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HYPERSONIC CONTROL EFFECTIVENESS STUDIES ON DELTA WINGS

WITH TRATILING-EDGE FLAPS .

ABSTRACT

An experimental study of the flow and force characteristics of
two delta-wings (of 70° and 76° sweepback) with and without full-span -
trailing-edge flaps:was carried out in.a Gun Tunnel at Mach 8.2. Force
balance; pressure measurements and flow visualisation studies were made at
various incidences, flap deflections and Reynold's numbers.

The flow vlsualis;tlon studles and pressure measurements'onsthe wing
-and flep surfacesvprovided a detailed and consistent physical picture of
the varying three-dimensional flap—induced separation éetterns in the
. lamlnar and'trunsitionel regimes. | |
The more extensive separation on the 70° delta, due to the delayed
- onset of-translation produced significantvreduction in flep effectiveness
in conparison with the 76° delta wing. |

.AlGood,agreement between simple inviscid caleulations of the aero=

~dynamic coefficients and measurements was obtained for the 766 delta with
flap deflectionslof less tnan ébo. Impingement of the reflected erpansion-
.wave from intersection of w1ng and flap shocks domlnated the flap load at
hlgher flap deflectlons. A simple model was proposed for the three-~
vdimensional shock interaction and used to obtain goodvérediction.of the
' reflected expansion boundary on the flap surface. When tne‘interaction“
effect was included in the calculations, satisfactory estimetes of the
aerodynamic coefficients were obtained fér the 76O delta wing up to the
highest flap deflection before flap sho'ck detachment. |

The. balance measurements on the 76 flapped delta w1ng were 15'
. excellent agreement with the results of free—fllght ‘tests conducted at the '

National Physical Laboratory.
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-Pressure coefficient

NOTATION

ﬁaéi; wiﬁg planform area

Normal force coefficient.(Normal force/0.5 yM%,- Pyg- A)
Axial force coefficient.‘ (Axial force/O;EyM%,. HnﬂA)
Pitching-moment coefficient. (Homent/0.5y1i% - Bo- A-L')
Flap normal force'coefficient. (Based on flap area).

Hinge-moment coefficient. (bésed on flap areaand flap chord).
P-Pro’ ' '
e '

Incremental normal force due to flap deflection

IncrementaiIpitching-mdment due to fiap deflection
Ler;gth from apex to hinge-line f | |
Centre-chord length of dglta:wiﬁg '

Flap chord

Free-stream Mach number

Local Mach numbef on windward wing surface
Free-stream static pressure

Local pressure on windward‘wing surface
Hinge—line‘pressure on flapped wing

Free-étréam unit Rejnold's no.

Local unitheynold's no. on windward sﬁrface of wing -

Local Reynold's no. based on length to hinge-line (=RWXL)

" Model Reynold's no. based on centre-chord length (=R xL')

Coordinate along balance axis or wing centre, origin at apéx

~ (except otherwise defined on figures)

Distance to separation
Distance to re-attachment
Distance to centre-~of-pressure

Spanwise coordinate



Hinge-line semi-span

Wing incidence angle, measured from balance axis of force models

_Vindward surface incidence angle

Flap ‘surface incidence angis, measured fm@m.free-stream direction
Flap deflection angle, measured Ifrom windward wing surface

Flap deflection anglé for incipient separation

- Wing shock angle, measured from free-stream direction

Flap shock angle, measured from wing sufface

Flap shock anéle, measu;‘edfrom free-stream direction | )
Wing shock stand-off angle, measured from_wiﬁdﬁard surface
Leading?édge sweep-back angle

Semi-apex angle | =C% -A)

Ray angle on delta wing surface, measured from centre-line

Viscous interaction parameter



‘s;\d.

1. INTRODUCTION
Over the past deéade, steady progress has been aéhieved in the.

solution of aérodynamic probelms related to the aesign of hypersonic
transport aircraft. Recent developments in space programmes have focussed
attention‘on.re-usable boosters and shuttle vehicles for operating between
earth orbits and land bases (ref.l) which offer promise for the pracfical
application of hypepsonic researdh. For these roles, an aerodynamiéally
efficient and manouyerable vehicle in‘the hypersonic flight regime wiliibe
needed. |

" The research effort so far has resulted in the optimisation of

hypersonic cruise vehicle configurations, which generally appear to favour

‘highly swept'wings with sharp leading edges (ref. 2). - Some thought has

also been given to the feasibility of aerodynamic controls on hyperSonic

' * . o :
aircraft (ref, 3).- Preliminary studies have indficated that the trailing-

-~ edge flap type of control merits consideration in ﬁiew of the relative

simplicity and because it offers the practical advantage of remaining
useful over a wide range of Mach number; Under-ﬁypersoniq conditions,
ﬁoweVer, particular aerodynamib problems arise with trailing-edge controls
ﬁhat need consideration.

The pfedidtién of trailing-edge flap effectiveness re@uires a

knowledge of the flow field around the vehicle as well as the characteristics

of the boundary layer approaching the control surface. A studj of

trailing-edge control aerodynamibs inevitably leads to the phenomenon of

flow separation, which is not only responsible for a deterioration in

control effectiveness but also raises secondary problems such as flow
unsteadiness, accentuated local heating at re-attachment and the generation

of secondary shocks which may adversely interact with other components of

‘the vehicle. Although the contfol problem has motivated a considerable

amount of research on‘flap-induced separation (e.g. refs. 4-10), the bulk

of this work has been restricted to two-dimensional flow. ILittle attémpt

# See also a recent review by Rogers, ref. 63.
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has so far been made to investigate the validity-of this research in the
practical three-dimensional design contert. Equally, there is a lack of
information on three-dimensional separation characteristics at hypersonic
sbeeds. |

