁed include the -

”

following:
~ A. Test article — F-15 inlet and engine‘ simulator.
B. ;l“wo subsonic nozzles cerresponding to a Jow-pitch range, of ~10 to +25 deg,
and a high-pitch range of +25 to +45 deg.
C. Yaw angle capability of +/- 10 deg.

D. Nozzles with exit areas of nominally 48 sq ft.

E. Test conditions: . Mech No. - Altitude x 10, ft
| 03 - . 5to40
0.6 15 to 60 |
0.9 25 to 65

F. F-15 inlet may be mounted at 0- and 107deé inclination angles to achieve a
tota] pitch angle range of —10 to +55 deg.
Completion of the nozzle specification necessitated deviations from the above
criteria. Analysis indicated that the 48-sq-ft nozzle would not adequately cover the F-15
inlet over the specified PITCH-YAW envelope. Therefore, the system needed a much

larger nozzle. To minimize the impact of the nozzle exit area increase on the altitude-
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Mach number envelope, the design adopted a nozzle with a rectangular exit cross section.:



Tailoring the nozzle exit dimensions to the F-15 inlet shape resulted in a nozzle exit area

| 30 perce.nt lower than that of an axisymmetr;ic nozzle providing the same test article
coverage. A further deviation followéd an ASTF free-jet system development program
decision to cover the entire pitch angle range with a single nozzle.

The necessary deviations resulted in the ne-ed to revise the criteria. Furthermore,
relief of the mechanical interference problems p;oduced by the enlarged nozzle
necessitated additional criteria. The main assumptions included the following:

A. Test article — F-15 inlet and engine simulator.

B. Forebody simulator conﬁguratioh used in a full-scale subsonic F-15 inlet test

| in AEDC Propulsion Wind Tunnel 16T.

C. Total pitch angle range of 41(5 to +55 deg.

D. Yaw angle range of +/~10 deg.

E. Inlet-forebody simulator assembly centered on test cell centerline in

horizontal plane.

F. Two-dimensional nozzle with exit area tailored to the shape of the F-15 inlet-

forebody simulator assembly.

G. Nozzle pitch mechanism consisting of a pitch frame rotating inside a yaw

frame. |

H. Nozzle pitch rotati“on center and yaW rotation center located on the test cell

centerline: " |

I. Pitch and yaw rotation center axial stationg independently selected to

minimize nozzle size.
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J. Single nozzle operated in two positions:

1. Low-pitch range:
a. Nozzle in upstream position.
b. F-15 inlet set at 0-deg inclination and centered on test cell centerline in>
vertical plane.
c. Nozzle pitch range of —10 to +25 deg.
'd. Total pitch range of —10 to +25 deg.
| 2. | High-pitch range:
a. Inlet inclined 10 deg in vertical plane.
b. Inlet face center point 20 in. above test cell centerline.
c. Nozzle in downstream positio'n. |
d. Nozzle pitch range of +15 to +4$ deg.

e. Total pitch range of +25 to +55 deg.

K. Test Conditions: Machno.  Altitude x 10°, ft ;
0.3 9 to 40 5
04 - 28 to 60
09 371065

The inclusion of itém J prevents interference between the nozzle and the stilling chamber
floor at high pitch angles. The apbroach takés advantage of the 10-deg inclination of the
inlet to translate the nozzle further from the plenum floor. A 20-in. upward translation of
the inlet that accompanies the rotation penﬁits remounting thc-noézle downstream in the

mount providing additional clearance with respect to the plenum floor. Furthermore, at
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high pitch the nozzle can be moved closer to the inlet without the test article entering the

nozzle exit plane. Figure D-1 illustrates the two positions. Note that the nozzle rotation
center location in the test cell does not change; only tﬁe location of the inlet face and the
" nozzle exit with respect to the rotation point. Therefore, the shifts in nozzle and test
article positions do not affect the nozzle positioﬁing mec_hanism design. Also note that
inclining the inlet to the 10-deg posi;tion involves a change in inlet axial position for
proper alignment of the inlet face. The consideration of nozzle blockage effects

attributable to the proximity of the test article femains beyond the scope of the pre.sent

work.
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3.0 NOZZLE CONCEPT

The conflicting nozzle size constraints and thé vortex suppression features
resulted in a highly unconventional nozzle concept. The selection of a very large nozzle
for test article coverage resulted in deviations from normal nozzle design practices to
bermit achievement of the required PITCH-YAW envelope within the confines of the
stilling cha:ﬁber walls and bulkhead. Planning for operation in two mounting positions
provided a measure of relief, however, meéhanical inierference remained a pﬁmafy
driver in selecting nozzle length e_md qohtfactioﬁ réti§. A§ implied, the process slielded a
configuration characterized Lby vefy low values of lenéth-té-height ratio and contraction
ratio. o

