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PREFACE

This final report was prepared by Dr. Sergio Panunzio, Dr. Anthony

Agnone, and Mr. Edward Tory, under the direction of Dr. Antonio Fern ,

Director of the New York University Aerospace and Energetics Laboratory .

This report presents research conducted from May 15, 1974 through

October 31, 1975 under Contract F336l5-74-C-307l, Project No. 1921

entitled “Investigation of External Flows in Nozzles.” This contract

was technically monitored by Capt . Robert C. Lock and Dr. George K.

Richey , Air Force Flight Dynamics Laboratory (AFSC), Wright-Patterson

AFB , Ohio 45433.

The interpretation and conclusions of the data in this report are

those of the authors and do not necessarily imply concurrence by the Air

Force Flight Dynamics Laboratory. They are presented for the exchange

of information.
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SECTION I

INTRODUCTION

Tact ica l a i r c r a f t  spend an ever increasing large fraction of flight

time at transonic speeds. Also subsonic aircraft must cruise at flight

speeds c lose to the drag divergence Mach number to reduce the tota l

flight time . At these conditions , a large percentage of the total engine

nacelle drag is produced by the nozzle boat-tail. The high externa l drag

of this region is related to the engine design. Because of the low Mach

number of the flow leaving the turbine and its annular design , the turb ine

diameter is much larger than the minimum nozzle area where the flow is

sonic . Also to minimize heating and engine weight , the area reduction

is ach ieved very rapidly in a converging section at the rear of the engine ,

i.e. , the boat-tail.

For a typica l turbojet powered aircraft , this interna l area reduction

is on the order of 2.5. This rapid convergence tends to produce rapid

local over expans ion, in the ex terna l f l ow , fo l lowed by flow recompre ssions

tha t produce shock waves . Usually the low momentum fluid in the boundary

layer on this external surface does not negotiate the adverse pressure

gradient produced by the shock-recompression system . Depending on the

pressure rise produced by the shock and that associated with the subsonic

pre ssure recovery,  the boundary layer separa tes and forms either a

separation bubble or a wake-like region. The separation is further

agg rava ted by an additiona l pressure rise that is produced by the under-

expanded jet p lume. Since the boundary layer cannot tolerate pressure1



jumps , i t  spreads the d i s tu rbance  so as to make the pressure rise gradua l .

A schemat ic  of the f low f i e l d  produced by this comp lex interact ion

phenomenon is shown in Figs . Is and lb for the two separation modes . It

is ev ident from Fig. 1 that the flow does not transition smooth ly f rom

one ~~nhiguration to the other , since as soon as the two separation zones

V 
shown in Fig . Ia , merge , a conf l ic t  in the flow directions at the point of

contact of the separation bubbles exists which cannot be reconciled b) any

steady flow device. A qualitative descript ion of the flow field structure

is given in Refs . 1 and 2.

Due to the nature of transonic flow , the invisc id f low f ield is very

sensitive to the equiva lent bod y shape that is produced by the d isp lace-

ment effects of the boundary layer , the flow separation , and jet p lume

boundary . In particular , the pressure distribution on the boat-tail can

be shown (Ref. 2) to be affected by the shape of the dividing or separa-

tion s t reamline  and b y the shear forces acting on the separation zone.

Therefore an accurate analytical descr ip tion of this flow f ie ld mus t

necessar ily consider the coupling between the inviscid and viscous flow

fields . Ana lytical tools to describe this flow field are presently being

developed , e.g ., Re fs . 2-6. The modeling, however , requires a~ input flow

properties not easily amenable to description . For example , an accura te

representation of the eddy viscosity requires a knowledge of the turbulence

produced by the fluctuations of the shock, separation point movement, and

separation zone size and their sensitivity to free stream turbulence ,

externa l and Interna l flow properties , boundary layer properties , body

geometry and flow asyumietries . Furthermore the understanding of this 
flow2



field is hindered by the inability in transonic testing to simu late the

pertinent sim i larity parameters and by wall in terfer ence effec ts .

To assist the theoretical modeling of this flow field , and to de-

termine the influence of various parameters on this flow field , a special

transon ic facility was developed at New York University . This facility

is described in Ref. 1. It is shown in Fig. 2. The external flow around

the boat-tail is simulated by bounding it from below with the actua l body

and from above with a cyl indr ical surfa ce , i.e., the tunnel wall. To

alter the upper surface boundary conditions, distributed injection is

used in the porous region of the tunnel wall so as to reproduce the actual

stream line. This streamline is determined analytically as descr ibed in

Section III B.

The internal flow is simu lated mainly by us ing the correct jet flow

Mach number and pressure ratio. For complete simu lation , Ref . 2 in-

dicates that the ratio (\ = Pj
u
j/P~u~) of the mass fluxes per unit area

of the internal flow to that of the externa l flow must also be re-

produced . Representative initia l velocity and temperature profiles and

turbulence level are also necessary to insure the correct shear distri-

bution along the dividing streamlines and the discriminating streamline

(because of the norma l sh if t ) , Ref . 6 , of the separation zone. The

viscous flow is simulated by the proper ratio of the momentum defect in

the boundary layer approaching the interaction zone to a typical geo-

metr ical scale (8/Dma ) and not by the Reyno lds number per s~~. This

simu la tion is achieved in the presen t fac ili ty by injection (or suction)

in the boundary layer on the boat-tail upstream of the interaction z
one3



and by changes in the unit Reynolds number through a change in the facility

externa l flow stagnation pressure .

Flow simulation of actual configurations would also require the

correct representation of such things as residual swirl , seconda ry nozzl e

coolant flow , externa l flow upwash hot jet effects , and other flow

asymmetries in the jet , f or examp le , due to nacelle ang le of attack re-

flected waves from wings or adjacent engine interference phenomena. These

additiona l parameters can bes t be simu lated with the present technique by

shrouding an actual engine .

