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Measuresents have been made 1in the 2.A.E. Na.6 (11" x 6') winl tuanel of
the six components of force < noment on a bacic cone-cylinder-idure
confaguratzon ficvted xndividually with ten different devices to produce asro-
dynemic contrel. In addrsion, sane measwrements of three compeonents of force
and moment on a flap ¢ poncl i the fiare call are given.

The controls ftested consisted of a trlting nose, tarlting flare, nose ilap,
flare f{lap, cccentric nuee di1sc, cocentric reor dase, ti1lting spike, swept
sporler, ecceniric ring ard tilbing rang, The wecasurements were made at I = 43
and Reynolds ramsber itrom J.4 x 107 o 5 x 106 depending on the confaiguration.

Results are discussed and cemparcd w1l cuanle esbisates and finally the
coentrols arc comparcd with eacin other, No saingle dev.ce sad coupletely acceptable
characueristics. Ilany, incladaing the tilting nose and flare, were quicie
effective but only the owept spoiler arrangement could eliminate cross coupling.
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1 INTRODUCTION

The kinetic heating problem at high speeds nakes 1t desirable to avoid the
use of shapes embodying thin sections for vehicles designed to fly in this
regime. Bedies of revciution form one class of shapes in which thin sections are
easily avoided and they may also generate considerable 1lift at higi speeds,
Further, since base drag at these speeds contributes little to the total dra,
large base areas uay be accepleble and the diverging flere tail is worthy of
consideration as & stabzlizer. Thus the cone-cylinder-flare s one shape of
interest for flight a2t high Lach numbers.

There way be other advantages to be cbtained from the use of an axioymmetric
shape. For instance, it 15 possable to consider the generation of thre forces and
moments reguired for manosuvre directly an the required plane, that 1s in a polar
rather than a cartesian ssnse. The object of this zinvestipetion lias becen to
produce the aserodynamic doata from which the cffectiveness of devices whish may
possibly be suitsble for this type of manceuvre could be assessed.

Lerodynamically an 1deal control Jevice should produce azn incrcuent off
moment which 1s inveriant with the attitude of the basic shape to the arratrean.
It should preferably be linear with control movement, and should be in, or
normal to, ihe direction of'movemert so that cross~-coupling does not occur. This
provides e yardstick for compariscn. DBul there are also mechanical coasiderations,
such as the power required to operate, and the structurel feasibilaty, which nake
a practical comparison impossible at this stage. It should also be borne in
mind that such conclusions as may be dravm asrein are relevant te a particular
basic body, and may not necessarily be generally epwpliceble.

There are three possible ways of expressing control effectivenecs. These
are 1n terms of {&) C.T. shifi, (b) tforce increwment ard (¢) moment increment
about sowe peint, [or & given control movenent. (&) invelves deperdence on the
lafting cepability of the basic body ind 1t 13 not so obvious how the ideal
control should perform with change of incideace. In practice, (b) involves
elther takzrng the difference of two large quenbities or using mcasurements of
(¢) and maling assumptions about the pout of spplication of the force increment.
Although {c) makes compcrisons dependent on the location of the reference point
1t has been uzed herein because, so expressed, the effectiveness can be compared
directly with that desired from the zdeal control. The moment reference point
uzed 15 the estinated C.P. of the particular cone-cylinder-flare used in these
tests, and this is thought to lead to a fair comparison between the controls.

No attempt has been made to standardisz the resulis because of tne diflering
types of control moverent although this would be required for o full couparisom
which would also include mechanical considerations. The effect of wntroduciny a
demand moment on tne olhier five forces and moments 1s investipated.

2 WODEL

The basic bedy, a blunicd~cone-cylinder-f'lare, had the following
alternative contrels:-



(i) tilted nose,
(i1) tilted flare,
(iii) nose flaps,

(iv) flare flaps,

(v) eccentric nose disc,
(vi) eccentric rear disc, A
(vai)  tilted spike,
(vi1i) swept spoilers,
{(ix) eccentrac ring,
(x) tilted ring.
A cylindrical rear section was also provided, in place of the flare.
Outline dimensiona of the model are given in Fig.1. It was machined from
steel to specification D.T.D. 525, and consisted of a centre body to which any of
the range of noses and flares could be secured. Attachment was by four screws
passing through jig-drilled holes, mutually at 900, into tapped holes, which were
also jig-drilled., Large diemeter spigots ensured concentricity. Any nose or {lare .
could thus be attached to the centre body in any one of four positions 90° apart o
in roll.
The centre body waa secured to the balance by two countersunk head screws, s
and these ensured alignment of model and balance axes.
All the nose controls were tested in the presence of the basic flare, and
all the flare controls in the presence of the basic nose,
The ti1lted nose control hed a slightly different profile from the basic in
order to accommodate deflections greater than 7.50. It was therefore necessary
to include an undeflected version having this profile.
A hemispherical nosed medel was produced af'ter the tests on the spike nosed
models were complete by removing the spike from one of these.
R
Setting of nose and flare flap angles was accomplished by the insertion of
wedges between the flap and the nose or flare. The flaps were of such a shape that
at the zero setting tney formed a continuous part of the adjacent surface. c

A rearward facing step was provided on the rear disc control body at the
station at which the flare starts on the basic shape. This was with the object
of fixing the separation point ahead of the disc. The taper thereafter was to
facilitate the disc fixing.
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The spoilers used on the swept spoirler control were flat plates, secured
to the V-shaped recess at the rear of the flare by two scrows. The ouber edge
was generated by turning in a lathe sbout the model centreline with the spoller
extended,

The ring control waz secursd to the after body by screws passing through
spacers of 2.6 m/m (.,D. hypoderiic tubing, and adjustment of the lengths of
these spacers, togsther with some alternative holes, provided the control
deflections. Tne heaight of the annulas at the front of the ring was determined
on the baszis tnat 1t was to be 1.5 times the estimated boundary layer thickness
on the afterbody in the undeflected position.

3 BALANCE

3.1 Six component halaace

This balence, which was used in all the tests, was a six-component,
interral, strain-gaugce Lolance designed specially for these tests. It was
machined fromS.96 steel. The balance was mude in two parts, the axial force
balance and the sling. The former was of the simple twin cantilever type. The
model centre body was secured to one of the beams Joinang the cantilevers and
the forked end of the sling to the other. The sting was of the usuzl cantilever
type except that 1t had a four bar roll cage seporating the fore and af't force
and moment stations. The 36 Baldwin AB 19 strain gauges were connected so as to
reduce interaction terms between the various forces and moments to a minlrMur.
Two thermistoss were provided so thal sting temperatures could be measured, and
corrections made for tempcrature drifis ain the straimn pauges. An arrangemsnt
drawing of the basic model and six—component balance 1s shown in Fig.Z2.

%22  Three component flare {lap bhalance

The model and six~component balance had already been msde when ithe need for
this balance arosc, so that the chorce of configuration was limited. The
arrangenment adopted, shown in I'ig.3, consisted of two angle preces machined
integrally with a mounting riny at one end and a platfarm at the other. A
segment of the ring was made detacnable to enable tne balence to be asserbled
round the six-component balance., The ring was sccured to the inside of the
flap control flarc and one of the wedges and/or the flap could be mounted on the
platform, clearances being kept to a manimum. IEaght Baldwin AB 19 strain gauges
were fixed to the horizontal rermbers, and comnected in bridges of four to measure
normal force and moment on the {lap and wedge. Four Baldwin AB 19 gauges were
mounted on the upright members, and coanceted to measure axial force nearly
encugh independently of the height at whach 1t was applaed.

It was found that the balance resvonded teo sideways loads go that where
these wore experienced (s in positive flap sctting on the side at incidence)
1t was necesscary to arrange the btests so that tne direction of the sideload
could be reversed, ard {he effect removed by meaning the results,

The ihrec compenent bealznce was uscd in all the tests waith nosc controls
(measuring the loed on a panel of the basic Tlarc), and in the tests of flare
flap controls. A photogeaph of tne complete 9 component palance is shovn 1n
Pag. b,

-0 =



L TEST PACILITY

The tests were made in the No.6 11" x 6", open-jet non-return circuit,
continuous, supersonic wind tunnel at a Mach numberéof L4e3. The Reynolds
number could be varied over the range 1.4 to 5 x 10° (based on body length) by
altering the stagnation pressure. The stagnation temperature was held in the
region 35 to 40°C.

Air was dravn through beds of activated alumina before compression, and
through beds of silica gel after compression; the water content 1s believed %o
have been less than 0.0001 1b/1b air,

The sting was mounted 1in a quadrant which enabled the angle of incidence
and of incidence plane angle to be varied over the desired range from outside
the tunnel,

A data recording system exists by mecans of which instrument readings
proportional to loads were obtained on self-balancing potentiometers and were
recorded in typewritten and punched card form. Thermistor potentiometer
readings, model aincidence, incidence plane angle, total head and base-wrcssures
(measured by liidwood manomcters) were also recorded in the same operation.