Enclosure of the F-15 inlet and wind tunnel subsonic forebody simulator within
the nozzle test rhombus served as the basis for determining the nozzle exit dimensions.
The assumption of a 6-deg shear layer half-angle and an empty nozzle delineated the
nozzle test rhombus; The assgmpfion resulted in a proportionality between the nozzle
exit dimensiéns and the distance from the test article. The design minimized this distance
without permitting the test article to extend upstream of the nozzle exit plane. The design
process included the select‘iop of the pitch and yaw rotation points as the nozzle attitude
positioning mechanism had yet to be designed. The selections minimized the nozzle size
undgr the constraints that both rotation centers remained on the test section centerline,
and the nozzle symmetry planes intersected the respective rotation center. The addition

of a boundary-layer thickness adjustment yielded a nozzle with exit dimensions of HN =
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124 in. and WN = 89 in. The selections resulted in an exit area of 76.6 sq ft. Figure D-2

provides as sketch of the nozzle exit 'area layout including the rotation distances used.-
The high-pitch condition, Fig. D-2a, fixed the nozzle exit height dimension.

The vortex suppression apparatus consists of a legciing edge flap or ramp attached
to the bottom wall of the nozzle. To accommodate the ramp and minimize interference
with the s_tilling chamber floor, the design uses a flat nozzle bottolm wall.

Figure D-3 shows the nozzle concept with the ramp installed. The relatively large
size of the nozzle necessitate;d minimizing the length and contraction r;atio. Using 0.3 as
the maximum permissible inlet Mach number, the design adopted a nozzle contraction
ratio of 2.075 (1-D inlet Mach number of 0.29). The nozzle used a length-to-height ratio
of 1.25 as aminimum. At this length, it still became necessary to truncate the upper inlet
corners to prevent contacting the plenum walls at PITCH = —10 deg and YAW = +/- 10
deg.

Figure D-4 illpstrates the ASTF C-2 free-jet nlc_)zzle installation concept. At high
pitch angle settings, the flap functions as a ramp preventing the formation of vortices.
The ramp inclines upward with respeét to the nozzle wall. Experiments coﬂducted with
ramps in test cell R2A2 have shown that the sharp discontinuity between the r;imp and
the nozzle wall may be tolerated for moderé.te ramp angles. At lower pitch angles, the
flap pivots downward and functions és 5 ﬂaré o|n.tﬁe lo“;er wall The use of moderate
ramp angles in the downward deflections h;lpé to .pfeVéﬁt separati‘onﬂ és the flow leaves
the ramp and enters the nozzle. m'addition, thé ‘ra'rn‘p'hinge éoncépt further aids in

preventing separation by preventing a sharp discontinuity between the ramp and the
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nozzle wall. Figure D-5a shows the hinge concept used for the sub-scale R2A2
experiments. To simplify the work, the sub-scale configuration used a circular hinge
section. Figure D-5b shows how the concept could be modified to provide an even more
gentle transition. For a —10-deg ramp deflection angle, the ramp should slide
approximately 10-in. upstream along the curve. The concept does not require a perfect

seal between the curved surface and ramp leading edge.
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4.0 NOZZLE GEOMETRY

The nozzle inlet side walls and top wall use élliptical contoﬁrs. As aresult of the
large nozzle height, the design concentrates most of the no»‘zzié contraction in the
‘sidewalls. This provides the added advantage of reducing the mechanical interference
problem encountered at the negative pitc':h‘ angles. Lines ta-mgent to the side and top walls,
- at the leading edges, form 60-deg angles with respect to ,t'h.e_: nozzle axis. The nozzle wall
contours appear in Fig. D-6. Theﬁgurg:é“incl'l”ldé tz;bulat”ionsvof the contour coordinates
and the defining equations. :Fig_ufe_]‘)->7k shlc:.);/s'the ramp plar;fc‘>nn.. The line of
intersection between the ramp plane and the.. sﬁliing chamb'e.r Wall, when the nozzle is
positioned at 45-deg pitch and 10-deg yaw, defined the ramp planform. The shape of the
intersection curve also depended on the ramp angle. The ramp definition used a ramp
angle of 20 deg with respect to the lower nozzle wall. Note that the ramp x coordinates
use the nozzle inlet plane as the reférence. Therefore, the coordinates must account for
any transiation of the ramp trailing edge position with respect to the nozzle inlet plane
that might accompany inclination angle changes. The hinge concept shown in Fig. D-5
locates the ramp leading edge close to the inlet plane for positive ramp inclinations. At
negatﬁre inclinations, the ramp leﬁding edge moves upstream of the nozzle inlet; |

however, this presents no difficulty as the effect occurs only at low pitch.
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5.0 RAMP POSITION SCHEDULE