In the present investigation , an AEDC 15° boat-tail configuration was

used since the flow field over this nacelle has been reported extensively

by several investigators , Ref. 7. Hence it serves to check proper facility

operation and for comparison of the data with other values of the flow

parameters . The objective of the present investigation is to determine

the influence of the boundary layer momentum thickness , nozzle pressure

ra tio , and variable externa l boundary conditions on the boat-tail pressure

d i s t r i bu t ion  and separation point.

4
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SECTION II

FACILITY DESCRIPTION , CHARACTERISTICS AND OPERATION ,

NACELLE MODEL AND INS TRUMENTATION

A . CONCEPT

The fac i l ity design is based on the following approach . An axially

synunetric tunnel and a co-axially symmetric ducted model as shown in

Fig. 2 are used . The flow is divided into two streams ; the stream en-

tering the duct of the model represents the jet flow while the flow

between the model and the tunnel represents the flow over the nacelle

(boat-tail). The transonic test section is slotted as shown in Fig. 2.

High Reynolds numbers are obtained by using a large model which gives a

*model to tunnel blockage ratio A /A of .36. In some cases themodel tunnel

superson ic zone around the model extends up to the slo tted tunnel wall .

The concept of the slotted wall tunnel is to tune the slots to re-

produce the pressure distribution in the regions of interest (in particular

on the boat-tail and on the slotted wall) and the boat-tail boundary layer

characteristics . This may be achieved as follows . Suppose the flow field

around a reference configuration is to be represented . Given the nacelle

pressure distribution for this reference configuration, an ana lytica l

* The large model also allows probing of the separation zone flow details
with minimum probe interference effects .

5



computer program developed in Ref. 8 is used to determine the externa l

inviscid f low f ie ld  characterist ics in the absence of tunne l w a l l s .  This

flow field is then used to give the pressure distribution and radial

ve loc i ty  on a cy l indrica l surface corresponding to the tunne l wall. The

tunne l wal l  porosity , the porous wall plenum chamber pressu re and the

distributed injection in the porous wall  region are then regulated until

these distributions are nearly matched . The accuracy and uniqueness of

the theore tical solutions are established by comparing the theore tical

pressure distribution on the tunnel wall correspond ing to that of the

nacel le  reference pressure distribution . This tunnel wall is assumed to

be fa r  removed from the model so that interference effects are minimum .

Injection in the boundary layer upstream of the model is used to

al ter the charac ter istics (~
*
,e) of the boundary layer approaching the

interaction zone on the boat-tail. The various controls for establishing

and regulat ing the flow are shown schema tically in Fig. 3. The control

mechanisms are :

1) The plug valve which changes to establish an average

upstream free stream Mach number.

2) Plenum chamber pressure control valves to regulate the

pressure in the p lenum chamber and the radial mass flow

through the porous wall and permit c~mtnication of the

ups tream flow with the downstream flow so as to

equilibrate the pressure.

3) Injection through the downstream region of the porous

wal l  - affec ts mainly the downstream pressure , P_, .

6



4) Poros i ty  d i s t r i b u t i o n  to regu late the loca l mass

inject ion •

5) Boundary layer injection - to al ter the boundary

layer properties .

B . DESCRIPTION AND MODIFICATIONS

The basic facility is described in detail in Ref. 1. It consists of

a blowdown tunnel with a 23.25 inch (59 cm) diameter test section with a

48” long slotted wall . The modifications introduced to obtain the above

flow controls and to establish the interna l jet flow are discussed next.

1) The first modification was made to establish the

internal flow in the nozzle model and control the

NPR = 

~T 
/p . The upstream end of the model support

.1
was connected , as shown in Fig. 2, through two per-

fora ted plates to a centra l pipe running a long the

tunnel axis and entering the tunnel wall upstream of

the first screen . This pipe is connected through a

pressure control valve to vary the NPR. This flow is

fed f rom an independen t high pressure air bank .

2) The injection system in the boundary layer ups tream

of the model was modified to introduce controls for

normal injection in the upstreem ring and tangential

in jec t ion in the middle ring , with independent air

feed lines inside the annular cavity of the model

through one of the three hollow legs of the mode

l7
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support. The downstream injection ring was used

for boundary layer suction , It was connected with

the model annu lar cavity and the cavity itself was

connected through one of the hollow legs to a duct

leading through a valve to the vacuum sphere . The

last capability has not been used in the present

experiments .

3) The straigh t part of the tunnel upstream of the

model was extended 12 inches to increase the zone

of the porous wall test section exposed to the flow

field around the jet plume up to two diameters

downstream of the nozzle exit plane . The model was

located with the zone of interest in the first half

of the test section so that the slotted wall p lenum

pressure was in equilibrium to both the downstream

and upstream static pressure . The static pressure

at the tap location indicated by “D” in Fig . 2, was

assumed to be the free stream static pressure level

since this is located just upstream of the boat-

tail and of the porous wall . The free stream Mach

number was calculated from this static pressure and

the tunnel stagnation pressure. The boundary layer

pitot rake was also used as a check.

8
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4) The d ownstream end of the tunne l was modi f ied  to permit

* 0exhausting the air  d i r ec t ly in to  the a tmosphere . A 5

**d ivergent diffuser was introduced to permit operation

at a test  s ta t ic  pressure below a tmospheric.

5) The mixing of the external and internal jet flow in a

constant area section produces a mixed flow with a

stagnation pressure tha t varies with the NPR . The

critical area assoc iated w ith the mixed flow depends

therefore on the NPR . Since the plug valve was

or iginal ly sized for the no interna l flow condition ,

it permits an ll7~ reduction in flow area . This was

found to be inadequate in regula ting the downstream

pressure when the converging section was removed .

