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NOTATION

d Sting diameter, inches

D Base diameter, inches

K Defined as Equation (3)

Sting length, inches

L Model length, inches

M Mach number

P Free-stream static pressure, psia

P Base pressure, psia
B

Pt Total pressure, psia

q Dynamic pressure, psia

Re Unit Reynoids number/ft

ReD Reynolds number based on the base diameter

ReL Length Reynolds number

To Total temperature, OR

Tw Wall temperature, OR

a Angle of attack, degrees

'50ý Corrected angle of attack (see Equation (1))

I!

t
Im



ABSTRACT

Sting interference effects were investigated at nominal

Mach numbers of 6.3 and 9.9. Sting mounted and instrumented

free flight sharp cone models were used at a unit Reynolds

number of about 1 X 106/ft. Measurements showed that the base

pressure distribution changes little below a = 150 but becomes

highly nonuniform and sensitive to angle of attack .hanges at

high angles of incidence. Sting interference effects are not

very severe at M = 6.3 when o' < 200 but as the angle of attack

increases, the flow becomes progressively more distorted.

Consequently, the base pressure values of the sting mounted

model deviate from the free flight interference free model

measurements. Beyond ab.ut 400 due to the severe effects

of sting interference, no stead3 oase pressure value could be

reached with the sting mounted model in either of the tested

Mach numbers. For the free flight model at Mach number 9.9,

the magnitude of the measured base pressure ratios at

corresponding flow conditions and angles of attack were

A about 70 percent above the sting mounted model showing how

serious sting interference can be.

ADMIN13TRATIVE INFORMATION

This work was sponsored by the Naval Air Systems Conmmnd

under NAVAIR TASK A320320C.



INTRODUCTION

Base flow about the rear of a three-dimensional body submerged

in a hypersonic stream depends on several variables, including the body

geometry, transition locati.on, Reynolds and Mach numbers and, very

importantly, the model suppoit. Much of the published experimental

information concerning base flow properties has been clouded by the

uncertainty introduced by model support interference. The sting model

support system, in common usage in wind tunnels, is bound to distort

the flow field to some legree. Consequently, the icliability of the

resulting data might. be questionable.

Considerable experimental work has been dlone at zero angle of

attack on the problem if ,,iipport interference in supersonic speeds.

It has been confirmed that rhi, base pre:'.,ure is strongly influenced

by the support interference and can serve as the first indication of

flow distortion caused by the presence of model support (see

References I and 2). Whitfield (Reference 3) showed that the bupport

interference is dependent on the transition location and the length

R.ynolds number at M = 3.0 to 4.0 over a unit Reymolds number range of

105 to 106 per inch (corresponding to ReL from I X 106 to 7 x 106).

in the measured test envelop the critical -ting length to base diameter

ratio in the worst case was approximately 5.5. Love (Reference 4)

presented a rather complete s'jurnnarv of available information of the

early Investigations on support interference at transonic and supersonic

speeds. Kavanau (References 5 and b) also investigated the support

interference problem at Intermediate and very low Reynolds numbers in

the neighborhood of M = 3.0. Relier and llamaker (Reference 7) studied

the interference effects during the course of their investigation of

the base pressure characteri.stics of lifting bodies in the shock number

ranwg( from M = 2.73 to 4.98. Sivier and Bogdonoff (Reference 8) investi-

ý; at•ed the sting diamet:er eff ects at M -- 2.91 and at: high Reynolds

numbers (10 to 40 X to ). Tley found sting diameter interference for

all finite stIngs tested. However, Slelinp, (Reference 9) who tested

at f re• -s ... t:reamn cord tI,,n'; (if M 3.88 and 1ý' -- 1').6 X 10o6 /ft found that

if d1/) < 0.15 , the ai,' -,;:,It'. (differ,; I than four perc(ent from



the condition where there is no sting interference. He also found that

if .I/D > 1.3 no apparent change in base pressure occurred with change

in length.

Based on data from References 4 to 7, it appears that for laminar

flow in the M =. I-- Li.0 range, both critical length and diameter

ratios exist but while the length ratio increased from about .Z/D ;z: 3.0

at M 1.5 to LI.D ;ý 6.0 at M 5.0, the critical diameter ratio has a

maximum value (dID ,0.35 at M ý4.0) and decreases with both increasing

and decreasin6 Mach aumber (see Reference 10). whitfield (Reference 3)

states that the sting diameter effects may be important when an attempt

is made to correlaze data with free flight results.