The erperience of separation effects at lower Mach ruﬁbers perhaps
colours the thinking of the aerodynamicist approaching the problem-of
hypersonic codtrol effectiveness. The resulting emphasis on the separation
'pheﬁomena therefore tends to overlook the inviscid effects such as wave
1nteractlons, vwhich are absent at the lower Mach numbers but can produce’
significant effects on control.forces at hypersonic speeds., Here, the
7 results of two-dimensiooal research while providing some guidance may be
of little direct application'_ since tﬁe vehicle flow field is ﬁotfrep-
resented. |

It is therefore clear that an understanding of the physical nature
" of three—dimensional separations and their effects on the aerodynamic
forces on idealised vehicle shapes incorporating controls will have %o
come from experimental research.'.Such experiments will provide.the
material necessary for an assessment of the‘validity of two—dimensional
ideas and results, and also permit the usefulness of simple jrediction
methods to be established.

The‘present‘study.is concerned with the hypersonic aerodynamic
characteristics of full-span, positiviely deflected trailing edge flaps
‘on delta wings having sﬁarp leading edges,'roof-top' upper surfeces and
flat bottom. Apart from being a reasonable idealisation of a practical
hypersonic vehicle, the chosen geometry is such that qﬁasi—two—dimensional ;
conditions with unseparated (or moderately separated) flow may be

reasonably expected on the wind-ward surface and therefore two-dimensional

® Viz. between shocks and expansions, as distinct from shock—boundary
' layer 1nteractions. :



..cencepts may to a first approximation ﬁe applicable for the calculation
of control effectiveness. However, with increasing severity of separation,
significant three-dimensional effects appear and allow the limits of
applicability of the simple calculation procedure to be assessed.” An
equally important part of tﬁis investigation was to acquire some under—.
standing of tﬁe physical nature of three-dimensional separations likely

to Se encountered with control surfaces under conditions representative

of hypersonic flight.

J
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Part I =~ GmNERAL DISCUSSION OF THE FLOW OV“R FLAPPED UINGS
2. vad-DIMENSIQNAL;FLQW CHARACTERISTICS .o

The'purposé of this section is to recall some of fhe Basic aero--
. dynamic features relevant to the present problem. . The inviscid and
viscous flow phenomena which are beiieved to significantly influence flap
loading are reviewed, and an evéluatiqn of simple prediction mefhods is )
attempted. The two-dimensional casé is considered first as if profides‘a
logical in£roduc£ion to the more complex three-dimensional conditions
on a delta wing;)and also becaﬁse_a strip--typeE application of two-

dimensional results is often made to deal with -three-dimensional problems.

2.1 Inviscid Flow

Consider a flat wing atrineidence . with a trailing-edge flap
deflected positively at angle 6F relativé‘to the wing. In hypersonic
_inviscid flow with attached shocks,.uniform pressures exist over thelyind-'
ward surfaces, the magnitude of whiéh is giﬁen‘by the 6b1iqué-shock_theory
using appropriate initial flow parameters for the wing and flap shocks
(Fig. 1,4). | |

At higher incidence and/br flap deflection, the wave reflecfing
from the intersection of the wing and flap shocks impinges on the flap
(fig. l,B). The sign and the strengfh of the refiectéd wave is a function
Sf the relétive stfengths of the interacting shocks. The s&lution of the |
rgflected wave using exact shock and Prandtl;Meyer relations,is straight-
forwérd; somé resulté of computation for tjpicél casés are presented.
~in ref. 11.
~ Such solutions 1nd1cate that in the range of parameters (ha;, o 6F)

of present interest, the reflected wave is an expan51on. Consequently,.

£ The reference is to the streamwise strip theory, in which any
longltudlnal element of the surface is assumed to behave as though 1t
were part of an unswept two-dimensional plane and independent of the
adjoining strips. : : ‘
11



a rapid fall of pressure occufs.onvthe flap acroés the impingement?pdsitioﬁ.
‘Through repeated wave reflections between the flap surface and.the slip
line ofiginating_at the shock intersection, the pressure will eventually
attain a'constant'final value corresponding to the obliqﬁe shock coﬁpressibn
of the free-stream across a deflection angie (aw+6F)’ provide&'fhe flap‘
length were gufficient. For practiqal pﬁrposes, however, if is reasonable
to assume the total pressﬁre décay to qcéur at the poéitidﬂ'of first
impingement.

¢

The distance d of the reflected expansion impingeﬁent on the flap from

the hinge~line obtained from'shock-expénsion theory is as follows (ref. 11):

a _ Cot (92 - aF) * Gotp g ‘ Sin (e2 - aF_)
L | Cot (61 - aw) - Cot O, - Sin 9,

(1)

WING SHOCK —
 FLAP SHOCK
" REFLECTED EXPANSION Kﬁ{s

Thé above soiution is no lénger valid‘When the reflected expansion
is replaced byié bompreSSion; ésbhappens at higher incidence and flap 
deflection,for a given M?p . This case occurs outside the range of the’
present investigation. The reflected shock condition is néverfheless[of
"impértanée to the contr&l effectiﬁeness problem as shownvby prévious |

investigators (see sec. ).

12



Under the.influencé of the reflected expansion fherefore, the flap

F/ load will reduce below the value predicted b& the simple shock theory.

Due to'the_simﬁltaneéus upstream movemeﬂt of the centre of pressure,

flap induced moment will also dgcrease. Such an effect was first noted

in investigations on flare-stablisided missiles, where analogows reduction
of pfeséufe on fhe'flare acrosé the reflected expansion impingement led

to loss of stability (ref. 12).. Under two-dimensional or axi-symmetric
conditions, this,effect is simple to calculate using eq. 1 with appropriate

values for-the shock angles.