Therefore two injection systems were installed into

V 
the facility to be able to regu lare the slotted wall

plenum chamber pressure and the downstream pressure

recovery . The first was achieved by admitting

atmospheric air into the slotted wall plenum chamber .

* A tunne l stagnation pressure of 30 psia was required to be able to do
so. This was attempted ; however, a control valve in the system was
found to be too small to pass the corresponding mass flow (.~ 200 lbm /sec)

** A convergent-divergent diffuser with a 20” diameter throat was used
initially in the first 30 tests . Thi3 produced a back pressure above
the desired leve l of sta t ic pressure and rendered the p lug valve in-
effec tive in controlling the flow . Therefore the convergent section
was el imina ted . It is indica ted in phantom lines in Fig . 2.

9



The flow rate  was regu lated by four 2 .5”  va lves.

The second was ach ieved by injecting approx imately

3 lbm/sec’~ of air at the downstream end of the

slotted wall. This mass addition compensates for

the difference between the blockage area and the

jet p lume area .

C. MODEL OF ACARD 15° BOAT-TAIL GEOMETRY AND INSTRUMENTATION

The model of the AGARD 15~ nozzle was fabricated in three elements :

an outer and inner shell from two aluminum castings and the lip. Af ter

assembling the three parts and machining the support junction , the outer

and inner contours were machined according to the profile values given

in Table I . The nozzle lip was made from a stainless steel ring to obtain

a good f inished surfac e, a sharp lip, and to permit perforation of the

three rings of pressure taps near the lip. The present model has a

larger diameter than the versions of this model tested in the AGARD study,

Ref. 7.

The pressure taps were perforated at 900 to the surface , with the

annu lus between the two shells used to connect the stainless steel tub-

ing system leading the pressure taps connection out of the tunne l through

one of the three supporting legs.

A total of 90 static pressure taps were installed on the model

accord ing to Table II. Of these, 54 were installed on the external surface

* The mass flow injected was measured with a venturi flow meter installed
in the injection line .

10
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of tht~ boa t- -tail , 14 on the interna l sur face  ( to  measure the je t  interna l

f 1~ w
V
’ . and 22 static pressure taps were located on the tunnel wall as

shown in F ig .  2 . Al so , 4 s t a t i c  pressure taps were ins ta l led  in the

s t ra ight region of the non-porous tunnel wal l  in the m = 1800 meridiona l

p lane and 4 in the rn = 0
0 meridiona l planes. These were used to check

flow asymmetries. The pressure at the location indicated by D in Fig . 2

was used as the reference pressure .

The pressure in the p lenum chamber of the slotted wal l  was monitored

b y two s t a t i c  pressure taps at both ends of the chamber as shown in Fig.  2 .

A p i t ot  dynamic probe was instal led on the axis of the je t  flow at

x/D = 1.60. This was used to determine the NPR and the jet flow rate. A

pi to t  rake w i t h  ten (10) tota l pressure heads and one s tat ic  pressure prob e ,

(Fig. 4) was installed on the model at x/D = 1.4. This was used to de-

termine the velocity distribution in the boundary layer approaching the

boat-tail. It is located downstream of the boundary layer injection

system . Therefore , the effects of this injection could be determined .

*The pressure taps were connected to four multiple pressure scanners

in groups of 24. S ince each scani-va lve has 48 ports , two readings per

cycle were obtained . Each read ing covered a time interva l of about 1.5

sec . The transducers used were Statham model PA 208 with a range of

0-15 psia for all taps except the stagnation pressure for which a range

of 0-50 psia was used . Ca libration of the transducers was performed at

the beg inn ing of each series and checked every morning before the tests.

* Type Scaniva lve Model 48-J-9
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The recording was done on two Honeywell Visicorders Model 1612 with the

possibility to record 36 outputs on each one. The recorder speed was

4 in/sec .
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SECTION I I I

NOMiNAL . FLOW CONDITIONS

The present  tes ts  were conducted at a nomina l Mach number of M .9

with ambient temperature air in both externa l and jet flows . The stagna-

t ion pressure of the main flow was varied between 8 and 15 psia to give

unit Reynolds number Re ’ between 2.8 and 5.2 ft~~ x 10
6
. The Reynolds

number based on the maximum nacelle diameter was of the same order . The

present test conditions are compared to previous investigations in Fig. 5.

The present test , without boundary layer injection , are in the same Re
D

range as the subscale AEDC 40 mm model in the CFF facility . In the

absence of injection the disp lacement thickness of the boundary layer

approaching the interaction zone was approximately ~~/n = of the nacelle

max imum diameter . This is in contras t  to a 1.857. of the RR tes ts  (Fig . 23

R e f .  7 , p.  I -F 2 2 ) .  Ana logou s results  were obtained for the rat io of the

momentum thickness to maximum nacelle diameter e/ D . Injection in themax

boundary layer can be used to reduce the value of these parameters so as

to simulate Reynolds numbers Re
D 

on the otder of 108 (Ref. 2).

The nomina l je t  flow conditions were obtained with mass f low rates

from zero to 12 ibm/sec and a jet stagnation pressure of 10 to 24 psia .

The a c t u a l  f low condi t ions  are ind ica ted  in the variou s figures . Ambient

tempera ture a i r  was used in the externa l and in terna l stream s and in the

* RR Rolls Riyce
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boundary l o v e r  in1cction sys tem . With these conditions ~he In t e r n a l f low

is choked at the trailing edge of the boat-t ail.