Peckham (R. ý-crence 11l) conducted a qualitative exploratory study

at M = 6.8 where trans; I c-n ,o:cc:urred upstream of the model base so that

a turbulent wake is formed. ;i- cufld that at a = 20~~ the flow pattern

on a delta wing modpc, was not affected bV sting diameter in the range

of 0. 4 <, d/D < 0. 6.

There is no information in the literature about sting elfects at

angle of attack and at hypersornc speeds, so some authors simply compare

their data with data obtained in other facilities (see Reference 12).

If this comparison yields no major discrepancy, the data is deemed valid.

The author of the present paper, however, disagrees with this philosophy

and maintains that the onlY valid comparison between two sets of base

i)r'S SUreC dat-a isý Wlhi n i n ,he snrne fac i II t:V and in i dent ical iree-s t ream

cond it.ion,, two gucn-Oetr i cali .i :smilIar models are tes ted. One with support

and one fre-- of czupport interference (free flight model) . if that

comparison poie PCOiSIn'tt ical results then support interference ef fects

can he neglected. it i: t .he Objeoct.ive ()F this paper to compare, base

pressure data Oh i nedCL i n t he NS RlC I rpe rSon i c facility tinuder ye rN

si m ilar fre- c ton Cfllit ioli using a 9" halIf angle sting suppor ted

sharp cone and] a Iiý) half aniwh inst r1UmeWnted free flight :iharp -onl(

modelI at varvný, uan I t Ft rc~. ~ tIl u measure -it,., show L_!at

the base prossure , WaSe' flow, and wake chiarcacteris t~ics of (90 and 10o

hdarp conrs are 11L'arI lvdenIt iCi ctind thereiore dliSrcrpanc'ies: in the

data ca-. oi;,,i'.......-tU -u. tetvt-'tc



TEST APPARATUS AND EXPERIMENTAL TECHNIQUES

WIND-TUNNEL FACILITY

All of the experiments described herein were conducted in the

NSRDC 13.5-inch diameter free jet hypersonic wind tunnel. This facility

is equipped with a series of axisymmetric nozzles providing a nominal Mach

number range from 5.0 to 10.0 with variable Reynolds number capability.

This, in turn, corresponds to the available supply pressures ranging

from 1.5 psia to 600 psia and air temperatures from ambient to 25000 F.

Runs of 00 second length are feasible. Further details of the facility

may be found in Recicr*nc, 13.

DESCRIPTION OF MO)DELS AND INS RUMlENTATION

Sting Mojnted Mo,,

0The las ;ic modcie configiurat nn col'. ted of a 6-inch long 9 half
angle sharp cone fabricated from Lypo 4'6 stainless steel with mirror

surface finish and gfometric tolerances not .xcef-ding ± 0.001 inch. This

model was equipped with two base pressure taps 180°0 apart at 0.612 inches

from the axis. The sting support consisted of a 5/8-inch diameter and

21-inch long stainies:; ,;t-el tube attached to the sector b'ade. Figure 1

shows the sting mounted cone in the test section.

Free Flight Model

Tlhc free ftlii'ht --,,odel - ,1,i:; , ,i., Ito h, iniectcd into the flow

I le(ld and at prede termined aungle.s o at tack and rol I and released to

fall freely through the hylpersouni " t,.;t. :;c ction. The hasic configuration

onsti:;ted of a 6-inch Imng cone having a half-angle of 100 and a nose

radius of 0.003 inchc.-; maximimi. Ei".. skin was machined from corrosion

res istant steel poll ltied and chrome plated to provide abrasion resistance.

The model Is instrumented to ,,easure ha.,e pre:;sure distribution at various

roll angle5s, arignl,, (if' attack, Rvynolds and Macth numbers. Figure 2

Kh,)w,; tHt. explohdl vit.w (i th. t skkin aI hth n i nktrinmontation package.

'ho, de-sIgn provided Ior tlie , ,, ,f,,,,,t ,f t h, c center of gravity in

IMu1h a way that thli c-nt, 'r of lirt:,c-tre atina cenler of gravity coincided

cat,: Ing the model o maintaif : tha initial a .1i t, of Itiwcienct, throughoit

its ! Ii •;ht tIra 1 ,c r r"



instrum~entation

Two low pressure, Datam-etrics type 1014 Electroni c Manometer and

type 5.1-3 Barocel pressure sensor systems were used for the sting

mounteu cone base pressur~e rneasurementz-. These systems were capable

of mpi~suring pressuresi ba-twcen 0 and 1 psi on seven co- ecutive scales

'from 0.001 to 1.0 psi fiIscale vith accuracy and lin-earlity of ± 0.05%.