5 CALIERATION

This was performed by dead weight loading a calibrating bar in lieu of the
medel. For axial force calibration losd was applied along the axis of the
undeflccted sting and subscquently corrccted by the DEUCE data reducticn programme1
to teke account of the non~linear interaction and to give axiel force along the
model axis.

Temperature drift was determined by a controlled variation of the wind
tunnel stagnation temperature under opcrating conditions over a small range. A
correlation was thus found between ecach of the force or moment rcecadings and
one or other of the thermistor rcadings.

Sting deflection under various loadings was determined optically.
6 TEST LETHOD

For control movements designed to produce loads in the incidence plane it
was neccssary to cover both the leeward and wandward operation cases. This could
be done either by using a particular control setting covering an incidence range
symmetrical sebout zero, or by using a range only from zecro to, say, full positive
incidence, first with the control deflected on one side of the body and then on the
other. The former method was used for the majority of the tests, and the latter
for the nose disc end swept spoiler control tests.

Because of mechanical limatations of the support gear negative incadences

were achieved by rolling the model and balance 1809 and testing with the support
set at positive angles,

- 10 =

»

»

g



b4

oY

A%t the completion of each incidcence traverse, which was performed in 1°
steps, the awr flow was stopped and a balance zero reading taken. In this way
any instrument drifts were minimised.

7 CORRECTIONS TC COIPUTED DATA AND PRECTSICH

The data reduction programm01 included corrections for temperature driaft,
tare variation on axial force, and basc pressure. The latter aflceoted axial
force ard the flap control balance mcasurements. The axial forcc was corrccted
to apply free stream static pressurc on the base arca, The flap measurements
were corrected to apply zero pressure to the inner surface and base of the
flap. The base pressure was foed to a liadwood manometer by a tube extending
into the balance chamber of the model.

Af'ter these corrcetions had been applied the results still showed the
following anomaliles -

(1) The G, ve a curves for symue trical shapes failed to pass through

the oragin by an amount which changed sign as the model and balance woere rolliced
1o achieve ncgative or positive incidence.

(11) The Cm ve o curves for shapes asymmetric about the xy planc - see

Fig.5 - werc made discontinucus at wero incidence by rolling tne model and
balance through 1800,

(111) FTor symmetrical shapes significant values of Cy and C  were

measured, which an the casc of Cy increascd with incadence.

(zv} Somc ol ine C_, C'n and Qﬁ vs a curves for models asymretric about
i Ak

the xz plane which should, on grounds of symmctry, pass through the oragin
farled to do so by small amounts.

A1l these cficcts were repeatable.

In the casc of (1) and (11) a likely explanation is thabt the free stream—
lanes werce curved. On this assumption a crude correction was applicd by btaking
the mean valuc of C at « = C° Tor the upright end anverted cascs, and adjusting
both curves to pass through this value with the slopes unaltered. In cases
where values wibth sting and model rolled through 180° were not available the
zero control setting curve was adjusted to pass through the origin and the
curves with non-zero control settings moved o sumilar amount. The size of the
correction var.ed slightly with the configuretion but 1t was of the order of
.03 1n Cm.

In the casc of {111), the discrepancies at zero incidence were considercd
to be due to a small stream engle. The variations with uncidence werc probably
duc to a small crror in roll zero during tne calibration of the Z interaction
on Y. Por cxamole an error of 0.2°9 in tnas zero would cause an apparcnt value
of Cy of 0,012 for the basic shape at 25° incidence. These effects were

- 11 -



eliminated by subtracting from the computed C_ the value for the zero control
setting case at the same incidence, the value”so obtained being considered the
true C ., The same proccdure wes applied to Cn. (iv) is believed to be due to

small errors in model manufacture such that the demand plane was not quite
normal to the incidence plane. Tne curves were therefore adjusted to pass
through the origin with slopes unaltered.

These effects rather overshadow the measurement precisions baced on

repeatability and instirument sensitivity; however, these are given below in
Table 1.

TABLE 4

Precision of measurement

Precision at Rex 1076 = R

Component

R=5 R = 3.7 R=23 R =24 R=1.4
Cx > =-0.4 +0.008 30,011 #0.018 #0.017 #0.029
Cx < ~Coy 0. 011 0,015 +0.018 0,023 #0.039
Uy +0,002 #0.003 0,003 #0. 004 0,007
CZ .02 .03 H0.03 0,02 0.04
G& #0,0012 10.0014 #,C020 +0.0025 #3.00L 3
Cm *#0.01 .01 *0.02 0,02 L, 04
Cn *0,002 *0.003 +0.003 10,004 0,007
Cx flap No reliabls estimate possible
Cz flap AVE 0. 0CL
Cm flap AVE *0,002

Incidence wag accuratc to i0.05° and the nozzle calibration shows the
variation of Mach muber within the working scction to be withan 30,03 of 4. 30,
This implies an uncertainty of #25% in the local value of g, the kinetic
pressure.

8 IRDSENTATION (F RESULTS

The six components of force and moment along amd about a right hand system
of body axes illustrated in Fig.5 have been found for a model with ten different
control systems over a range of incidence angles and control settings and the

- 12 -
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bulk of the results io wrescated as plots of Lucsc componeats in coefficient
form versus incidence for varirus control setiings.

In comparing increients 1t 1s convenlent to consider incidence always
positive and make corresponding altcrations to the signs of the ncasured
wncrements. TFigs.l15 and 16 use this method of presentation, ac do the plots
of C.P. wvaraiation.

The six components have been non-dimensionalised on the basis of the
crosa-sectlonal area of the centre body and 1ts diameter, as shown in the list
of symbols. Reynolds numbor is based on net overall length. Axaal force
coefficients have been corrected to free strcam static base pressure, moments
are quoted about a point 3.89 inches (3.036 pody diameters) forward of the basc.
This was the estimated C.P. for the basic model.

The flap results arc presented on the basis of cere pressure on the
unexposcd surfaces. The values of the coofficicnts due to free slreanm static
pressure on these faccs are indwcated. TPFlap force and moment coeflicients are
non-dimensionalised on the basis of the flap span x chord and span x (chond)2
respectavely. lioments are measurcd about the point of mnbersection of the flap
upper surfacc centre line with the leading edge and are consiudercd positive
when tending to increasc the angle between the flap and the model axis T1g.5
shows the axcs system.

9 DISCUSSION OF RESULTS WITH ZERO CONTROL SETTING

9.1 Basic shape - lpcluding Reynolds numbor effects

F1g.6 shows that the axial force cocfficient increases with decrease of
Reynolds number but the effect becomes less as incidence increascs.  An estimate
of axial farce by Newbonilan tneory iz included and 13 sccn to be gencrally lower
than the measured valucs, although the trend with ancidence 1s well represcnteds
The estimate includes the ffcct of the blunt nose, but of coursc lakus no account
of skin fraction, If transition 15 assunsd to occur at the conc-cylindcer junction
then data in Ref.2 gives the skin friction axial force coefficient at zero
incidence in the range 0.036 to 0,02/, depending on hcat iransler conditzons, at
the highest Reynolds number and 0.046 to 0.031 at the lowcst. These values are
not quite large cnough to closc the gap between the cstimatc and the mcasurcd
valucs., Fuig.6 also includes measurcments of axial forcec on the cone-cylinder

resulting from substitution of the plain tail shown in Fag.? for the flare.

The measured base axial Toree cosfficicnts arc shown in Pap.7. Those show
little effect of Reynolds number above about 452 incidence. The values at low
incidence are knowvn to be influenced by support interferunce since the weake
could be scen from a Schlicren study to rcatltach onto the roll gear housing,
which was only a littlc smaller in daremcter than the model basc. As incidence
increascd the reattachment moved forward onto the sting, and 1t appearcd that by
about 8° incidence a morc representative base condition had been achieved. This
15 close to the incidence at which maxirum bosc axaal force was mcasured. Since
however, all axial force results have been corrccted to refer to zero basc axial
force, the support interference cffccts have been removed from them.

-3 -



F1g.8 shows CZ vs o for the basic shape at various Reynolds numbers and
for the cone~cylindér at the highest Reymolds number., The figure also includes
estimates for acz/aa at « = 0° by secord order shock expansion theory3. This

overestimates the slope for the cone-cylinder by about 6% but underestimates the
increment due to the flare so that the slope for the complete configuration is
underestimated by about 4o It should be appreciated that this theary is really
applicable only to sherp nosed bodics. No correction has been applicd to allow
for the blunting, The value of these éstimates, where non-ballistic
tragectories are considered, is limited by the non-linear increase of force

with incidence, and so estimates covering the full range of incidence, by
Newtonian tucory and by Allens theoryh, are given for the complete configuration.
The estumte by Newbtonian theory 1s pessimistic by 114 to 163, deperding on
incidence. The estimatc by Allens theory s also pessimistic bub only by about %4
throughout the incidence range.