~hc ~x L t  area of the boundary layer in jec t ion  s l o t s  were n o mi n a l ly

20~~~ in , 22.5 in~~. and 2 2 . 5  in for the tangentia l, norma l injection

arid suct ion systems respect ively .  The inject ion flow rates  ranges f rom

0 to 0.8 lbm/sec . For the norma l in jec t ion  system , the in jec t ion  Mach

number was approx imately 0 to 0.15. While for the tangentia l system , the

slot was choked f o r  mass flow ra tes  greater  than — 0 . 2 ibm/s oc .

A .  REF ERENCE FLOW CONFIGURATION

i~he reference f l ow f ield was used in the present tests  correspond s to

a f ree  s t ream Mach number of 0.91 , an NPR 3.1 , and Re D 
= 1.2 x 106. At

these  cond i t ions , a significant interaction between the external and ex-

haust flows was expected due to the sizable supersonic zone , boundary

layer thickness , and recompression pressure r i se .  The inviscid flow f ie ld

about th is  conf igu ra t ion  was obtained wi th  the aid of a computer program

described iu R e f .  8. The boa t - t a i l  pressure d is t r ibut ion  for th is  con-

**r ig u r a t i o n  is shown in Fig . 6a . This represents the “mean ” line of the

data obtained at severa l facilities (Ref. 7 & 9) with nominal ly the same

f l o w  conditions . The shape of the dividing (separation ) streamline was

determined i t e r a t ive ly (i.e., in the first iteration the actual body

radius was used to evaluate  the axisymrnetric terms in the governing

* Slot heigh t of .020”

** The RR data was the first data ava i lable to the authors
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e q u a t i o n s , successive i t e ra t ions  used the calcu lated d iv id ing  streamline).

The pressure variations along the calculation grid (shown in the lower

half of Fig. 6b) used in the program are shown in the upper  part  of Fig.  6b.

The curves are labeled according to the grid numbers .

The input body pressure distribution (Fig. 6a), the shapes of the sonic

line , shock and dividing streamline are also shown . The pressure distribu-

tion on a cy lindrica l surface corresponding to the New York University

tunnel wall was determined from this flow field calcu lation . It is also

shown in Fig . 6b. Several streamlines in the region of interest are shown

*in the lower ha l f  of Fig . 6c . The radial  flow variation along the tunnel

wail required to simulate free f l i ght  is shown in the upper half of Fig . 6b.

The streamline asymptotic to the tunnel wall shown in the lower half of

Fig. 6b is the one which must be reproduced accurately to avoid tunnel

wall  interference . Distr ibuted inject ion , controlled by the porosity distri-

bution and total amount of mass injected at the tunne l wall , analogous to

the radial veloci ty distribution at the wall was used in the present in-

vestigation to simu late this streamline . Additiona l injection was used to

insure that the measured tunnel wall pressure reproduced the theoretica l

distribution and that the downstream boundary condition P ) was

satisfied . The amount of injection had to be varied for different NPR to

insure that this condition was always satisfied .

* Note the change in flow deviation at the shock is on the order of 1.7
degrees . Also a necking of the flow appears near the body.
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~. -d~PEHl:~lENTAL PR(N RAM

The e x p e r i r ~e n t . i 1 program was d iv ided  in two phases . In the first

phase . th c  facility operation and the reference  flow configuration de-

scribed above were established . i~ht porosity distribution , amount of

in’ ection in the porous wall region and plug valve position required to

match  the t h e o r e t i c a l  wa l l  pressure d i s t r i b u t i o n  as close as possible

were determined . In this phase of the investigat ion , modifications 4

and 5 descr ibed  above were in t roduced .

In the second phase , the characteristics of the boundary layer

approaching the interaction region were varied by injection . The unit

Reynolds number and NPR were also varied by increasing the externa l air

stagnation pressure from 8 to 15 psia while the stagnation pressure of

the jet f ’ ow was he ld constant. A list of runs conducted in phase one

is given in Table LIT-A . The actua l values of the flow parameters

attained (Mach No. , PO
e~ 

Po
t), 

the wall porosity configuration , the porous

wa l l p lenum cha mber pressure coefficient , and porous wall injection flow

rates are given for each run. The list of runs conducted in the second

phase of the program are presented in Table Ill-B.

The porosity distribution used in the various groups of tests is

presented in Fig. 7. The porosity injection code is indicated at the

bottom of the figure . A c losed (0) porosity-injection code signified no

injection in this section . Th is is ach ieved by closing the five hole8

on the perforations of the 3” wide outer strips (Ref. 1, pp. 19-20). This

produces a porous cavity as in standard transonic wind tunnels . An open
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(l’ porosity-injection code signifies injection in the region . This is

achieved by opening the same holes on the 3” wide outer strips so as to

admit air from the p lenum chamber of the slotted walls into these regions.

Th e f low ra te of th is air depends on the dif fe rence in the p lenum chamber

pressure to the local wall pressure , on the curvature of the simulation

streamline , and on the pressure drop produced by the strips and porous

wall itself. A porosity injection code of (3) “strip out” is achieved by

removing the outer perforation strip so as to eliminate the pressure drop

caused by it. This would tend to increase the injection flow rate above

that produced by a porosity code of (1).

A porosity injection code (2) was achieved by connecting the air

injection nozzle placed in these sections to an independent air supp ly

system as shown in Figs . 2 and 3*~ J~ appears from the development of

the porosity-injection codes presented in Fig . 7 and especially con-

figuration F , that the injection distribution should tend towards a

distribution similar to the radial velocity distribution at the tunnel

wall shown in Fig . 6b.

* In this configuration the outer strips are in a closed position as in
configuration 0. However , these sections (labeled 2 in Fig . 7) do not
communicate with the porous wall p lenum chamber . Hence they do not
af fec t the porous wal l  p lenum chamber pressure while air is injec ted in
the test section with the 30 nozzles distributed in the porous wall .