2.2 Viscous Flow .

Unseparated flow

When the flép deflection is small, the strength of the flap shock
may be insufficient to cause seéaration of the bouqdary'layer;> The
méximum flap angle with attachéd flow, or the incipient separation flap
.i‘angle (aFi)’ dépend; on the nature of the flow within the boundary layer

‘at the hinge line. Obviously, it is §f;prabtical aﬁvantage to operate
" without flow separation if possible, and thus itvis neceésary to be able
to predict the incipient separation bouéarye' |

Results to date show thatlincipient separation condition for'laminar
and turbulent boudary.layers éan be c§r:elate& ovgf a faily‘wiae range Af-
supersonic to hypersonic ﬁach numbers (ref. 10)7 The incipient separation
flap angle in each case is found‘to increase with_Madh no. (as 4/M). For
.vlaminar flow,‘BFi decreasesvwith iﬁcreasing?Reynold's‘no.vbut is relativély'
little influenced in the tﬁrbulent case. Turbulent incipient separation
occurs at‘fiap angles 3 to 4 timeé greater than with laminar Eoundary
layer. Under transitional conditions, 6Fi'varies rapidly, between the
~laminar and.turbulent values with changing Reynoldfs no.

Flow with separation

A detailed discussion of the.two4dimensional flap-induced separated

13



flow is outside the scope of this thesis. A recent survey of literature
will be found in ref. 10. Here, only the major results relevantlfo,
simplified engineering estimation of flap heads in the presence of sepa-
ration will be indicated.

- Vhen flap-induced separafion is fully established, a sinple model
of the supersonic separated flow is usually adopted for estimating the
main effects on pressure distribution and loads. In this model, the
viscous layers are assumed to be infinitesmally‘fhin and the upstream and
dewnstream influence of separation and re-attachment neglected. Tne effect
of separation is simply to create new-flowrboundary viz. a straight
consfant-_—pressure line joining the sgeparation and. re-attachment points.
Thus the external.(inviscid) supersonic flow turns through two shocks
‘.(1n place of the single flap shock in attached flow) to deflect through
the flap angle (Fig. 2 A)

To apply the above model to a particulaf case, it is necessary to
know the flow deflection angle af the-separation shock (or alternatlvely,_
the bubble preséure) and ﬁhe scale of separation. The bubble pressure
(relative to the upstream‘pressnre) isla function only ei the local
boundary layer parameters and independent of the agency causing separation
for laminar flows (ref. 14). 'This concept of ''free interacnion" has
enabled correlationvof a large nnmber of experimental data on supersonic-
separated flows, produced on dlffcrent model conflguratlons over a ranhge
of free stream values of M and R. The following equation (w1th the |
Kconstant derived fron the data of ref. 14) has been found to provide a
reasonable good fit of the coffelated "planeau" pressure data for laminar
‘separation at Mach numbers up to 15:

: }i.

PR R : .
C .(Ma-l}--- = 1.74 (Rx ) e (2)
Pertareay : s N

| The above relation has been found to apply as well to three—dimenSional

14



laﬁinar separations, such as those inducedvby part-span flaps (ref. 16).

In turﬁulént separation the pressure in the bubble is nqt'uniform but
has a maximug. The peag'prgssure has been found to correlate to the
foilowing empirical ;quation (ref. 15) in the Mach numberrrange‘B.h to
6.5: |

Cp = 0.13 -=5%= + == (3)
ey W it

The statﬁs 5f separation length prediction is however far less
satisfactory. &s one example, Hill (ref. 9).examined the correlations
proposed by Erdos and Pallone (ref. GO)Iand more recently By'Neédhaq
(ref. 10), against his own measurements and found poor agreement. The
difficult& stems partly from the errors in locating the separation and re-
“attachment points in éxﬁeriments (Qery few bf which have meaéured detalled
’préssure distributions), and is partly due to the uncertainty: in some’
'investigatiohs'regarding twondimensionalify of the flow., Also, many data'
believed tblhéveiﬁeen obtained ﬁnder fully laminar conditions are probably
,finfluenced by trgnsition, which is difficult to detect in thg early stages
but markedly affects the length of‘sepa¥ation (e.g. réfs. 7y 9, 10). For
. -a proper assessment of the proposed correlatibnsvfor separétiqn lengfh,'
bmaﬁy more data from carefully controlled experiments will be needéd.

The basic diffimilty of esﬁimating length of separation therefore
limits thé application of,the practical calculatipn_procedures based on
elaborations of the simple separétion ﬁodel (in which upstream effecﬁ and
. finite préssure gradients at separation and re-attachment are al&owédj, such

~as those set out in refs. 9. and 13. Her&er, when the separation positioﬁ
- 1s known experiméntally (e;g. from opticai measurements), this simple
model can pr§vide a’firsf;order'estiméte of fhe effect of separation on

~ “the flap 1oa€.' | | | |

“The extensive research on two-dimensional flap-induced separation

’15



‘has been mainly aimed towards the determination of onset and development

of separated flow on the wing surface and ﬁhe floﬁ cbnditions at separation.
Rglétively 1little appears to bé knéwn regarding the re-attachment
phenomenon and the flow downstream on the flap. Trom the point of view

.of control effectiveness, howevér, the details of_thé flow and pressure
distribution follbwing re—aétachment are of primary importance.:

The main effect of separation on the flép is to greatly feduce the
pressure between the hinge-line and re-attachment. After re-attachment, -
however, the preésure rises to a higher level than the inviscid value
because of a more efficient twoéshock>cdmpressi6n. For a typical case
(Me = 8, ¢, =0, o = 30°) an increase of about 50 percent over the

kinvispid level is predicted. In practice, even'highér peak values are
attained (feaching nearly 60 percent in excess of inviscid pressure in
‘one instance reporfed 5y Johnéon, ref. 7); due to the quasi;isentrbpig-
“fcdmpression achieved through a series of shocks in the separation and re-
attachment zones. A fapid fall-off in pressure fpllows,'evidentl&'as_a
result of fhe reflected expansidns.from the intersection of the separatibn
and re-attachment shocks. Furfher pressure variations Qill occur when the
effect of interaction between the leading—eége shock and the separation/re- -
attachment shocks reaches the‘flap. Complicated and varying pressure
distributions must therefore be ex?ected over the flap with changing flow.
conditions, and it is instructive to see how the flap ioads develop‘i#
'real situations compared with_the simple calculations dicusséd above.