Fige8 shows that lhe effect of Reynolds number veriation on Cz vs a 15 small.

Reduction of Reynolds number gives a slight increase in farece and this is
gualitatively consistent with a thicker boundary layer causing a pressure
distribution appropriate to a body of slightly larger diamcter.

Fig,9 gives the variation of Cm with « for the basic shape at various

Reynolds numbers, and for the cone~cylindcr at the hi%hcst onc. Estamates of
initial 3C_/da by second order shock expansion theory” are given. The estimated
slopes are greater than the measured ones, so that for the cone~cylinder the
estimated C.P. is 0.26 calibres ehead of the mecasured value and in the case of

the conc-cylinder-flare, it is 0,34 calibres ashead of the result at highest
Reynolds number, neglecting the "kink" in the experimental curve. An estimate for
Cm vs « using Allens theory4 gives Gm = 0 throughout the incidence range in the

case of the complete configuration. This represents the results quite well and the
estimated C.P. at a = 25° is merely 0.075 calibres ahcad of the measurcd valuc.

The effect of reducing Reynolds numbers at zero incidence is to increase
stability, the "kink" in the Cm vs a curve becoming much more pronocunced. ¥Fig.10

shows, at the highest Reynolds number, that the thickening of the boundary layer
which occurs ahecad of the cylinder-flare junction is much reduced on the windward
side as incidence increases from 09 to 39, At a = 09 the projgected line of the
flare shock intersects the body well forwerd of the cylinder-flare junction

while at « = 3°, coinciding with the extremity of the "kink" in the C_ curve, a1t
intersects at the junction end continues to do so for all higher incifonces. It
1s plausible that the forward shock position at « = 09 gives a higher local lift
slope on the rear part of the cylinder than with the shock in the rear position at
a greater than 3° (at the highest Reynolds number).

The effect of Reynolds number variation at high incidence is small, in

terms of C.P. shift, and the trend with reduction of Reynolds number appears
to change sign.
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9.2 Lifeects of alterations to basic shope to sult controls

Only the models with nosc or Tlare flaps and thosc with tilting flare
control reduce to the basic shanc when the controls are at zero setting. All
the other control devices teste | required modifications to the basic shapse o
accommodate them, with consequential changes in force and moment characteristics.
The influence on the normal end axiel feorces, pitching moment and 1ilt/drag
retio for these shapes, with zero control setting 1s shown in Figs.11 to 1k,

9.2.1 Tilting nose model Re =~ 5 x 106

The effcct of the small increasc in conc angle required on this model 1s to
produce a slight increasc in C:,C and a slight reduction in stabilaty. Any effcet

on CZ was too small to be measured. The veluc of L/D max 1s slightly reduced.

9.2.2 Nose disc medel Re =~ 3.7 x 106

As would be cxpected, the nose dasc causes a large axial force penalty,
the value of —Ox at a = 0° oving C.4 greater than for the basic shepe. By

Newtonian theory onc would cxpect this change to be C.46. This neglects any
change in skin friction. The dise impairs the 1ifting power of the nose,
causing o reduction in -C /o and an ancrcased stability for the model, but this
effect 1s reduced as incadence increases. Ab about 12° incidence there 1s a
loss of stability which coincides with the disappearance of the rcattachment
shock on the upner gurface of the nosc -~ sce Fig.70. At high inciadence the
values of -C_/a and acm/aa are very close to thosc of tne basic shape.

9.2.3 Rear disc model Re o 3 x 106

At @ = 0° F1g.81(c) shows the rcar disc causing a scparation which starts
nezr the cone~cylinder gunction and this gives rise to a relatively low value o
axial force, Fig.11 (but nevertheless 0.09 greater than the basic shape).
Increasc of incidence reduces the extent of the scparation on the windward side
and causes a progressive large increasc in axial force.

The rearwerd facing step was nobd effective 1n locating the separation
pointe At a = 2°'Flg.81%b) shows the suparation point still well ahecad of the
scep and by « = 89 F1p.81(a) shows the Tlow on the windward side reattaching
after the step and then scparating in front of the dasc.

The inabtral valus of ~Cv/a 18 indistinguishable from that of the cone~

cylinder, as would be expected, but ot high incidence it approachcs the value
Por the cone-cylinder rlare,

The stability of this model at zero incidence 1s greater then thaet of the
cone-cylinder—flare, arising from the distribution of pressure on the face of
the disc. A shock Torms in front of the into-wind Tace (Fig.81 (b) and (c))
with consequent pressure rise and restoring mement.



9.2.4 Tilting spike model Re o 3.7 x 10°

Comparison of the curves of Cx vs & for the spike nosed and hemispherical

nosed models (Fig.11) shows that at a = 0° the spike causes a reduction in
axial force to only 35% of 1ts value in the szbsence of the spike. Application
of incidence causes a rapid rise in axial forec towards the hemispherical nose
value. The Schlieren picture of Fig.91(c) shows that at zero incidence the flow
separates near the front of thc spike and most of the hemispherc is in the
separated region. As inoidence increases the separation on the windward sade is
reduced in extent, causing an increase in axial force. This is very similar to
the rear disc model, where the cone~cylinder scts as a spike. TFurther incrcase
of incidence reduces the separated region on the upper surface of the hemsphere
also, By « = 22° the values of Cx with and without spike are adentical and

above this the spike ceuses an increase i1n axial farce.

Pig.12 shows that replacement of the cone by the hemispherical nose
reduces the normal force but the presence of a spike gives a large increase in
normal force slope only over the first 4°. This 1s sufficient to cause the
values of -Gz for the spike nosed model to be greater than those for the basic

medel for aincidences up to 70. Above 4° incidence Fig, 94 ( 2) shows the upper
surface of the hemisphere to be less influenced by the separation induced by
the spike and this leads to a loss of lift, Fig.13 emphasises the loss of
1ift forward of the mament datum which occurs sbove 4O,

9.2.5 Swept spoiler model Re = 5 x 106

The modifications roquired to accept the swept spoiler produce little
effect on axial farce, The effect on CZ was too small to be measured in these

tests, but the Cm ve a ourve (Fig.13) indicates a small unfavourable change 1in
stability.

9.2.6 Ring control model Re = § x ‘IO6

The Schlicren pictures of Fig.121(a) and (d) suggest that flow through
the undeflected ring was unchoked.
The value of -C, at « = 0° is greater than that of the bagic shape, due

possibly to the large contribution of the supporting struts, estimated at
~0.12. The increasec in --Gx with incidence 1s less for this model than for the
basic onee

The initial value of -Cz/a is less than for the basic shape but at high

incidence there is little difference. This indicates that the lift effectiveness
of the ring tall is less than that of the flare ol the same frontal area, and is
consistent with the reduced stebility shown by the Cm vs o curve. There is no

evidence of the "kink" in the CIn vs a curve at a = o° which occurs when the
flare is mounted.
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10 DISCUSSION COF RESULTS WITIH DEFLECTED CCHTROLS

10.1 Tiltine nose control Re = 5 x 106

Overall forces and umomenls are presented in Fags.17 to 25 and centre of
pressure variation in Fag.122 for the t1lting nose control model.

Fig.15(a) shows that the incremental pitching moment, AGm, due to controi

deflection 15 linear with deflection angle, m, at zero incidence, and
approximately so but of steeper slope, at incidence. The conirol power thus
improves with body incidence arrespective of the sense of control deflection.
This has been traced, through measurement of the flare panel forces (Flg.26),
to loads induced on the flare taxl by the nose deflection, varticularly on the
windward panels, and 1s thus similar in effect to the well-known foreplane-wing
interference of canard aircrafi.

A Newtonran theory estimate of the pitching moment on the nopse only
(1.e. wathout interference) 1s 10% too low at zero incidence and more so at
incidence.

Fi1g.17 shows fthe minimun “Cx for this model always occurred at an

incidence equal to the nose deflection angle and of such a sense that the nose
incadence was zero. Fig.16(e) indicates that only the case of negative, nose
down, deflection at positive incidence gives positave values for &Cx (whaich are

of course to be desired) and this 1s not a case of practical significance since
1t wmplies a negative static margin., An estimated AGX curve 1s included 1n the

figure, colculated by the same method as that {or ACm, and this also gives an

estumate which 15 about 105 too low. Incideuce effects are better represented,
the estamate for a = 109, 1 = =109 being +0.029 compaved with +0.023 mcasuved.

F1g.138 shows that the increment of farce due to control deflection acts in
the demand direction so that the induced load on the flare is less than that
generated on ihe noge control.