17



SECTION IV

T [NNEL OPERATION & ATTA INMENT OF THE REFERENCE FLOW CONFIGURATION

The tunne l operation and the reference flow configuration described

above were attained in the first pha8e of the program. The various con-

trols used to regulate the test section flow (Section II A and Fig. 3)

were varied unt 1 the tunnel wall pressure distribution approx imated the

*theoretical one shown in Fig. 6b . The intended use of this facility is

to explore flow field changes produced by variations in flow parameters

or initial and boundary conditions that have a “limited ” zone of influence

as opposed to changes that are produced by flow parameters tha t affc .t the

entire flow field (e.g., Mach number and Nozzle pressure ratio), It may

also be used to determine flow changed produced by perturbations in the

principa l flow parameters (i.e., M , NPR) about a reference flow condition

which is assumed given . Therefore , this type of facility does not have

the disadvantages due to tunnel wall interference prob l ems as encountered

in a conventional transonic facility since conceptually the facility can

be used to reproduce the initia l and boundary conditions around a transonic

fl ow region of interest.

* The correct boat-tail pressure distribution is also obtained when the
wa ll pressure distribution is reproduced since the initia l and other
boundary conditions (e.g., nozzle exhaust plume) are simu lated’if there
is a “unique ” solution (i.e., the flow is not extremely sensi tive to
the boundary and initia l data).

18



A systematic study of the effect of each flow control separately

was not possible because of the large range and combination of the

parameters involved and because the changes produced by one control are

coup led to that of another. Nevertheless , af ter a series of exp lora tory

tests , certain trend s in the flow changes produced by the different con-

trols became apparent. A su~~~ry of the effects produced by control varia-

lions and tunnel modifications described above is presented next to define

qualitatively the tunnel operation . The tunnel wall pressure distribution

and the variations of the chamber pressure with various control locations

will be used for this purpose.

Referring to Table III A , the first 30 tests were conducted with a con-

verging-diverging diffuser with a minimum section diameter of 20” and the

p lug va lve was moved forward as shown in phantom lines in Fig . 2. The first

two tests were conducted without interna l flow (ih
1 

= 0.0). Therefore the

pressure taps on the interna l surfaces and the pitot probe inside the jet

flow measured the “base” pressure of the flow in this configuration . The

base pressure varies between 0.6 to 0.76 of the freestream static pressure

depending inversely with the free stream Reynolds number .

In the first series of tests , the NPR was var ied for each of the f irs t

three porosity-injection codes (A, B , C) shown in Fig. 7. The p lug va lve

was held f ixed and the tunnel stagna tion pressure ,Po ,was nominally 11 ps ia .

The measured tunnel wall pressure distribution for these three configura-

tions (Tests 6, 24 , and 28) is shown in Fig. 8a for a NPR near 2.0 and a

resulting chamber pressure coefficient near zero. The corresponding
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pressure distributions on the boat-tail are shown in Fig. 8b.

Generally the wall pressure distribution for each case compares

f avorab ly with that of the reference configuration , except near the end

(onl y when in . = 0) where an over-pressure is observed and upstream at

xID ~ 1.6. Nevertheless , the effect of the porosity injection , code 2,

is evident from a comparison of the wall pressure distribution measured

in Tests 6 and 24. The effect of the porosity-injection code B and C is

ev iden t by comparing tests 24 and 28.

The h igh pres sure recovery downstream of the model , shown in Fig . 8a,

was thought to be caused by the chok ing eff ects produced by the converging-

diverging d iffuser. Therefore the converging section of the diffuser was

removed and the plug valve assembly was shifted back as shcvn in Fig. 2.

An attempt to exhaust to the atmosphere was also made at this time but

failed due to the inability to a t ta in  a high externa l flow stagnation

p ressure . The porosity injection configu ration was also changed at this

time as indicated in Table III A .

In the next sequence of tests , the influence of porosity-injection

code , plug valve position , mass injection into the porous wall chamber ,

and NPR on the tunne l wall pressure was stud ied .

A . EFFECT OF PLUG VALVE POSITION

The p lug va lve location was varied incrementally as shown in F ig . 2

from the aft most position (8”), to the mid position (12”), to the forward

moat position (16”). The tunnel wall pressure distribution with these

three p lug valve positions is shown in Fig . 8c. The jet NPR and poros ity

20



codes are indicated in Table III A . A significant change in the tunnel

wall pressure distribution due to the end plug valve position is clear ly

evident. A downstream motion of the plug valve reduces the back pressure

which causes the porous wall chamber pressure to drop along with the tunne l

wall pressure. The correspond ing pressure distributions on the boat-tail

are shown in Fig. 8d. The chamber pressure and the tunnel pressure distri-

bution on the aft end are intimately connected to the plug valve position.

A correlation of the data from all tests of the plenum chamber pressure

with the plug valve position is shown in Fig. 8d . The spread in the data

is due to other parameters . Clearly the chamber pressure drops with down-

stream motion of the plug valve.

To reproduce the simulation streamline indicated in Fig . 6c, there

must be injection at the porous wall , since the streamline deflects down-

ward . This can be achieved only if the chamber pressure is greater than

the maximum tunnel wall pressure indicated by the theoretical cuive of the

reference configuration . A chamber pressure below this level causes inflow

into the chamber and a recirculation of the fluid . An allowance must also

be made for the pressure drop produced by the porous screens . Ana lys is of

the data shows that a ~Cp of approx ima tely 0.06 is produced by the porous

wall . Add ing this value on the theoretical wall pressure peak of

CPw ~ .070 gives a plenum chamber pressure of approximately CP ch ~ .13 for

correct simulation . The porosity of the wall distributes the flow accord-

ing to the radial velocity at the wall.
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B . INFLUENCE OF NOZZLE PRESSURE RATIO (NPR )

The i n f l u e n c e  of the NPR on the p lenum chamber pressure is correlated

in Fig . 8f for the three p lug va lve positions . Generall y an inc rease in

the NPR causes an increase in the jet plume angle . This causes an increase

in the back pressure tha t is felt in the plenum chamber pressure.

l’he i n f l u e n c e  of the  NPR on the tunnel wall pressure distribution is

shown in Fig. 8g when the plug vaive is at the 12” position . A general

increase in the pressure level in the rear is evident with increasing NPR .