The 'flap pressure»distributions as measured by Johnsén (ref. 7) are
’illusfrative of these effects, and some of his results have been reprdducea
in figa 3J5.These distributions show the effect of varying degree of
. separation atréF =‘30d (obtained by changing unit Reynold's numbér in
transitional flow), and also the influence of reflected expansion arising
’fro_m the inter-section of the vseparatidn and re-attachmént shocks. Analysis

| : fig. 3,B)
of these measurements/shows that while in all cases the integrated normal

16
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load on the flap falls below the inviscid prediction, considerable and

unexpected variations occur with changing extent of separation. The effect

“on integrated hinge moment is particularly marked, in some instances its

value actually exceeding that calculated.for unseparated flow.

The simple separation model (using experimental re-attachment

position) predicts the correct trend of the integrated flap load and moment,

- although still over-sstimating By 15 to 20 percent for this set of data.

It should be noted that the incremental normal force produced by the
separated flow over the wing was comparatively negligible at this flap
deflection.

Thé above-exémple emphaéizes the difficulty of predic%ing_flap
effectivenéss under conditions of significant separation even in two-

dimensional flow. In addition, details of the flow field over the flap

‘must also be considered to identify local peak preséure (and thermal

© loading problems in practical design.

2.3 Three-Dimensional Effécts

In the experimental research on hypersonic two-dimensional separa-

‘tions necessitating the use .of finite span models, three-dimensional

" - effects have been observed. These comionly appear in the form of a spanwise

venting of the low energy fluid from the higher pressuré region in the-

bubble into.the free-stream (fig. 4,A). Similar spanwise outflow in»ﬁhé

‘bubble is observed with part-span flaps (ref. 16).:-The most important

consequence is a reduction of the centre-line separation length relative

L ' . . v : : s :
to the two-dimensional case. The centre~line bubble pressure, however,

still fairly well follows the two-dimensional free interaction law, a

result on which Several flat-pléte investigations involving three-dimensioc-=

- nal separations agree (e.g. ref. 16).

% Analogous to the effect of hinge-line suction, ref. 57.

17



A form of three~dimensionality in a nominally two~dimensional
laminar separation is illustrated in fig. 4,B. (based on oil flow
visualisation photograph shown on page 115, ref. 13). This is helieved to
have resulted from a locally trasitional (or turbulent) flow due to-an
isqlated disturbance at or near the leading edge acting as a boundary layer
trip, which greatly reduced separation in the middle of.the wing. This
is an example of the "mixed" laminar-turbulent separation with the fesulting
complexity of the flow pattern, which is relevant to flap-induced separation

on delta wings as will be discussed later.

3. DEL?A WING FLOW

At . hypersonic speeds, the flow over windward surfaces of wings and
‘bodies plays the major role in determihing the over-all aerodynamic force -
characteristics, the coﬁtribution from any lee-ward areas being usually
small. Also, it is in the wind-ward regions that the most significant
'Aheat—transfer problems arise. For these reasoné, in most of fhe high
Mach no. delta wing research to date particular attention has £eeﬁ devoted
to thg calculation and measurement of pressures heat-transfef rates and
flow'paftefnsxon the wind-ward surface. Although many of the published
| measurements have been obtained with blunt 1eading—edge.modeis a number of
éxperiﬁental compafisons have shown_the wind-ward flow field on 51Unt |
deltas at moderate to 1arge incidence angles fo be quitevsimilar‘to that
on sharp edged delta Qings with detached 1eading¥edge shock.

The particular relevance of the windward flow to the present study
is, of cburse,‘tha£ the deflected flap operates in this field. <Specifically,
knowleége of the wing pressures is needéd for the application of the simple
methods disdussed earlier for calculating the flap load.k Also §f interest
is the shape of the wing shock envelope whose interaction with fhe'flap
shock may have to be considered, just as in the %wo—diménsional case._ 

Further, the boundéry‘layer characteristics must be known in order to

18
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- understand the three-dimensional flap induced separation. A brief survey

of delta wing literature with regard to these questions is given in the
following.

3.1' Inviscid Flow

The wind-ward flow field on a:deltziwill be expected to depend on-

incidence (dw) and to deviate from two-dimensional conditions progressively

with reducing apex angle (2e ). Consequently; it is useful ati first to
acquire a—qualitative picture of the changing flow patterp as a function
of these two vé¥iables. Chernyi (ref. l?) has considered thé general
oroblem of the three-dimensional flow in the shock layér on a planar wing. A
His solution for conical flows, analeed for the case of délta vings, indi-
cate the different flow regimes in the((aw,e )'plane.-

These flow‘regimes (for v = 1.4, Mgp = @ 5 are sketched in fig. S.

In region I the shbck is attached, and there is a region of uniform flow

" near the leading edge merging into the central region (or region of apex

. influence) where the stremlines tend ésymptotically to the centrteine.'