Lateral def'lection of the nose, to meet a change in the demand acceleration
plane, can be seen 1n Figs.21 and 22 to produce only small cnangss in the normal
force and moment in the incidence plane, Tig.23 shows that the side force
produced by such a deflection ancreases with incidence, while Fig, 2l shows that
the yawing moment does not vary as much. Tnis mmplies that the additional side
force due Yo incidence acts near the C.G,

Tateral deflectaion also translates the C.T7, of the nose out of tne
incadence plane and paves rise to a rolling moment which is dependent cn
incidence, Fig.25. With this control device, as with all except the swept
spoiler (Section 10.8), there 2s no provasion for counteracting such a rolling
moment, which 18 ithen necessarily unfavourable, Its magnitude is therefore of
mmportance. An estimate, using Newtonian theory end taking the nese C.I', at
< the net nose lengih forward of the cone-base, 1s lncluded in the fagure for
n = 10°-25', Tt 18 sowms 25¢ less than the experimental result.

- 17 -



10.8.1 Individual swoller performance

Overall force and moment resulis weth a single spoiler extended are gaven
in Figs.93 to 104 and C.7’. variations in Fig2s.130 and 131,

Fag.15(h) shows that spoilers in the top positions lose pitch
effectiveness with incidence more rapidly than those in the upner nositions,
and that those in the bottow position gain effectiveness with incidence while
those in the lower positions are affccted very little.s Tnese cenclusions apply
equally to rolling and yawing eflectiveness.

It 1s possible to use the results to find the arca of the flare subject
to induced load if the pressure is assumed uniform over the faoc of the spoilcr
and over the ares on the larc. Also if the distance of forward propagation of
pressure is assumed consbtant across vhe spoiler, a value for this dastance can
be found. The increment in Cx due to spoiler extension is very nearly entirely

due to pressure on the face of the spoiler., This increment can be used to
obtain that part of tne increment in Jm, or Gn, which 18 due to this, the

remaining part being that due to the induced load on the flare. For example,
when the spoiler was cxterded 0.2" in the incidence plane at seru incidence,
the mean neasured valucs of ACX and AUm were 0,105 and 0.30. %We find that

the Acm corresponding to ACx = 0.105 is only 0.08, leaving 0.22 as tho

contribution of the induced load. The distence of forward propagation can
then be computed as 0. 1L inches and the pressure coeificient as 1.24. Olher
components could be used to meke the caleulation. Using the valucs of Gy for

0.2 inches extension in and normel to the incidence planc we obtain 0.17 aches
and pressure coelficient of 1.33 for the same cese. Computations using AGm,

AGx and Cn Tor all spoiler heichts and incidences suggest that i1n most cases

the extent of forward pronagation 13 0.1 to 0.2 inches,

10.8.2 Use as a longitedinal control

The four spoilers used for negetive (nosc down) control would be bottam
port and starboard and port and starboard lower, the other four spoilers
providing control in the positive scnse. Fram Figs.97 cnd 98 it is cleaxr
that whatever combinations of extension in the two planes are uscd, increasing
mcidence must give increasing negative control power and decreasing positive
power, The latter becares almost non-existent et a = 25°%. Figs.93 and 94
provide means of finding the axiel force penelty for any combination of
extensions and it 1s evident that ACx is slways negative i.c. unfavourable.

From F1gs.95 and 96 1t may be seen that the increment of force is opposed
to the demand darection.

10,8.3 Use as a directional control

The four spoilers giving negative (nose to port) control are top and
bottom port and port upper and lower, Tne other four give positive control.
Figs.101 and 102 show thet while increesing incidence somewnet reduces the
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incrcases the preassure ratio, botlom to top, 1t inercascs vhe cffect, exccpt
that the cross flow scparation point neving towards the side of the flare wovld
eventually lmait the incrcase. Wath lateral deflection of the flare the effect
on the side deflected to windvard would be cnhanced and that on the leeward side
reduced, giving a net {all in side force with wncidence up to 2 limiting value
as described. Increcase of incidence also moves the flare nearer to the bow
shock, which 1s becoming stronzer wath lncreasing incidence. Thils gives a
tendency for pressuces to rise on the sules of the flarc and hence the difference
from onc cide to the other also incrcaescs. Eventually tlas effect beecomes the
predominant onc. The results {er the vcar {lop loads, FPig. 60, are of sirular
shape to thcse and ere suscepticle to the same cuplanztion.

Control deflection normal to the incidence planc results in the C.E. on

the flare being displaced {rom the centre linc of the model cnd hence in a
detrimental imcidence dependent rolling moment (as for the tilted nose). Fig.3s
shows this and includes an cstimated curve, using Newtonian theory, for the
7.50 deflection case. As in the case of lhe tilted nosc, the estimate 1s too
low by about 255,

6

10.3 HNose flap control Re = 5 x 10

Overall forces and momenis arc presented in Faigs. 37 to 45 and J.F.
variation in Fig.424,

T1g,15(c) shows the variation of &Cm with deflection and incidence. 4as

enly positive deflections werc possible and only onc setting was tesied, rcsults
for thas indavidually on the windward and leeward sides of the moddl are plotted
ain the same figurc. The control i1s noticeably less effective on the leeward
side of the nosc, and dependent upen the body incidence when on the wiadward
side. Pron a comparison of the flure panel lcads with and without nosc flap
deflcction (P i 46) 1l appears that the reduction in control cffcotiveness

near zmero iacidence 1s attributable to the loeds 1nduced on the flarc tarl.

The same fagurc shows that deflection of the nesc flap to windward when the
model 15 ai incidence considerably reduces the load on the windward side of the
flare thus accounting for the increased effectivencss then experienced.

Faigs.16{c) and 37 show that operation of the control always rcsulds an an
cx1al force penalty. At a = 0° the two dinensional lincar theory cslamate for
ACy 18 C.019 for 7 = 7459 and this 1s lcss than half the measured value,

However basoe drag of the flap and wedge hias been aynorcd in the cstimate,

The force ancrc.acnt is generally in the demand direclion, sec Fig, 38, but
this 18 not so for flap to windward at incidencc greater than 159, This 1s
accounted for by the reduced load on the windward side of the [lare dascussed
sbove, Evidently for incidenccs in cxcess of 15° the anterference load on the
flare cxcceds the dircct load on the neose flap.

When the £lap 1s dcflccted normal to the incidence plane 1t increases the
slopes wath chanping o of normal force and mowent an the ancidence plane -~ Figs.4d
and 42 - duc to the incrcased planform arca, and produces a forward C.P. shaft
(cof. tne rearvard shift produced by control deflection in the incudeance

plane - Fig.38).

- 49 -



Pags.4) end LI show that incadence effects on the darectional components
are quite large. The kinks in the curves near zero incidence are duc te the
flap/flare interference ulready discussed. 4 probable cause of the reducing
side force and increacing yawing moment at incidences up to 159 1s the
influence of the expanzion {ield from the upper surface of the wedgse on the
body and flare, Turther increase of incidence tnen moves thesge into the
pressure field from the under swiace and reverszs the trend.

The deflection of a flap normal to the incidence plane causes a rolling
moment which Fig, 45 shows incrcases linearly with incidence. This is due to
the control forming a thick delta half wing on the side of the nose. An
estimate of rolling moment using lincar theory -s included in the figure and
agrees very well with the experimental curve even up to 25° incidence. A
Newtonian estimate which is also included does not agree nearly es well.

There 1s no provision for counteracting this rolling moment which 1s
therefore an adverse feature of this control.

10.4 Tlare flap control Re = 5 % 106

Overall forces and moments are presented inﬁFlgS.A? to 55, foreces amd
moments on the flap in Figs.56 to 53 and overall C.P. variation in Figs.125
and 126, whilst the {lap C.P. variation is shown in Fig.59,

As in the case of the nose flap, the ACm and AC, vs deflection

plots - Pigs,15(d) and 16(d) - for flap to windward and to leeward have been
presented in the same figures. In this case however the deflection, v, could
have negative values 1.c¢. the flap surface could be below the surrounding
flare surface.

Pag.15{d) shows that the variation of & with m is not lincar, and 1s

very dependent upon body incaidence. With flap to windwerd effcctiveness
increases with incidence for both positive and negative w, wailc wath flap to
leeward increasing incidence reduces Av + If the flow were Newtonian, evcn the
largest deflectaion used would be efpccted to lose all cffect wnen a > 7°, flap
to leeward, duc to the shadow effect from the forebodys, Tac resulis uhOW

that this 1s pessimistic at this Itach number and all effect i1s not lost until
about « = 25°,

Three methods of cstimating the flap cffcctivencss at a = 0° have been
tried and the estimates are ancluded in Fag.15(d). Those using lincar theory
and the pressurc coefficients for concs of semi-angle 7.5° + m arc both based
on the assumptions that the appropriste total hecad 1s that of the frce sircanm,
that the flow direction is initially along the flare surface and that the
Mach number is that correspording to flow along the flare surface. Newtonian
theory appears to give the best agrecment at low incidence, but overestimates
the changes due to incidence.