This imp lies an ups t ream movement of the shock on the boat - ta i l .  The in-

fluence of the nozzle pressure ratio on the boat-tail pressure distribution

is discussed below .

C. EFFECT OF INJECTION IN THE PLENUM CHAMBER OF POROUS WALL

The e f f e c t  of mass addi t ion in the p lenum chamber of the porou s wal l

on the t unne l  wa l l  pressure d i s t r ibu t ion  is shown in Fi g.  8h for two p lug

va lve positions . The mass addition was controlled by four (4) gate va lves .

By varying the number of open va lves and the degree to which they are open ,

d i f f e r e n t  f l o w  rates could be attained .

D . A TTAINMENT OF THE REFERENCE CONFIGURATION

The correlations presented above show the difficulty in fixing the

exact flow conditions needed to obtain the reference flow configuration

with the existing hardware . In spite of this , a flow pattern close to

the reference configuration was obtained in test 58. The values of the

flow parameters used to obtain this reference configuration are presented
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in Table Ill B .

The tunne l w a l l  pressure d i s t r i bu t ion  for this configuration is shown

in Fig . 9a. The reference distribution is also shown for com parison . The

d ifference in the curves is attributable in part to the low chamber

pressure in this test and in part is a misrepresentation of the p lume

boundary layer in the ana lysis of the inviscid flow field (see Section III B

p. 14). The wall press ure dis tribu tion in the region fol lowing the shock

was subsequent ly corrected during the second phase as evident f rom the

data from tests 64 and 68 shown in Fig. 9a. The tunne l wal l  pressure dis t r i -

bution calcu lated assuming no separation on the boat-tail and a straight

sting with a diameter equal to that of the jet exit is also shown for re-

ference. This represents the limit case of infinite Reynolds number and an

NPR of about 2.

The pressure distribution on the boat-tail is shown in Fig. 9b for

test 58. The pressure variation used in the analys is , from Ref. 7 and 9

*(see Section III B above), the CFF da ta (Ref . 7 IF 19 Fig . l5b) taken at

the highest Reynolds number, arid the ca lcu lated pressure distribution for

the no-separa t ion , s t ra ight  st ing case , are also shown. The present data

agrees wi th  the CFF data and is bracketed by the two cases . The difference

between the analyses and the data is due to the Re)nolds number and NPR .

These data tend to imply that an increase in the Reynolds number and a

decrease in NPR cause a downstream movemen t of the minimum pressure point ,

* CFF compressible flow facility at Lockheed Aircraft - Georgia
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*
i.e., the recoinpression is delayed . The flow asymmetry evident in the

data can arise from 1) accuracy in the pressure measurements , 2) f a c i l i t y

asymmetries (such as model and tunnel axis mis-alignment , porous wall slot

non-uniformities , etc.), and 3) model support stru t wakes that affect the

boundary layer growth. The present data shows a scatter in the Cp of

‘ .~Cp l= 0.08. A similar variation is observed in the data presented in

R e f .  7 (I I -E 12 Fig.  15). The error in the pressure measurements is

es t imated to produce an error in the Cp of ACp ~ + .010 . The presen t

data  a l so  shows asymmetry in the expansion zone . This is mainly due to

facility asymmetries . It is not immediately evident how much pressure

a symmet ry  is produced b y a given facility mis-aligrnne it. A quasi-

axisymmetric ana lysis , e.g., Ref. 10, might answer this question . A non-

symmetry in the periphera l boundary layer distribution is discussed in

R e f .  7 I I -E  with reference to the NASA data . A non -uniform boundary layer

produces an asymmetric equ ivalent body and causes flow separation to occur

at different axial stations in the different periphera l p lanes. This

phenomenon is important in the understand ing of the boat-tail flow field .

Therefore further investigation in this direction is suggested .

* Asyimnetry in the present data is mainly about vertica l p lane of symmetry .
The data shows symmetry about a horizon~n1 plane to within the accuracy
of the present measurements.
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SECTION V

t~ TA PRESEN TATION AND ANALYSIS

Having established the basic tunnel operation and approached the

reference flow configuration to the current capability of the facility,

the externa l flow unit Reynolds number and nozzle pressure ratio

(NPR = Po ./P ) were varied by changing the free stream stagnation pressure.

Als o, the characteristics (~~,ô ) of the bounda ry layer approach ing the

boat-tail region were altered by injection . The objective of this investi-

gation was to determine the sensitivity of the external flow (e.g., move-

men t of the Cp and ~~~~ points) to these parameters . All other flow

controls were held nominally fixed in this phase (see Table III B).

A . EFFECT OF BOU N~~RY LAYER INJECTION

Both norma l and tangen tial inject ion modes were used to produce

d if f e r en t boundary layer profiles and characteristics . The injection flow

rate was varied between 0 and 0.8 lbm/sec in both cases.