Crossing over to region II causes shock detachment from the leading-edges

(though not from the apex). A dividing line appears along a ray, outboard

of which the stream-lines flow towards the leading-edge whilé the inboard

flow tends to the éentre-line.

In regions I and II the leading edges of the delta can be régarded as
aerodynamically independent arid, except in the vicinity of the apex,; as

part of infinite swept wings. Consequently, the leading-edge flow can be

formulated in the plane normal to the leading-edge and the wing surface.

The transition from I to II is then analogous to the development of transonic
fléw‘followiﬁg shock detachment on a two-dimensidnal sharp leading edge
aefofqil and the appearance of a stagnation‘(ér dividing) point‘on the

lbwer surface; |

" As the boundary II-III is approached the dividing line moves to

19



‘inboard rays and becomes coincident with the centre-line at the limit of
region II. This marks the end of the 1ndependent leadlng-edge flon, and

. in region III the cross-flow plane formulation must cons*der the entire
wing cross-section. Thls flow is analogous to that past a two-dimensional
plate normal to suﬁersonic free-stream, the wind-ward surface flow on the
delta leaving at theAleadingfedge which aerodynamically is now a trailingm
edge.

Chernyi's solution predictsbfurther changes in the nature of the
vind-ward surfece flow as the incidence approaches 900, but these lie well
outside the range of present interest. These flow regimes have eeen
o'bseg:ﬁred experimentally (refs. 18, 19). Although Chernyi's soiut_ion in
’pfinciple allows the determination of all flow preperties on the delta
“Wing in theivarious'regimes, no calculated examples are available for
compafison with other theories or with experiment. |

Baﬁaev has given an exact numericel soiutionbfor flat delta wings
" Qith attached shock, based on a method of succeseive corrections to the
shape of an assumed shock surface (ref. 20). He has presented some results
which illustrate the maip conclusions of hie theory., At a given Mach
numbef,‘iﬁcreasing sweepbaek angle_causes.the_pfeSSure in the uniform:
'fegion near theuleadingeedge to ine:eese;vﬁhile the pressure in the apex
- éohe’inEOard decreases. The 'felétiﬁévf” _area of‘fhe apex zone increases
w;thbincrea51ng sweepback and w1th 1nc1ﬁence.b Ae a result of these pressure
the rormal
.varlatlons,/force produced by the w1ndward surface varies only slightly
A w1thflead1ng-edge sweep angle. A result of partlcular 51gn1f1cance from
| Babaev s exact theory is thdt the normal force is closely predlcted by
the two—dlmen51onal shock theory (assumlng'the wind-ward surface to be parti
‘ of'e two~dimeneiona1 Qing), which allows a great simplification in calcula-

~ting over-all force characteristics of delta'Wihgs Qith attached’shock;“‘
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Babaev's celculated shock shapes assume an intermediate position
betweee tangent-wedge and tgegentécone solutions in the plane of:symmetry,
lying closer to the cone value with increasing sweep. All these predictions
are generally well eupported by experimentel results (e.g. ref. 21).

?or the case of detached shock, solutions have been offered by
: Messiter (ref. 22) and Hida (ref. 23) based on a first order correction to
Newtonian theory, and by Kennet (ref. 29); These numerical solutions
however require excessive computational effort-and theréforeLare:not
convenient fer practical-application where less.than exact but rapid
calculations are desired. Squire, vho extended Messiter's theory (ref. 2l)
hes found thet for wings with rhombic cross-sections (diemohd or caret, |
with the flat-Bottomed roof-tOp delta as an intermediate case), the solution
depenéed only on two parameters (viz. reduced windward surface anhedral
and reduced semi-span), and has presented working charts for calculating
surface pressure distribution and ‘shock shape for a range of these
parameters (vef. 25). The agreement with experimental pressure distri-
butions on flat delta wings is particularly good (ref. 25).

v We may now ceﬁsider somerihple methods suggested in iiterature
. for the direct Calculation'ef the nermal férce (er the average pressure)
Hcoefficient oh the wind-weré‘surface.ef delta wings at hypersonic speeds.

“When the leadiﬁg-edée’shocks are.attached the two-dimensionai shock
‘(or tangent—wedoe) theory 15 valid (as suggested by Babaev s exact
“’calcuiatlon) Balance measurenents reported by Opatowokl (ref. 21, 58)
Bertram and McCauley (ref. 26) and others support the use of the two-
dlmenelopal theory in this case.
| After shock detachment, the normal force pregressively falls short
of the two-dimensional shock prediction with increasing incidence (e.g.

" ref. 26). Such a trend is”also preéicted by integreted surface‘pressures“_

-~ obtained from delta wing theories for detached shocks (e.g. Sqﬁire).
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-Based on correlation of measured CN data for a range of sweep angle and
Mach number, a semi-emfirical method due to Post (ref.Aa?) and its modi-
fications by Close (ref. 28) and Fetterman (ref. 38) successfullj predict.
ﬁhe normal force characteristics of delta wings.

Nagel et al (ref. 30) have suggested'ahother practical approach,
bgsed on modification of the exact.two-dimensional shock equation

.C ) -2 Sina Sin(aw+€‘ﬂ)
P T Cos E
o Sw

)

Tﬁe shock "stand;off anglé E " (i.e. the dif%erence between the
shock angle and the wind-ward surféce incidencé) is obtained from the so-
lutions of the delta wing flow field wiéh detachéd shock (e.g. refs, 24
“and 29). The.use of the delta wﬁng shock angle (rather than fhe two-
dimensional value) in eq. b ﬁhen gives the wind-ward pressure coefficient
~on the delta wing.