full scale accuracy. The output signals of thne pressure ý,ensors were

processed by a high-speed dnalcg to digital acquisition .ys tem,

desigrated as Beckman. Model 210 and the details of whi'' -ýre di-scussed

in Reference 13. Trhe pressura time response of the -jtem v'-,ried

between 20 ani 30C seconu's. deperldin og c'. he ~c i"eafter which

the measured an,! actijal -nressvrias were within ont percent. Since the

running tirne of f wa!5-n thei order -. , 100 sec;onds, the

pressure ri-easurin gsv:ten, provided -measuring acci-racy of about 0.5

percent of the ac'iual pressurc:.

The active measuring telomeiets inthe free flight cone test- consisted

of four differential Drbssur.ý telemeter transducer packages housed in the *
interior. The signals fron the transducers were intercepted by a complex

*antenna systewn comipie.Leir outs;de, hut surroL~nding h r&sra flow.

The antenna system was connected .with appropriate electronic instrume.,.ca-

tion lor signal processing and analog data output. The model, prior to 1
injection into the stream was guided by a specially construLCted drop

mecunis w~ncnattx -~ionand during the free. flight- phase. wasI

con-Oletelv out: of th :ii:.Fiue 3 is a photograph of the model,

drop ;iiechanism, and antenna inIstallation in the hypersonic tunnel.

Figure 4 is a block dilacirain of the instrumentat~ion. Prior to the free

flight measurements a detailed systems evaluation programn was conducted.

Theý pressure.-time response mieasureimient of the. transducer system, which

was part of the prel iminarv calibration (Reference 14) showed that under

even the worst condliti`ons the tit-ei response was less than 5 milliseconds.

This represents about 15 to 25 perCent of the total fr-ee flight duration.



TEST PROGRAM

Prior to actual testing, a rather thorough flow and temperature
survey was conducted in the tunnel which showed that non-uniformities

in the free stream did not exceed ± 1.77..

Table I is an outline of the test program and the main parameters

investigated within the scope of the present report. Base pressure

data for the sting mounted colic were taken at 0.5 second intervals.

Fi;ure 5 is a typical example of the pressure-time history of the base

prpssure. In addition to the base pressures, the wall to total

temperatore ratios for the sting mounted model were determined by means

of thermacouple:.4. At M - 6.24 the average initial wall tc total tempera-

:urt- ratio was Tw/To, - 0.3' and at M = 9.89, Tw /TO = 0.31.

In tihe free flight program, fotur data points were ohti L'ned in eac'l

drop. For any given flow condition and angle of attack, a se:.' ,

12 dropn at 30 degree roll angle increments provided good de:|nitlon ,f

the complete base pressure distribution. The reported data have been

extracted from base pressure distributions determined in tbli ..ay. More

thad 125 data runs were conducted involving the free-stream conditionsF

covered by the present report.

DATA REDUCTION AND ACCURACY

'tie base presiure dita obtained, using the sting mounted model

wer-i r. tduced by means of a computer program rout inc. The raw data were

corrected for sting deflection using equation

(i

Ac- 0.00372 or'- Pt (1)
Tt

Tlhe maximum uncertainty associated with the angle of attack measure-

ment.s is estimated to be no greater than : 0. 10.

"The error due to hili temperature and to l ow pressure at the base
was comlput.led accordin ;g to ithe method of iloward (Reference 15). Accord i n,

, thig (nlclttat ion, the maximum error at M - 9.89 did not exceed 2..5

pi-rce.i ; the av(erage error, however, i1; loss than 1 percent. The data

art, n;ot correctd for th[i; trror. The overall acIiitralcv hdii' to in.;trunmvn-

ant ,;i, r E.,1perni'ir* , ,,and I :.,w reqpons(, rrrors i• as•ttimat(d to . 1 1 I

pe r 'r1?



Data from the free Vlight -vodeleau-et were extracted by

%anmzal means sirace only analog records verve ivailable (oscillograph.

records for the pressure tranaditcer o'atpti.t and high-speed film for

the wdel. incidence). Daily cal.h5ratlous, of the transducers were used

in the press .ure data reduction pracedýre together wich optically corrected~

data for pitch angle determination-. The overall accuracy of the base

pressure data was estimated to be :t 5 percent.