1. Normal Injection Mode

The boundary layer prof iles measured at the rake station x/D = 1.40

with different rates of mass injection are shown in Fig .lO. The injection

parameter ). p u 4 /peue is indicated in the figure for reference. (For
J J  th~ /A

1norma l injection \ = 
~j
v
j/ oeue = 

th TA ~~~• The nozzle pressure ratio for

this series of tests was nominally 3.30 and the Reynolds number based on

the nacelle maximum diameter was nominally 4 x 1o6. The disp lacemen t

effect due to norma l injection is c learly evident from these profiles . The
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boundary layer disp lacemen t and momentum thickness calcu lated from these

profiles are indicated in the figure and are plotted vs the injection

paraneter . \ = ~~~~~~~~~~~~~~~ in Fi gs. h a  and llb respectively.  The trends

ca lcu lated assuming the thicknesses are the sum of the thicknesses wi thou t

injection ph~s the defects (or excesses) due to the injection are shown

for comparison . The norma l in jec t ion  case was treated similar to a tan-

gentia l injection mode with very low injectior velocity u
i
/u << l~ and

C
j

U
j

/C
e

U
e 

finite. In view of the ambiguity of the equivalent slot height ,

in this case , a family of curves with values of y./D that lie between

that corresponding to the normal injection (~~ /D ~ .033) and that of the

t angent ia l one ( y ./ D  ~ .00167) are shown. The thicknesses are nearl y con-

s tand  for  va lues of p .u /p  u less than .10 . The theoretical momentume e

(disp 1acement ~ thickness increases (decreases) linear ly with this  parameter .

The lack of a definitive trend in the experimenta l data is perhaps due to

the complex i ty  of the flow field associated with normal injection and to

insufficient data .

2. Tangentia l Injection Mode

The boundary layer profiles with tangentia l injection are shown in

Fi gs.  12 and 13. The values of the flow parameters are indicated in the

figures . A velocity excess is evident in Fig. 13 for the case of the

highest injection velocity and lowest Re
D
. The veloc ity profiles are much

f u l l e r  than those with norma l injection .

The displacement and momentum thickness variation with the injection

parameters are shown in Figs . h a  and llb respectively. In this case ,
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both  thicknesses  decrease wi th  increasing va lues of the injection parameter .

The data exhibit the same trend as calculated by adding the thickness due

to the jet and the injection va lues . The incremental defect due to the slot

mixing is evident frm a comparison of the data with the curves. The in-

crementa l defect increases with increasing values of the injection para-

meter . A momentum excess is evident f or va lues of \ greater than 3 with

corresponding ly sizab le reduction in displacement thickness.

The boat-tail press~ re distribution , with boundary layer injection

ups t r eam of the interaction zone, are presented in Fig.  14 for norma l

injection rates so that the injection parameter is between 0.02 and 0.15.

In sp i te  of the large d i f f e rence  in the velocity profiles (Fig. 10) with

norma l injection , no consistent trend in the pressure distribution cou ld

be ascertained due to the large pressure gradients prevalent on the boat-

ta i l , the accuracy of the data , and the ra ther narrow range of the momen-

tum thickness (c~/D) parameter used in these tests. To obtain a clear in-

dication of the trends , the momen tum th ickness should be increased by bo th

reducing the injection area used in the norma l in jec t ion  case and increas-

ing the injection flow rate; or by possib ly injecting a ligh t gas with

diffusion characteristics similar to those of air . Also a tighter con-

trol on the p lenum chamber pressure should be exer cised .

The boat-tail pressure distributions with tangential injection up-

stream of the interaction zone are shown in Fig . 15 f or valu es of the

in j ec t ion  parameter ). Oj
u
j/Peue between 0.46 and 4.6. Again a definite

trend of the data with increasing va lues the injection parameter cannot
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bc est.ablishe’J . However , after correcting the data for the differences

in the  chamber pressure  ( i . e . ,  s h i f t i n g  the da ta  a l o n g  the Cp o r d i n a t e )

a nd t a k i n g  onl y da ta  tha t  f o l l o w  a uniform trend with variations of the

momentum thickness , a tendency towards the inviscid no separation case;

or equivalentl y high Reynolds number , can be seen . This is made more

*evident below when we correlate the locations of the Cp and Cp . points.
m in

B . EFFECT OF REYNOLDS N1J~~ER AND NPR

rhe boat-tail pressure distributions obtained by increasing the

tunne l stagnation pressure from 9 to 15 ps ia while holding all other

~arameters fixed and w th the maximum tangentia l injection flow rate of

0.8 1 hr~~sec are shown in Fig. 16. In this case, the injection parameter ,

unit Reynolds number and NPR varied because the St ream s t a t i c  pressure

ch a nged . Ho~ ever a di rect  comparison of the e f f e c t  of the un i t  Reynolds

nurntn r only can be obtained by comparing the pressure distributions ob-

i.~ ined in tes ts 58 and 73 (no injection cases). The downstream movement

of tl- . C p .  point with increasing Reynolds number is ev~.dent. Un-

f o r t u n a t e l y pa r t  of this change is also due to a change in NPR . A com-

par i son  of the pressure d i s t r i bu t ion  shown in Fig . 16 ( a f t e r  cor rec t ing

for the chamber pressure) show little change . This is due to the fact

that while increasing the NPR tends to move the C p .  point upstream ,

increasing the Reynolds number tends to move it downstream (see Ref. ii).

C . CORREIJ\FIONS

In sp ite of the above d i f f i c u l t i e s  and unce r t a in t i e s , some corre la t ions

of the characteristics of the flow field structure were attempted . The
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*locations of the Cp . and the downstream Cp were correlated with the
mm

u n i t  Reynolds number Re NPR , and 0 /~~~. The Cp . point gives someD o o m m
*indication of the separation point while the Cp gives an indication of

the shock location . The location of the Cp point is correlated inmm

Figs . 17a , 17b , and l7c wi th  the Reynolds number Re D , NPR and

respective ly. These correlations show the following trends :

1) The Cp . point moves downstream (x/D) decreasesmm mm

wi th incr eas ing va lues of ReD. The scatter in the

data is due to d i f f e r e n t  NPR and Re D and in the

accuracy of locating the Cp jn point from the data .