For convenience of calculatibn, Nagel et al have proposed the

following empirical fit to numerical solutions for by the method of Kennet:

5 (ae8) = 70 Gou (mwmf\ ) 566 )

(the den51ty ratlo p“>/p2 across the shock is determlned by 1terat10n)

The results for the case of.A 76°, Mg = 8.2 calculated from the
'above theorles are compared in flg. 6. The tangent-cone and simple
~ Newﬁpn1anvtheories are also shown. It is evident from this comparlson
,ﬁhat fﬁr.normal force calculation with detaphed lead;ng—edge shocks,'
theré is iittle to qhooSe between the methods reveiwed above. Note that
wﬁile the simple Newtonian anderestinates the normal force in the
incidence range c&ﬁsidered, the tangent~coné theory yeildé practically
,tne same ( N %, ) curve as‘the more ratioﬁal theoriés.

Flnally, a comparison of the shock chape in the plane of symmetry

(characterlsed by the stand—off angle %vﬂ calculated by Squire's theory
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-and by eq. 5 has shown that they both predict rather similar results in
the present incidence range. The above. theories were also found to compare
well with measurements obtained in this investigations (see 7.2).

3.2 Viscous Effects

Unlike the two-dimensidnal case, vhere the leading-edgeAviscous
interéction generally does not influence.tﬁe ﬁrailing-edge flap induéed’
séparation, on a delta wing such a coupling cannot be ignored parficularly
‘in therutboard regions. As will emérge from the following discussion,
 viscous interaction effect is.reSponsible for important changés in the
boundary layer flow even in the inboard areas, which influence the sepa~
ration characteristics on a delta. |

At smali'incidences significant_boundary layer induced pressures are
prddﬁced near the.leadigg edges. . Thé result is an inward flow of the
Boﬁndary_layervin the direction of the centre-plane, while the stfeamlihes
~at the edge of the boundary iayer'are defleéted outwards through the
leading edge shock (fig. 7,A); This has two consequences. Firstly, as
the low energy fluid is swept inwards from both leading edges a greafly
thickened Eoundary iayer is formedfaldng the éentre—iine, leadihg to
‘feduced skin-friction and heat'tfansfer fatgs in‘this‘region (as shown by
the heaﬁftfansfer measurements of Dunavant, ref; 18, an example beingA
~illustrated in fig. 7,3). Seéondly,‘thisbcross flow genefates léngitudinal
_ w}orticity in the boundary layer which contrib'utes'to iﬁsfability and a
féduétion in the_transition Reynold's number.“(A visualisafion of the
idngitudinalvvofﬁex filéments on é delta wing can bé seen in fig. 9iof
ref;_Bi). : | | | |
. ﬁﬁéﬁ with fully laminar flow over highly swept.deltarwihgs, there~
fore,'a considerable change in'the boundarymlayer thickness between the
leading edges and'£he centre chord will exist, over and above that
predicted by tﬁe two~dimensional strip theory. “With théﬁoﬁsetvof tran-
sition (which wili occur along fronts parallel to fhe leading edges, e.g.

refs. 40, 51), even greater spanwise variation in the boundary layer
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‘ccnditions will be-encountered. With transition preseﬁt on the wing, a
general spanwise section of the boundar& layer will contain laminar flcw
outboard and transitional or turbulent flow inboard. Flap~induced sepa-
ration cf such a mixed,bouﬁdary layer will evidentlj lzad to considerable
three-dimensionality of the flow (see fig. 37).

An estimate of the viscous interaction-induced pressure on the

‘delta wings may be obtained using the well-known theories for two-dimen-
sicnal fIOW'(e.g._ref. 32). Comparison with measurements (ref. 33) in
the stronfinteraction regime has"prcven inconcldsive, while in the weak
interection‘case agreement with theory was found to be no worse than that
with two-dimensional data. In a recent analysis, ﬁavies (ref. 3k4) found.
that a strlp-W1se appllcatlon of flat plate viscous interaction theories to
a 76 SWept delta w1ng gave a falrly good prediction of the normal force
and centre of pressure under conditions of weak intefaction. The vali-
dity ofvthe strip theory is thever considered doubtful in the neighbour-

Chood of the apek, where tﬁe‘mutual interaction of the leading—edges'cannot.

"bé neglected. o o d _ , ERE

Boundarydlayer tran51t10n ds affected bj a large number of factors,

.not 511 of whlch are yet properly understood or even 1ndent1f1ed rThe

”predlctlon of tran51tlon 1s hampered by the lack of avtheory on the one
hand, and. the absence of correlated experlmental data on the other. At
hypersonic.speeds, the well-known stretching of the‘transition'processrl
makes it particuiafly difficult‘tcidefine‘a lccatioﬁ cf.transition
consistently with reSpect tc the differentkeXperimentai techniques
emélcyed in its detection, such as surface heat transfer, pitot—pfessdfe
traverse, ecoustic and optical methods. Factorevranging between 1.5 and
2.0 for the Renold's no. at the beginning and &t the end of transition
are generelly quoted; Whicﬁ is aiso abcut the order of scatter fouﬁd in

' the hypersonic tr n51t10n data from dlffe*‘ent sources.

2L



An aspect of transition vhich is the subject of yet unresolved
confrovefsy is the experimentall& obserﬁed d;peﬁdehcy on unit Re&hold's
no., a dimensional quantity. VWhile a remarkable correlation of numerous
tunnel data accomplished by_Pafe and Schueler (ref. 44) indicates that much
of the "unit-R effect" originated from theAacouStic radiatiqn from nozzle
wall boundary layer, this still leaves unexplained the free-flight range
‘d;ta which are free‘of the radiafed noise influence and yet-show a unit
.Reynold's no. dependency.