From the tiltins {lare results (Section 10,2) one would expect to find some
effect of nosc snock/Plane shock interaction on the results for n = +7.5%, flap to
windyard at incidences greater than 22° This caa be seen clearly in ﬂlg.1j(d) and
in the flap force and nomert curves of Figs.57 and 58. In the latter distinct
changes of slope zre visible, while the foruer suaows a failurc of AS,; to increase
between the o = 20° and the « = 25° value.
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Faip. b7y shovs the voariataion of C with incidence for varzous {lap
“FLAP

sebtings (note: non-dumens:onalised on flap arca). he results are refecred to
zero pressare on Lac unexposed feces,  In use 1t would be nscessary to apply a
correction for the pressure actually expericnced on those faces and the datun
For the casc where this is the free streemn stabic pressure Ls indicated.
Estimates by Newtonian tocory, modified 1o be consistent with the measured
values by the addition of the amount due to free stream static pressure acting
on the cxposed surface, are included in the figure. The fagure shows that the
theory gives reasonable agreement with the measured values only when ithe flap 1s
to waindward., Positive scttaings, however, producc less force than estimated and
the error becomes greater with increase of ncidence. This may be due to tap
lesses, which could only cccur at positive settings, but uff this :s so the
overell moment resulvs, as discussed gbove, suggest that these are nob recovered
on the adjoining flarc surfaces waen the incidence is large.

There 18 a discrepancy between the {flap force and mouent wecasurewents at
a = C° with {he flap in the incidence planc and these with 1t normal to the
incidence plane - Figo.57, 58 and 60,61. The discrepancy is largest at
positive flap settinzs, wnere ooth increuents duc to change of fiap angle and
the total measurcments wie ut variance in the two cascse At negative setbings
the increments agres closely although the total mcasurements still daffer.

There 18 thus some doubt abhout the volucs at g = 00.

Fig.57 snews the variation of flap moment about the leading cdge with
incadence and deflcetion, Possibly because of vaibration the quality of the

CxF measurements was poor; faired curves are shown in Fiz,55. However the
"LAP
deperdence of centre of vressure of the flap load on C 18 wealk conpsred
Xprap
with that on C?P and P1g. 59 18 & reascnanly rolisbhble deterrination. The
TLAP

detcrmination becomes less accurate as the wncidence approasches the zcro lood
one for the particuler f£lap deflection and so ihe curves arc broken over a small
range of incidence at this condition. It can be seen that the C.r. 18 never far
fron the mid-chord point and tnat 1t as further aft at negative setting than at
zero and furtner forwerd at positive setting. This trend 1s consistent with
that which tip cffects would be cxpected to produce.

F12.16(d) shows that ncgative ©lap sctting always gives a positive,
favourable, increment of Cx ard Fag.L7 shows that this increases waith incidence,

flap to windward, wnd decrcascs, Tlap to leecward. Since 1t 13 possible to obtain
moment increments of eixther sign wath flaps restricted to negative settings, the
control cen be uscd 50 as to plve always [avourablo C}r intcraction. The

converse applies for positive opcratzon.

Fige 16(d) ancludes an cstimate for the a = 10° flap to windward casc
using Newtonian theory and this agrees fairly well with the cexperi eontal curve.
0f coursc, for [lap to lecward at this incidence the cestimate is zero for all
secttings, vhoreas finlbe values were messurcd.
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Fag.48 shows that the force increrent 15 1n the opposite direction to the
demand in all cases. Its size varies with incidence in & surilar nmanier to
thet of the mowment increment.

Figsb1 and 52 shous that both positive and negative settings normal to the
incidence plane increasc tne -CZ vs & and "Om vs a slopes. This 1s due te the

provision of extra lifting area in both cases, i1n the form of a thick delta wing
for positive scttings and an inclined duct at negative flap angles. Since the
exposed lifting arca of the lavter 1s subgect to shadowing by the windward part
of the flare 2t 15 act so ceffective as the former.

The effects of incidence on Cy and Cn for deflections normal to uhe

wincidence planc arc shown in Figs.53% and 54, The cffects arc generally small,
there being a slight incrcase in effectivencss with incidence for a greater than
129, The negative scttings show a small loss in effcctivencss with inercasing
incidence for a less than 12° which may be caused by the increasing shadow

area.

The force on the flap itself, Fig.60, shows a dip at zcro incadence,
Above sbout 3° 1nejdence there is a reduction with increasing aneidence and
finally a rise. As alrcady remarked in the discussion of the resuits of tests
with the tilted flare tail model, the dip may be due to thannang of the boundary
layer ahead of the flare as incidence is applicd. It 1s intereasting to note that
there 1s no dip n the case of full ncgative setting, where boundary layer
thickening would not be provoked - but in the overall force and meoment curves,
Figs.53, cnd b4, this sctiing 1s the only one with a dip. Presumably this is
due to the cffect cancelling on port and starboard sides cxcept in this case.

¥ig.55 shows the variztion of C& with . This rolling moment arises from

the extra arca exposed by either inwards or outwards flap deflection es alrealdy
mentioned., It is thus of che same sign for both positive and negative
deflection but greater for pesitive deflectzons, Estimated curves for the
+7.59 setting are included in Fig.55 using lincar theory and Newbonian theory.
Tne former gives good agreement up to a = 12° but further increcasc of

incidence brings the measured values nearer to the Newbon.an cstumate.

10.5 Eccentric nose disc conirol Re = 3.7 x 106

Cverall force and momcnt results are given in Faigs.62 to 68 and C.P.
variation in ¥ag.127.

The control was intended to act not so much by means o.' tne high eccentric
axial force of the disc as by ceusing asymmetric separated rceglons on the nose.
F1g.69 shows that at zero incidence the reattacliient saart waves from upper and
lower surfaces were syrmetrilcal about the body irrespective of the ccoentricity
so that the object was not achicved at this incidence.

P1g.15(c) shows that at zero wncidence eccentricity of the disc produced
very little pitching wmoment. (Newbonian theory predicts ACm of C.06 for O.15"

eccentricity,} Control moment, linear with eccentricity, developcd with
incidence and the greatest cffectiveness occurrcd at about a = 159, irrespective
of the sign of the coeentricity.
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It 25 apparent fromﬂFlg.16(e) that eccentricity of the disc has no effect
on Gx' Fig.62, however, shows that the presence of the disc causes -O_ to be

much larger fthan ihat for the basic shape.

Pi1g,63 shows that the force increment 1s very small but acts towards the
demand direction.

P1g.06 and 67 show that operation normal to the ancidence plane gives rise

|

to very small changes in C_/a and Gm/a.

Pig,68 shows that incidence has some effect on Cy and Cn in thls case.
Maximum effectiveness assin occurs at about o = 15°,

No rolling moment 1s produced by any combination of control setting and
mcidence tested - see Fig. 68.

10,6 Eccentric rear digsc control, Re = 3 x 106

Overall force and moment results are presented in Fags.71 to 79, aund C.r,
varzation wn Fig.128.

The variation of qu with control deflection 1s shown 1anlg.15(f) and this

1s linear at zero incidence. ZEifectiveness increases witn incidence for
eccentracity in either direction in the incadence plane. Fi1g.73 shows that the
variation of Cm with a 1s very non-linear and this is reflected in the AGm vs

eccentricity curves for certain incidences, Since this control was intended to
be a low i1nertie.verszon of the ti1lited flare, 1t is of interest to compare the
two. On the basis that the flow will be the sane as 1f there was a sclad
boundary between ithe rearward step and the extremity of ithe disc, ihe maxigum
eccentricity {(C.2") corresponds to 5.2° of {lare deflection, although the

shape 15 not quite the same in “ne two casec. Fig.80 shows the variation of
acm with ¢ for the iLwo cases and from this 1t can be seen that the rear disc

!
13 lese effactive than the flare only over the incidence range -7° to +9° for
downward deflection 1.e. duesplacement to windward at positive incidence.

Fig.16(f) shows the variation of AGK with deflection and it can be seen

that at a = 10° there arc much lerger chanpges than at a = o°. Despate the
relief to be gawned by oparating with the disc translated to leesvard, comparison
of Fags.11, 27 and 7% shows that tne axial force penalby is still wuch greater
than for the basic shape and far the tilted flare of the same effectivencss.

The force increrent can be seen from Fag.72 to sct in the opposite
darection to the demand. It increases with incidence for both windward end
lecward dzsc translations.

Figs. 75 and 76 show thet tronslation ncrmal to the incidence plane causes

1ittle coenge in Gz/a and Cm/a, the main effect being a small rearward C.P.
shaft.
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Displacements normal to the incadence plane are shown in Figs.77 and 79 to
produce Cy and Cn which very considerably, and non-linearly, with ancidence.

The C.P. of the sideload, Cy’ as given by O /C , 18 behind the model base,

being 6 calibres aft of the C.G. at a = c® and 3.8 calibres aft at o = 25°.
That this C.P. 18 always off the model 1s due to the eccentricity of the axial
force on the disc itself.

Fig. 78 shows that no rolling moment was produced by any combination of
displacement with incidence.