2) The C p .  point moves upstream with increasing nozzle

pressure ratio. The trend is more clearly defined in

the case of tangential injection than the case of

norma l inject ion .

3) The correlation of the Cp i 
point with the momentum

thickness at the s ta r t  of the in teract ion zone , 9
0

show s a decreasing trend . Additiona l anal ysis of the

data is required to remove the influences of the NPR and

Re0.

*The corre la t ion of the downstream Cp point wi th  Reynolds number

Re
0 

is shown in Fig. l8a. This shows that the Cp* point move: down-

stream with increasing values of Re
D
. The movement of the Cp po in t is

greater than tha t of the Cp~~ point. Therefore the distance between

these points increases with increasing Re
D
. The dependence of the Cp*

point on the NPR is shown in Fig . l8b . This shows a c learly defined
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trend which is main ly due to the increased back pressure produced by a

larger plume with increased NPR .
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SECTION VI

SUMMARY , COMMENTS & RECOMMENDATION S

A new type of transonic wind tunnel facility that uses a shrouding

technique is described here . The operation and character istics of this

facility have been defined in terms of the va rious flow cont rols

necessary to produce a desired flow field . Some facility and control

improvements are indicated f rom the present results to simulate more

accura te ly the flow f ie ’d and to extend the capabilities of this facility.

The facility has been used here to reproduce the transonic flow field

over the boat-tail of a turbojet nacelle including the effects of the jet

exhaust flow p lume . A reference flow confi guration (N = .9, NPR = 3 . 0 ,

and Re
D 

= 1.2 x 10
6) was ten ta tively established . Then the effects of varia-

tions in NPR , ReD, and the boat-tail initial boundary layer characteris-

*tics (~ ,e) on the boat-tail pressure distribution were investigated .

Injection in the boundary layer approaching the interaction region was

used to alter its character istics (8
*
,e).

Tentative correlations of the minimum pressure and the downstream

sonic point on the boat-tail with these parameters , indicate a down-

stream movement of these points with increasing Re0 
and decreasing NPR.

The influence of the boundary layer injection on these points is less clear ly

defined probab ly because the values of the injection parameters were ~ot

varied to s u f f i c i e n t ly a l te r  the boundary layer charac te r i s t i cs .

The resu lts presented here can be correlated more accurately f or the

present configuration if the individua l effects of each parameter can be

established quantitatively . This can t~ achieved semi-empirically by
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us ing  the present  data and the analy8is  presented in R e f .  8 wi th

correction for the boundary layer growth on the boat-tail and refined

estimates of the plume shape . These analyses shou ld be conducted for

a range of the per t inent  parameters extend ing over at least one order

of m a g n i t u d e  beyond the present tests .

The ana lyses can be further refined if the details of the structure

of the separation bubbles are included in the theory . The present f a c i l i t y

is most suited for this purpose since due to the large model size, the

separation zone has sizable dimensions hence probe interference e f f e c t s

can be minimized . Also additiona l experiments should be conducted at

f ree  stream Mach number near uni ty when the influences of the individua l

parameters are more pronounced . A capability exists presently to sitiulate

a hot jet with T = l200°R and the throat cooling . In this connection ,

the jet exhaust flow profiles can be measured to define rigorously the

initia l data . The plume boundary , jet boundary layer , and heat transfer

rates at the nacelle wall can be determined accurately . Values of the

injection parameter greater than 5 should be used to obtain a signifi-

cant influence of the injection on the flow field .
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TABLE I ORDINATES OF 15° AGARD NOZZLE GEO ME TRY

EXTERNA L INTERNA L

X/D Y/D X/D Y/D X/D Y/D

0 0.2075 0.700 0.4490 0 .407

0.02 5 0.2 155 0.725 0.4543 .179 .451

0.050 0.2245 0.750 0.4595 .516 .627

0.075 0.234 9 0.775 0.464 5 1.014 .686

0.100 0.2458 0.800 0.4695 1.124 .731

0.125 0.2568 0.825 0.4743

0.150 0.2678 0.850 0.4788

0.175 0.2788 0.875 0.4828

0.200 0.2888 0.900 0.4863

0.225 0.2988 0.925 0.4898

0.250 0.3085 0.950 0.4928

0.275 0.3180 0.975 0.4953

0.300 0.3275 1.000 0.4978

0.325 0.3368 1.025 0.4990

0.350 0.3458 1.050 0.5000

0.375 0.3545 3.000 0.5000

0.400 0.3630

0.425 0.3718

0.450 0.3800

0.474 0.3880

0.500 0.3958

0.525 0.4033

0.550 0.4108

0.575 0.4178

0.600 0.4248

0.625 0.4313

0.650 0.4375

0.675 0.4435
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TABLE I I  EXTERNAL STATIC PRESSURE INSTR UM ENTAT ION

X / D  ~ (ANGULA R ORIENTATION)

0 45 90 135 180 270

.035 X X X X X X

.075 X X x x

. 135 X X X X X X

. 195 X X X X

.285 X X X X X X

.395 X X X X

.505 x x x x

.625 X X X X X X

.725 X X X X

.825 X X

.995 X X

1.175 X X X X

1.425 X X

1.805 X X X X

2.~ 45 x X

3.015 X X X

4.275 X X

5.385 X X

7.715 X X

8.035 x

9.245 X

10.515 X

11.725 X

13.205 x x x x
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Fi g 17b Correlation of Cp
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*Fig 18a Correlation of Cp point location with Reynolds number
*based on diameter of the model for various ~ (i n )
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