The ramp inclination angle with respectA to the nozzle wall varies with nozzle
pitch angle. The inclination angle ranges from —10 deg to +20 deg. A 20—d§g ramp
incliﬁation angle ;:orresponds to a nozzle pitch angie of 45 deg. As the nozzle pitch angle
drops, the ramp inclination also drops to maintain a constant rémp leading edge height
above the stilling chamber floor. As the nozzle reaches 30-deg pitch, the ramp
inclination becomes —10 deg. The ramp inclination then remains constant for the.
remainder of the pit@:h angles. Figure D-8 provides the ramp inclination schedule. The
~ recommended schedule is actually a linear approximation of the calculated schedule. The
approximation attempts to simplify ramp actuatiqﬁ by rendering ramp position directly
‘proportional to pitch angle. A direct mechanical link would provide a valid ramp
positioning approach. The schedule makes no allowances for ramp translation during
'inclinatio'n angle chémges. "The design inéluded adéqué.te clearance between the ramp and
the chamber floor to accommodate the rel‘at_iv»ely small translations involved. If full-scale
implementation were to adopt a hinge design yielding enough translation to cause
mechanical interference, the slope of_ the ramp position curve could be changed
accordingly. Any required slope alterations should be accomplished by adjusting the

—10-deg inclination point rather than the +20-deg inclination point.
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e 45-deg Pitch, +20-deg Ramp Inclination

— = = (0-deg Pitch, -10-deg Ramp Inclination

Figure D-4. Free-Jet Nozzle Installed in ASTF.
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Side View
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2.25-in. R

a. R2A2 Nozzle Model

Figuré D-5. Ramp Hinge.
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b. Modified Hinge Concept

Figure D-5. Concluded.
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60-deg Slope at

Leading Edge

Sidewall Contour

\

Sta. 0

74 1in.

T

Centerline

X, In. y, in.
0.000 44.500
5.000 44.589
10.000 44.857
15.000 45.306
20.000 45.941
25.000 46.770
30.000 47.803
35.000 49.051
40.000 50.533
45.000 52.273
50.000 54.301
55.000 56.661
60.000 59.416
65.000 62.661
70.000 66.552
75.000 71.383
~ 81.000 79.500

where y = 96.9263 — (2748.52 - 0.372632x%)"?

b. Nozzie Sidewall Contour

Figure D-6. Continued.
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Top Wall Contour

60-deg Slope at Sta. 0
Leading Edge
74 in,
\\
Y
X l 62 in.
h A Centerh‘n—e -
X, in. y, in.
0.000 62.000
5.000 62.045
10.000 62.178
15.000 62.403
20.000 62.722
25.000 63.138
30.000 63.657
35.000 64.287
40.000 65.036
45.000 65.920
50.000 66.956
55.000 68.171
60.000 69.605
65.000 71.321
70.000 73.436
75.000 76.204
81.000 82.000

where y = 85.9882 — (575.434-0.0852809x%)"/

c. Nozzle Top Wall Contour

Figure D-6. Concluded.
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RMP = 0 deg

X, in. y, in. X, in.

y, in.

0.000 101.591 60.000 54.337
~5.000 98.324 62.000 52.233
10.000 94.966 : 64.000 49.883
15.000 ~ | 91.510 . © 66.000 47.250
20.000 87.948 68.000 44.283
25.000 84273 70.000 40.910
30.000 80.476 72.000 "37.019
35.000 - 76.544 . 74.000 32.427
40.000 72467 . 76.000 26.773
45.000 68.228 . 78.000 19.139
50.000 63.809 - 79.000 13.606
0.000

55.000 59.188 T 80.000

where y = (33407.4 - (136.835 + 0.429138x)*) % - (19.5855 + 0.159807x)

for 0in.<x<60in. -
and - y=(4435.00 - 1.97307(x — 32.5894)%)"2

for . 60 in. <x < 80 in.

Figure D-7. Ramp A1 Contour.
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RMP, deg
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Figure D-8. Ram;i Inclination Schedule.
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