On the effect of leading-edge sweep, thére is general agreement in
the experimental data shoving eaflier transition with increasing sveep apgle.

| This effect vwas analysed by Moeckel (ref. 45),-for the case of blunt
1eading—edges. Thé delay in transition due to reduced local unit Réynold's
number in the éntropy layer génerated by. the detached shock was counter- ‘
écfed by sweeping'the 1eading;edge, and so diminishing the shock strength.
This Yshock-loss" theory is évidently valid only for supersonic leading-
edgeé, and‘as Chapman (ref. 47) pointed out, does not fully account for
all theyreductionvip RT caused by.sweep. jChapman ;howed that‘the'ONen and
,'Randail corssilow instaﬁility britefién (réf. h6)‘remained valid on
éylindricélf1eading—edge$ frqm subsoniq to M ; v fiow and suggested this
approacﬁ as more apﬁropriate to.thefleadiﬁé-edge sweeﬁ effect on transition.
.‘A'simplé emirical multiplicatioh féctor of q/CO$ A; vas suggested by Deem
-and Murphy'(ref;'49) to estimate thé effect of sweep from the RT'déta for
, ﬁnswept flat plafés. Howevér,bhigh Méch no. experimental'data on delta
’wing_transifibn are scarce and the available information éoes nof inspire
: cbhfidenéé in its use as a reliablé‘guide‘fof prediction. Akéommdn'
"ékample of the problemffaéed by the experimentalist is to predict fhe
. occurrence of transition on a swept-wing model in a particular facility;
- aﬁa the above mentioned.theoretical procedures‘offer some-pos$ibility using

two-dimensional RT measured in the same facility for making such a prediction.
However, considerably more experimental data are needed to assess the

existing theories. 25



4. REVIEW OF SOME RESULTS ON HYPERSONIC DELTA WING FLAP EFFECTIVENESS

Although a moderate amount of puhlished literature is available
regarding flap effectiveness on delta-winged vehicles atAhypersonic
speeds, it is almost_exclusively related to re-entry vehicles (typified
by the erstwhile 'Dyna-~Soar' project). Thus, the studies have been
mainly on thick, slab-shaped delta wings with blunt leading edges,
1 operating at angles of incidence up to 900. Nevertheless, some of the
aerodynamic data available is within the scope of our interest, at least
in a qualitative sense. The results given in ref. 35 are typical and
contain balance data as well as flap pressure measurements on a 60°
delta vehicle at Mach 8. The normal force;laxial force and pitching-
moment coefficients were found to increase smoothly with incidence angle
and flap deflection.upto the onset of flap-shock detachment, which caused
, sudden loss in flap effectiveness (although the authors believed it to |
 be solely the effect of separation). A direct confirmation was provided
‘by the corresponding break in the flap normal force obtained by pressure
1ntegraulon which occurred when the. flap incidence tp (1rrespect1ve of
- the wing 1nc1dence and flap deflectlon) was approx1mately equal to two-
dlmenslonal shock detachment value.

: The flap pressure d1str1but1ons throw some light on the development
‘of separatlon with flap deflectlon and 1nc1dence. At zero 1nc1dence, the
linboard ends of the (part~span) flaps were seen to be quite ineffective,
- the flap load rapidly increasing in the spawise direction to a maximum
near the‘outboardvtlps. With increasingﬂincldence the spanwise loading
_became more uniform except at the highest flap deflectlons (50O and
greater). The authors have not discussed these changes in the flap load
characteristics in terms of the separated flow phenomenon,nalthough rapid

"~ variations in the separatlon ev:dently occurred with change of 1nc1dnnce

7 between 0% and lO
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A two-dimensional strip application of modified Creager's theory
(ref. 36) to allow for viscous interaction and blast wave effects on tﬁe
wing pressures, in conjunction with two-dimensional comptession through
the flap shock was used to estimate the flap loads. The theory overesti-
mated in all cases, and this was put down to the effects of separation.

However, such comparisons tend to give an exaggarated impression of

- .the deleterious effects of separation, since the theory used over-estimates

the average wing pressure particularly at high incidence and consequehtly
predicts unrealistically magnified flap loads. Also, no account is taken
of such inviscid effects as Qing—shock/flap shock interaction and three-
dimensional relief on flap pressure.
| Two other inteétigations may be quoted where balance data on
dflapfed delta wings have been compared with calculations based on rather
’differentitheoretical aporoaches. Fetterman and Neal (ref. 35) considered
- the wing flap as isolated penels, and calculated the average pressure on
- the panels by a semi-empirical theory for delta wings (ref. 37). 1In one
case of positive flap deflection (5F =‘10°) for which measurements were
ﬁade, this theory under~eétimated the flaf ioad. At all but extreme
d1n01dence, this 1solated panel assumptlon is obv1ously not valid since a
' con51derab1e area of the flap will be unde: a flow which has been processed
fby the wing shock._ | | | | |
Keyes and Ashby (ref. 39) found rather good comparison of - the
'measured pressures with calculations assuming tangent-cone pressure on
the wing folloﬁed‘by two—dimehsional oompression through the flap shock.
- This is not surprising iﬁ view of the observed eimilarity of thevaverage
wiﬁd-wafd pressure coefficient with tangentwcone theory for dslta wings
‘at larger incidence, as pointed out in sec. 3.1.

Someé details of the flap—luduced separatlon on sharp edge delta

.w1ngu have been given by Whitehead and Keyes in a paper (ref. hO) which
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‘éppeared during the course of present study. This paper in certain
respects parallels the present idvestigétion and offers some uéeful
_ comparisons which will be referred to in detail when diséussing our résﬁlts,
but the broad conclusions may be menfioned heré.