10.7 Tailted spike control Re = 3.7 ><‘t06

Overall force and moment results ace given in Figs.32 to 90 and C.F.
veriation in Fig.129.

At zero incidence Fig.15(g) shews that there 1s a much larper AC r_/'r; slope

for small 7 than for 1 greater than about 30. Tnis 1s due to the large 1lafi
slope of the nose at small incidence which was described in Section 9.2.4,

is caused by es;wmetry of the separation ahead of the hemisphere. Tne effect is
dependent only on the spike attitude so that, for instaacce, m = 49, a = QO
produces the same effect as n = 09, a = 4°. Tnls also accounts for the large
variations in effectiveness at nerramve 7 and ancidence less than 1 59, The
veriation of Cm with a is shown 1in Fig.8L.

Instabil:l.gy of the shock system of spike-blulf body combinations has been
noted elsewhere®, but in these tests it was observed only over a very small range

of incidence, less than 27, when the spike was inclined a2t about 20 to the free
stream.

Fig,16(g) shows the rapid rise in axial force produced by spike
deflection at zero incidence. As in the case of the rear disc, the apparent
benefit conferred by aegative control deflection at o = 10° st1ll entails a
higher velue of axial force than for the hasic shape, as can be seen fram
Fig.82. This figure shows that minimum axial force occurs at incidences close
to those at which the svike is aligned with the free stream Fig.92 shows that
the separation is symmetrical about the spike at m = =99-17' when a = 8° and
this corresponds to minimum axial force.

The variation of Cz with a 18 shown in F1g.83 and thais shors that the

force incremnent due to control deflection acts always in the demand darection.
The greatest value of increment seems to occur at the incidence which gives
Oz = 0 for the particular deflection.

Figs.86 and 87 show the effects on Cz and. Gm of spike deflections normel

to the incidence plane. The main effect i1s a rapid loss of the control Jaft
produced on the nose by the asymmetric separation. TFi1g.85 shows increasing axial
force at a = 0° for the ssme reason.
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The efr'ects of 1ncidencc on Cy and On for the normal deflectlon case arc
shown in Fags.83 and 69, The hagh values at low ancidence are again due tc the
asymmetric separation.

F1g.90 shows the variation of C, with a. This arises {rom the translation

1/
of the spike C.P. away from the model centre line. An cotunate by Newtonian
theory is mcluded in the figure and 1s 1n fair agreement with the corresponding
experimental results., The progressive incrcase of Cg with incidence contrasts

with the almost constant increment in OZ due to ihe snike. This suppeorts the

suggestion that therce is interference with the body wvressure fields since these
cannot produce any rolling moment on the axially symmctric bedy in question.

10.8 Swept spoiler control Re =~ 5 x 106

A swept spoiler gives increments of force and moment 1n two ways. Farstly
there 1s the direct load on the sporler, which con be resolved inbo components
parallel to and normal to the longitudinal axis, and sccondly there 1s an
induced losd on the flarce ahcad of the spoiler, which acts through the axis,
It 1s thercfore possible to combine spoilers so as to climznate unwanted
components. For example, at zero incidence, pure pitchang moment may be
achieved by means of an adjacent opposed pair ¢xterded an the incidence plane,
pure yaw by an adjaccent opposced pair normal to the incadence plane and purc
roll by an opposed pair extended on opposite sides of the fiare. Intermediate
pairs could be used To obtaln ilncrements of moment about any axis through the
C.G. and any number of paars of spoilers could be used.

The model tested had provision for Tour pairs of sposlers. In this cese
there are two parrs of speilers which yield moments of liake sign about any
particular one of the three body axes, when the incidence 1s zero. It will be
shown that by suitable combination of the cxtensions of the two pairs 1t 1s
posszble to alleviate cross~couplings and changes in effectiveness dve o
incidence.

The tests were performed using only onc spoiler and the complete control
characteristics are cvaluated on the assumption of non—interfercnce between
spollers. This assumpilon, which has no experimental basis, 1s scomewhat open
to gquestion an view of the area of the flarc upon which the induced load appears
to act.

The spoilers eatended parallel to the incidence plane are rceferrcd to as
top or bottom accordingly as they were to leceward or windward when the model was
at positive incidence, and they could then be either on the port or starboard
side of the incidence plane. The spoalers extended normal to the incidence
plane could be either to port or starboard, and upper or lower accordingly as
they were above or below the plane of symmetry normal to the ancidence planc.
Thus, for example, the term "top port" refers to the spoiler on the lceward
side of the flare and to port of the incidence plane.

Three spoiler heights were tested in ecach of the top and bottom port
and port upper and lower positions.



10.8.1 Individual swoller performance

Overall force and moment resulis weth a single spoiler extended are gaven
in Figs.93 to 104 and C.7’. variations in Fig2s.130 and 131,

Fag.15(h) shows that spoilers in the top positions lose pitch
effectiveness with incidence more rapidly than those in the upner nositions,
and that those in the bottow position gain effectiveness with incidence while
those in the lower positions are affccted very little.s Tnese cenclusions apply
equally to rolling and yawing eflectiveness.

It 1s possible to use the results to find the arca of the flare subject
to induced load if the pressure is assumed uniform over the faoc of the spoilcr
and over the ares on the larc. Also if the distance of forward propagation of
pressure is assumed consbtant across vhe spoiler, a value for this dastance can
be found. The increment in Cx due to spoiler extension is very nearly entirely

due to pressure on the face of the spoiler., This increment can be used to
obtain that part of tne increment in Jm, or Gn, which 18 due to this, the

remaining part being that due to the induced load on the flare. For example,
when the spoiler was cxterded 0.2" in the incidence plane at seru incidence,
the mean neasured valucs of ACX and AUm were 0,105 and 0.30. %We find that

the Acm corresponding to ACx = 0.105 is only 0.08, leaving 0.22 as tho

contribution of the induced load. The distence of forward propagation can
then be computed as 0. 1L inches and the pressure coeificient as 1.24. Olher
components could be used to meke the caleulation. Using the valucs of Gy for

0.2 inches extension in and normel to the incidence planc we obtain 0.17 aches
and pressure coelficient of 1.33 for the same cese. Computations using AGm,

AGx and Cn Tor all spoiler heichts and incidences suggest that i1n most cases

the extent of forward pronagation 13 0.1 to 0.2 inches,

10.8.2 Use as a longitedinal control

The four spoilers used for negetive (nosc down) control would be bottam
port and starboard and port and starboard lower, the other four spoilers
providing control in the positive scnse. Fram Figs.97 cnd 98 it is cleaxr
that whatever combinations of extension in the two planes are uscd, increasing
mcidence must give increasing negative control power and decreasing positive
power, The latter becares almost non-existent et a = 25°%. Figs.93 and 94
provide means of finding the axiel force penelty for any combination of
extensions and it 1s evident that ACx is slways negative i.c. unfavourable.

From F1gs.95 and 96 1t may be seen that the increment of force is opposed
to the demand darection.

10,8.3 Use as a directional control

The four spoilers giving negative (nose to port) control are top and
bottom port and port upper and lower, Tne other four give positive control.
Figs.101 and 102 show thet while increesing incidence somewnet reduces the
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yawing moment from the port upner and lower pair (from G = 0.6 2t a = 0° to

0.48 at a = 25° for 0.2" heignt) 1t increases that from the other pair (from

C, = 0.5k at « = 0° %o 0.85 at a = 25°, also {or 0.2" herght). It 1s thus possible

I .
to so arrange the extensions in the two planes a3 to obtain nearly constant
values of Gn throughout the 1ncidence range.

Sance the top port and nort upper spoilers both lose effcctivencss es
incidence increases there will be nose down patch coupling irrcspective of the
combination of these exbensions.

Fi1gs.103 and 104 cshow that increasing incidence causes tue pair of
spoilers extended normal to the wnecidence plane to develop a power in the roll
scnse which 1s of opposite sign te the power also developed witnh incidence by
the pair cxtended an the incideuce plane. As the former effcct 1s not so strong
as the latter, roll coupling can be avoided 1f a sultably grecalcr extension of
spotlers normal to the incidence plance than in 1t 1s used. Thig arranpencent
18 also of the correct sense vo reduce, though 1t carnet eliminate, the pitch
coupling,

10.8.4 Usc as o lateral control

The swept spoilcr is the only ceontrol of thosc tested to provide any means
of lateral control and as such might conceivably be used as supplementary to the
other devices considersd. The combination of spoilers givang, negative rolling
moment 1s bottom starboard, pert lower, top port and starboard upner - the
remaining four giving positive roll control. Figs.103 ard 104 show (reversing
s1gns as required) that 1t 15 possible to combine the cxtensions o as maintain
uniform roll effectivencss throughout the incidence range. The arrangement
required is that the spoilers opcrated normal to the incidence plane should be
extended ebout twice as far s tanose operated i the incidence planc. +'1gs.101
and 102 snow that this arrangement also gives noar minimal yaw coupling. There
1s however, a larrc nose aown piteh coupling.