RESULTS AN4D DISCUSSION

Base pressure measurements were made with the sting mounted wMcde1

at several angles of attack berveen 0 and 60 0 for both 14 = 6.24 and

9.89. Pressures at both measured locations for cý 0 were nearly the

.same. Furthermore, this is true even at moderate angles of attack, as

shown in Figures 6 and 7, where the base pressure ratios (nondime-nsioual

by the free stream statiz pressure) are presented as functions of the

angle of attack for m = 6.24 and 9.89. This observation, at least for

or 0, was confirmed by other investigators who demonstrated that Lhe

n rerssure distribution on blunt based axisytrmetric bodies exhibited

a si.ight imaximum in the geometric center with an axially symmetric

decrease toward the edge of the base.

In view of the axial symmnetry of the base pressure distribution,

it is mnt unreasonable that the obtained data at zero angle of attack

!£hnw similar values, particularly since the sensing orifices were

located at 1.80 0 apart and equi-distant from the center axis.

As shown in Figures 6 and 7, the base pressure ratio is nearly

constant below about 15 0angle of attack and then increases. Thiis was

also confirmed, Reference 16, fox a 50 cone angle. B~eyond about 40.

becakise of the sting effects, no steady base pressure value could be

reached in either of the tested Mach numnbers.

A fair amount of confidence in the data obtained for M = 6.24 at

a =J 0 my be gaiaed by i.omparing it to the work of other i-nvestigators.

Based on A large number of experimnmrtAl measureme~nts conducted in the

M 71.7 to 19.0 speed range, both for laminar anid tturbule-it flows, an

empirical base pressurt correlation was dev'eloped for a 100 angle

sharp conip at zcro anl( of attack. The correlation vquat i u. may 1wC

LXPtessed as:



0.75

wbere the base diameter is the characteristic length in the Reynolds

number computotion. The measured base pressure ratios at N- 6.24 and

zero angle of attack are apparently close to the predlcted value of

Equation (2). I•t our case W/Ae-• =.i 0.53 and consequently P B/P 0o2l.:

Thi.s is shown in Figure 6.

Theoretical calculation in Leference 17 (shoviug the effece of- cone

angle bluntness ratio and Mtch number on the base pressure raLio) predicts

base pressure ratio values of 0.17 for N X 6.24 which is in good agree-:

meat with the measured values at a = 0, considering all. the uncernai.t.er.
Base pressu.-C re-suits for the free flight model for M - 6.34 and -

9.94 are presented in Figures 8 and 9. Note that the base pressure

ratio increases. with increasing angle of attack, which is the tremd

exhibited with the sting mounted cone. The magnitude of the base

pressure ratio at M = 6.34 below a = 20° is close to the measured

values of the sting mounted cone. Hcwever, at higher angles of attack

tLe deviation is considerable (about 30 to 70 percent). At M = 9.94,
hasc pressure ratios obtained by the free flight model are .0 percent

above the magnitude of the values obtained with the sting mounted model

for the same ot and flow conditions. At angles of attack the base pressure

distribution becomes highly nonuniform. A measure of the sting inter-

ference effect may be defined as:

"K" (P B/P)free: flight f =(or) (3)
K PB'P~sting nounted (

K as function of the angle of attack is shown in Figure 10. It is

evident that as the angle of attack increases the sting interference

effect becomes more severe. The interference effect is worst at higher j
Mach numbers.

I"
I.i

S I
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WNC4LUSIONS

Sting interference effects were investigated at m = 6.3 and 9.9.

-with a unit Reynolds number of about I X 10 /ft. A ,o half angle sting
0mounted and a 10 half angle insttumented sharp cone moddl was utilized..

RMeasurements showed that:

(a) At a < 15 degrees the base pressure distribution changed very

little with angle of incidence at both-ach numbers. As the angle of

attack increased base pressure increased also.

(b). Sting interference was not very severe At 14 = 6.3 and a < 15

-degrees, but at higher angle of attack the flow became progressively

more distorted and K increased to 1.:

(c) At M4 - 9, 9K was approximately 2.2 at oy 0, showing the

severity of the sting interference.

9
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Figure IL- Sting .?unte47rldtel-iAn the :Test section

Fi :4,urc 2 - I.x)plode, d Vieow. of Instrumented 100 Half Ang.lo Colo

Bast, Pressure Model

II
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Figure 3 Instrumented Cone Model and Antenna 7-5talled

in Hypersonic Tunnel
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Figure 4 Block Diagram of 10 0 Cone Model and its Instrumew-ation in the

Hypersonic Wind Tunnel
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Figure 5 -Base Pressure-Time History at a 280 and M -9.89
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