.
10.9 Tocentric ring control Re = 5 x 10°

Qwverall forces and noneats for tne model fitted with ihis conlrol are
given in FPags.105 to 114, and the C.P., variataon 1s given an Fig.?32.

Fig.15(3) and F12.107 show tnat at zero incidence 0,1" eccentricity in
the incidence plane caused no measurable pitching moment, but as incidence
increased there was an increasc 1n restoring moment due to eccentricity which
was irrespective of sign. This 1s a surprising result inasmach as cxcept
Tor a basic shape which 1s unstable at zero incidence this control cannoct be
used to trium at non-zereo incidence. In this latter case where, duc to a non-
linsar pitching moment, fthere is a stable tram attitude at some non-zero
incidence {c.g. 240 in Fig.407), then the deviec may be used to reduce this
trim incidence tut the plane in which this occurs is arbitrary.

Fig.105 shows the varaation of Gx with incidence. There 1s a small

increase in axial Tarce with eccentricity, which i1s greatest when the
eccentricity i1s to windward at hagh incadence. It then amounts to an increasc
of about 1G5 at 25° incadence.
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¥1g.106 shovs thet the variation of forece 1s consistent with the pibching
moient trends alresdy described.

Pigs 109 and 140 show that the effect of cececentricity nomel to the
in¢idence plane 1s to increase slightly tne 1ift contrabution of the control.

Fig, 111 shows that ver.etion f the dirceticnal components with incadence
is  wvery small,

Translation normal to the incidence planc glves rise Lo an incideénce
dependent rolling moment. due to the product of ring Cz and eccentricity, and
this 18 shown in Fag.q111.

10.10 Telbing rang control Re = 5 x 106

The oversll forces ond moments on the model with this control operative
are presented in Fags,112 to 120 ard the variation of C.P. with Incidence and
deflection i1n the incidence planc in Fig.133,

Pig.15(k) shews that this control 1s pewerful but gives a non-linear
variation of ACm with detlcction. Increasing incudence causes 1ncreasing
increments, rresuective of sign of deflicctrion. Gencrally tnc valus of Aqq

. . ) i
varies in a similar mamner to taat Zor lthe tilting flare control.
\ o

F1:.16(k) shows the veraation of &Gx with defluect .on at o = 07 and

2 = 100, the variantion of Gx with ¢ being shown in Fig.142. The value of
. o
AGx at zero incidence and n = 9 -8' appears rather large and fthe question

arises as to wnether the flow through the ruing was choked in toas case. Fig.12%
presents Schlicren photographs of the deflected and wndeflected contrel znd in
all cases the control lcading edge shock waves appear to be attacned,
indicating that the flow was unchoked. The increasc in Gx is probably due to

the component of force normel to the ring, the other component of which gives
the increment in pitching moment which &lso increases nou-lincarly with
deflection.

¥ig, 113 shows that the force increment i1s ormnsed to tne demand direction.

F1gs.116 and 147 show the effect of deflestion normel to the incidence
plane on the longitudinal components. IFrom these curves it way be deduced thet
the ring and rear bedy normsl force 1s incrcased by deflection in +hig
direction.

The wveriation of Cy and Gn with incidence for deflections normal to the

incidence plenc 1s shown in Figs.118 ond 119. There is quite a large increasc
of effectiveness with incidence, at o = 25° the volues are about 50, greater than
at a = C° The gain 15 groater then for the bilting flare.
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F1p.120 shows the variation of C, with incadence when the deflections are
normal to the incidence planc, This arises from the 1if't on the rang acling at
a point off the model axiss An cstiuate by Newtonian tncary of 06 for a

cortesponding solid cylinder is included in F1g.120 and this gives icsg than
half the ameaswred valug, vhich indacates the important contribution of the
inbernal Clow.

11 COLIPARTISONS AND CONCLUDING RE ARICS

It 1s not possible herc to provide a complete asscssment of the clficicney
of the various control devices tested since they very so widely in inertia and
probably in requirements of force to operate, It 18 possible however to cxamine
how closcly they abproach the ideal acrodynoamic output, ignoraing the mechanical
difficulties involved 1n achicving the control movements which produce 1t.
Ideally, a control should provide & moment which is invarzant with racidcnce of
the basic body, linear with control deflection and in, or normal to, lhe plane
containing the longitudinel axis and the deflection. Furthermore, 1t 1s
advantageous 1f 1t provides an increment of foree in the darection in whichk 1t
1s desired to accelerate the body. It 1s also advantageous 1f it gilves an
increment of exial feoree in the thrust sense.

Table 2 gives a sumplified sumasary of the control characteristics over
the range of incidence from zere to 257  Bome of the characteristics are
particalarly referred to @ = 109, as a possible cruising incidence of bhe basic
cone~cylinder~-flarc,

An mmperdant point to consider in any practical application 18 that only
the swept sporlers provide mcans of roll controi., I7 one of the other controls
1s used on a body of revolution or other body lisving no stable attitude in roll
then scme additional means of roll control would be necded and 1is pover would
be dependent on the roll coupling of the mein control. An indicalion of tals
caupling 1s given an Table 2, in lerms of Gﬁ/dn arising when answerlng a

demand normal to the incadence plane, with the vasic body at che assumed crulse
attrtude,

From Tanle 2 1t moy be concluded Snat the swept spoirlers proviads the
only scll-contained control system, bual losc cffectiveness rapidly at positive
incadence, and suffer from yew/pitch coupling at incidence. Of the others, the
best 1s the tilting nosc. The tilting flare sulfers lerger incidencce ol fects
and has an adverse forcce increment. The nosc flap suffers prohibitively lerge
wmcidence cffcets, wnien arce due to anterference with the body and flare lift,
The main disadventane ¢f the pair of flarc flows 1s the large lacreasc in
longaitudinal static margin with the fleps copereted to provide yawing moment.
The nosc dasc 1s ineffective at zero incadence end has a large axial force
penalty., The rear disc offectiveness 1s very inc.dence dependent, and iz also
achicved et the cost of a large «ial force penelity. The tilbing spike
effectivencss 1s highly non~-lincer, duc to the scvaration phencmenon ahcad of
the hemisphere, and also incurs a large axiel Corce penalty. The cccentric
ring has no pewer 2t zero incidence. there tram 1s possible (Scctzon 10.9)
eccentracity, of whetever sense, mercly reduces the incidence at which thas
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occurs. The tilting ring is a very effective conirol although scmewhat inferior
to the tilting flare in many charscteraistics, and because of the use of thin
sections would suffer in cammon with iae zceentric ring difficulties an
dissipating kinetic heat 1n ypractice.

LIST OF SYi.BCLS

Ox y z  right hand system of axes fixed in tunnel with Ox_along the direction
0'0 0 . o
of relative wind

Oxyz right hand system of axes fixed in modcl

1+4 angle of incidence, angle between Ox and Ox0
n control deflection puraneter

X camponent of force slong Ox

Y component of foree along Oy

4 cgmponent of force along Oz

L moment about Ox

M moment about Oy

N moment about Oz

Force coefficients Gy = -i-,-, ete
[l

: P
Moment coefficients b& = 350 etc

S

i d2/1+ sq in.

d body diameter = 1.28 in.

I

xFIAP component of force on flap along Ox

ZFLAP componient of fovee on flap normael to Ox and in cather tne xz or xy
planes, Positive towards Ox axis

MFLAP moment zboout flap leading edge, vositive tending to increase 7

*pra

P
— etc

Flap force coefficrents C =
PLAR g3
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M

LIST OF SYKBOLS (CONTD)

_ fprp
t ot
gs £

Reynolds number based on net overall length

Cm (control defliected) —CIn (control undeflected) similarly ACx and ACZ

LIST OF REFERENCES

Title, cte.
A D,E,U.C.E. programme {or processing SUDETSONLC
wind tunnel data.
Unpublished i..0.4. Report.

Formulae and approximations for aerodynamic
heating rates in high speed flight.
LeleUs GUP. 360, Octeber, 1955,

A second order shock expansion method applicable to
bodies of rcvolution near zero lift.
N.A.C.A. Report 1328, 1957,

Estimation of the forces and moments acting on
mclined bodics of revolution of high {ineness

ratio. .
N.A.C.A. Ri A9TI26, N.A.C.A, TIB 2289. November 1940.

Flap moment coefficient C
TLAP
8' = flap span x chord sq in.
&' = flap chord in.
q = kinetic pressurc = % pv2
P, = free stream static pressure
M = Mach number
R =
e
AC =
m
No. Author( s)
1 Cork, G.
2 Monaghan, R.dJ.
3 Syvertson, C.A.
Dennis, D.H.
L Allen, H.J.
5 Hunt, G.Ku

Jupcrsonic wind tunnel stwdy of redueing the drag
of & bluff body :t incidence by 1eans of a rpike.
Unpublished 1..0.a. Report.
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TABLE 2

Sumzary of control characteristics

Answering demrnd in ineidente plone

Answering denand norma) to incidence plam

Linearity Incidince effects X foroe pemalty Size ond dirn, ofAZ | Incidence effects Effects on Cp Effeets on €&
Control Approx, meox, § Approx, Mex, 5 Cx = O (busto ahape) |, vo max. value Approx, % Remarks
deviation fram | voriation fn 4G = iaw Acg | of ACg/ACy vari~tlon ot |Cy] ﬂqoﬂflcﬂl CgfCp ata = 100
lineor Acm/n alo from val, atdtm 00 ata s {00 atg= 100 tromg= 0° value ata= 10%, 1= mex, T = max,
Tilting +0,006 ACn -VE ory cttective control
nose 15 +30 0,17 AGy +VE ~0.3k & +0.12 0,098 A OmeO = 0,095 at o = 0°
Tiiting ~0.17 AGy -VE . ) ery offective control
Pty 15 +100 40,03 AC. 4T «.37 t12 <0.12 0,081, {; & 0 = D103 B a = 09
Not wvery effective except at higha,
rl;gse ? +1600 0,31 ﬁc@ “VE ~0,2 +500 +0,33 +0,08 ap windward,
P =0.34 +VE A CuihP = 0,003 at e = 0°
Flare flaps
+20, ACy +VE 0,12 4C_ ~VE ffective control
(2 pair, onc + 10 ] P12 4G, +0. 0,82 ~0,0 65 T
pame'.vg) ¥en +10, ACy -VE 40,03 AC, +VE B +18 062 A Cg|MP = 0.047 atx = 0°
Hose + oo -
diso 5 Only effective at .g'g AGy -\‘;BE -0, 28 o0 0 0 {nerr tive and high drag
high $noidencs -6 Ay ACgpi/min. = 0atxe= 00
Rear - = Large rise in effectiveness and drag
el 20 +260 _3_"5 ﬁcm o +0 25 +3D ~0,18 0 t high incidence
7 A% . rAcmmm,auwawnoﬂ
Tilting “90 to +80 - y High drag, large non=linear
spika 100 iarge changes In AG, _13 ﬁgg g =0.26 ~53 +0,28 =0,04 verfations withm and g
for small changes In a + IA cmffno = 0,04, amQ, M =gl=171
|
L swept +200 ~VE Ao o +16 equal extn, +0,05 equal oxtn, Provides roll control, Loses + VE
spotlers 15 e ﬁ& o '_g-l‘:g Acq; o 40,3 can be uzde 0 0,3 can be|urda 0 wer 2t 1ncidence
. by diffl, ext, by diff1. exta, A Cylimtn, = 6,3 ata = 0
oo
Eceentr Eccentricity only produces 4¢C joa
ﬂ" te ? Only effective at =0.86 to windvard +0.5 Cp © % » change. No A uf"gm ;E-,’mmm
ng ine, and ACy always =VE =1,27 to leuward at all &« G
. plane glves Cp
Titing “0.,21 4C  =VE
X +50 e 4 +0,43 +47 0,2 -0.0 ery effwctive contlol
ring ~0.13 ME +VB -25 -035 TA cmT[nO = 0,11, & = 0,7 = 9%=8¢
1deal o 0 +VE ~VE (4] 0 0 Requires a large value for |Acm Il'n o
- 32 =
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FIG. 5. DIAGRAM SHOWING MODEL AND TUNNEL AXES.
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) 0 1S 20 L DEG 25

SYMBOL DISC ECCENTRICITY

e o°

a 0°1° DOWN
v 0'15° DOWN
a 02" DOWN

~25 oL DEQ -20
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FIG. 73 C,, vs o« FOR MODEL WITH REAR DISC TRANSLATED IN INCIDENCE PLANE
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FIG.81  SCHLIEREN PHOTOGRAPHS OF MODEL WITH
REAR DISC CONTROL AT « = 0°, 20 AND g°
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FIG.93. Cx vs & FOR MODEL WITH SWEPT SPOILER EXTENDED
IN INCIDENCE PLANE.
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FIG.94. Cxvs ot FOR MODEL WITH SWEPT SPOILER
EXTENDED NORMAL TO INCIDENCE PLANE.
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FIG.97. C,. vs oL FOR MODEL WITH SWEPT SPOILER
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FIG.99. C, vs oL FOR MODEL WITH SWEPT SPOILER
EXTENDED IN INCIDENCE PLANE.
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FIG.100. Cy vsol FOR MODEL WITH SWEPT SPOILER
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FIG. IOl. Cp vs & FOR MODEL WITH SWEPT SPOILER
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FIG. I02. Cn vs & FOR MODEL WITH SWEPT SPOILER
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FI1G.103. Cp vs oo FOR MODEL WITH SWEPT SPOILER EXTENDED
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NORMAL TO INCIDENCE PLANE.
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FIG.I05. Cx vs o« FOR MODEL WITH ECCENTRIC RING CONTROL ACTING IN INCIDENCE PLANE.
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AR.C. C.P. Noo 745 33.696,3/L :
53,69 ¢
53.6.013!1 :

WIND TUNNEL FORCE AND MOMENT INVESTIGATION AT 533.6,011,5

M = 4,3 INTO THE APPLICATION OF VARIOUS DEVICES
FOR THE CONTROL OF A CONE-CYLINDER-FLARE
CONFIGURATI(N.  Pecover, B,E, January 1963,

Measurements have been made in the R.ALE, Neo.6& (11" x 67) wind tunnel
of the six components of force and moment on a basic cone-cylinder~flere
conflguration fitted individually with ten different devices to produce
aerodynamic control, In addition, some measurements of three components
of force and moment on a flap or panel {n the flare tall are given,

PaTuOu

AtR.C- C.P, NO. ?1‘5 53-6%-3/& H
23.69 3
5}-6-013-1 :
WIND TUNNEL FORCE AND MOMENT INVESTIGATION AT 33.6.011.5
M = k.5 INTO THE APPLICATION OF VARIOUS DEVICES

FOR THE CONTROL QF A CONE-CYLINDER-FLARE

CONFIGURATION.  Pecover, B,E, Jamuary 1963,

Measurements have been made In the R.ALE, No,6 (11* x 67) wind tunnel
of the six components of force and moment on a basic cone-cylinder-flare
conflguration fitted individually with ten different devices to produce
eerodynamie control. In addition, some measurements of three components
of force and moment on a flap or panel in the flare tail are given,

P.T.0.

AR, C.P, No. ThS 33.696,3/4 :
533.690
533.6.013.1 :

WIND TUNNEL FORCE AND MOMENT INVESTIGATION AT 533.6.011,5

M = 4,3 INTO THE APPLICATION OF YARIOUS DEVICES
FOR THE CONTROL OF A CONE~CYLINDER-FLARE
CONPICURATION, Pecover, B,E. Jamary {963,

Measurements have been made in the R,AE. No.& (11* x 6°) wind tunnel
of the six componentg of force and moment on & basic conescylinder-flare
configuration fitted individually with ten different devices to preduce
aerodynamic centrol, In additlon, some measurements of three components
of ferce and moment on a flap or panel in the flare tall are given.




The controls tested consisted of & tilting nose, tilting flare, nose flap,
flere flap, eccentric nose disc, eccentric rear dise, tilting splke, swept
spoiler, eccentric ring and tilting ring, The measurements were made at
M = 4.3 and Reynolds number from 1. x 106 to 5 x 106 depending on the
conf iguration,

Results are discussed and compared with simple estimates and flnally
the controls are compared with each other,. No single device had completely
acceptable characteristics, Many, Including the tilcing nose and flare,
were quite effective but only the swept spoller arrangement could ellminate

cross coupling.

-y - it |

The controls tegted consisted of a tilting nose, tilting flare, nose flay
flare flap, eccentric nose dlsc, eccentric rear dise, tilting splke, swept
spoiler, eccentric ring and tilting ring, The measurements were made at
M = 4.3 and Reynolds rumber from 1.4 x 106 to 5 x 106 depending on the .
configuration,

Results are dlscussed and compared with simple estimates and finally
the controls are compared with each other. No singles devics had completely
acceptable characteristics. Many, including the tilting nose and flare,
were quite effective but only the swept spoller arrangement could eliminate

cross coupling.

The controls tested consisted of a tilting nose, tilting flare, nose flap
flare flap, eccentric nose disc, eceentriec rear disec, tilting splke, swept
spoiler, eccentric ring and ti{lting ring. The measurements were made at
M = 4.3 and Reynolds rumber from 1.4 x 106 o 5x 108 depending on the

conf igration. -

Results ere discussed end compared with simple estimates and finally
the controls are compared with each other, No single device had completely
acceptable characteristics. Many, including the tilting nose and flare,
were qulte effective but only the swept spoller arrangement could eliminate

eross coupling.
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