Whitehead and Keyes méasured pressufes'and heat transfer rates on
the wing and flap surfaces with 70° and 75° delta models at Mach 6.
Transitional and fully turbulent flow separations were encountered, the
latter achieved by transition fixing. At small incidence and with turbulent
separation,.two-dimensional calculations gave reasonable estimates of
the bubble pressure and the maximum pressure. levels ovér the flap.r With
free transition, at zero incidence, turbulent separation occurred only
-in the middle of the wing wi¥h more extensi&e laminar separatign outboard.
This mixed separatidn generated>a complex flow aﬁd highly three-dimensional
éonditiqns'over the.flap (£fig.38 ) causing Significant lossrof flap |
- loading. It will be noted that this mode of separation is consistent'withv
the spanwise variation in the appfoaching boundary 1éyer on a délta wing
“discussed in séc. Je2e | :

‘Kéyeé, iﬁva later paper (ref. 41) preseﬁted further results obtained
With the 75° delta model with flap.' The effects of flap angle and unit
B Reynold's ﬁumbér variation on pfessures and heat tranéfer_rates on the |
ﬁiﬁg andrflap surfaces were shown in ééme detaii. It was coﬁcludéd that
‘ although, in general, the wing and flap flows were three?dimensional in
Anatufe, centre~line calculations using.éxisting two-dimensional thebries
gave‘good‘indicatibné of the trends over’é large incidence range and,
%n séme cases, prediéted the maximum levels of local: pressure and heat
transfer. For caiéqlations at incidence greater than zero, Keyes used
tangeﬁt-cone ﬁressures»on tﬁe wing. Two-dimensional shock compression
was assumed through the»separation and re-attachment shocks (i.e.

separation model described in sec.v2.2) to obtain the maximum pressure
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‘level on the:flap.

Thg effect of wing éhock/fiap shock interaction at high incidencg
Q&q) 200), when a strong reflected shock impinges on thé flap, were also
noted. The sudden reversal of the hinge-moment curve slope with incidence
(és observed in the measurements of'ref.'BS) was recognised by Whitehead
and Keyes to be essenéially'caused by the reflected shock. (This pheno=~
Amenon is distinct froh the reflected éxpansion impingement (sec. 2.1) which
also causes a loss of flap effectiveness but as a more gradualfeffect,
and occurs at smaller incidence angles.)

The work of Whitehead and Keyes was primarily concerned with the
turbulent flow case, regarded by them as more répresentative of the full-
scale flight. The limited extent of separation under these conditions
allowed reasonably uniform flow to develop over most of the flap surface
even at large deflections, and from the evidence of pressure measuréments;_
siﬁple two-dimensional calculations appeared to provide a good estimate of
" the flap 1oéd charaéteristics, except when refleéted.shock effects were |
present. | }

it isrthought that the prolonged‘tranéition process at'hypersonic
séeeds, th¢ swept trahsitioﬁ front on delta élénforms and the small
incidénce angles corresponding to flight at (L/D)max. are factors moré
likely‘to promote transitidnallrather thaﬁ fully turbuleht flow conditions
) near thebtrailing-edge of hyperéonic delfa-wingedbyehicles. Consequentiy,

'sepration wiil nﬁt énly be moré extensive but aisd uneven across the span
7, and sensitive to relatively small variations in incidence,ileading to
complicated effects on cdntrolioads. 'This appears to constitute a signi-
ficant gép_in'the present knoWledge of hypersonic control aerodynamics
on deltabwings.
Dﬁé to lack of measgrements in the range of small incidence of

interest tb curise vehicles (as opposed .to large incidence operation typical
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-‘of re-entry configurations which have bgen more thoroughly studied), the
phenomenon of reflected expansion impingement oﬁ the flap has largely
escaped the atfention of investigators. In tﬂis context, the resulis
obtained‘recently by Mukherjee (ref. 42) who carried out a test programme
suggested by this author in parallel with the present study, are illust-
rative. Mukherjee measured.the 1oad$ on'a 760 delta wing with part-span
flgp configuratidn af Mach 8.2. It was found that, even under conditions
of negligible sepzration (due to the small aspect-ratio of the flaps),
significant loss in flap effectiveness occurred which could be traced to
the reflected-expansion effect.

These results have shown that whilg the importance of sepératicn .
studies cannot berover-stressed, a more complete examination of the
inviécid influences on hypersonic control loads is also needed, and that

on both scores the available information is meagre.
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-Part II - PRESENT STUDIES AND DISCUSSION OF RESULTS

5. EXPERIMENTAL DETAILS

-5:1. Test Programme

A consideration of the various aeroaynamic features discussed in
the preceding sections shows that the tra?ling—edge flap on a delta wing:
at hypersonic speeds would be subject to ;omplicated and changing viscousb
as well inviscid effects with varying incﬁdence, flap angle and RE&nold's
number. In general, highly three-dimensional conditions would_prevail on
the flap surface and therefore balance megsurementrwas the only accurate
method of obfaining overall aerodynamié characterisitics.‘ A programme of
balance tests therefore compriséd the firét phase of this study. It was
-'7'thqught desirable initially to meésﬁre the forces on a two-dimensional
wing/flapvconfigurafion, to test the balance performance under conditions
typical of the present programme and also to.acquire'some ?reliminary .
indicatioﬁs regarding the overéll effects of separatidn in a {low field
which was basically well understood.

In order to.check the balance measurements on the deita models for
ahy sting’interference effects; a cpllabofativé programne waé subsequently
4}arrangéd with fhe Aerodynémics Diﬁision,‘Nafiqnal Physical Laboratory, to
obtain free-flight shock tunnel déta on one delté wing (760) over a portion
éf the indidence and flab‘angle‘fangé. Tﬁe resulté of theée tééts,

' reported in detail elsewhere, (ref.IAB), ;revﬁompéred with the present
meésuréﬁents. B |

The sétond‘phase 6f this investigaiion was devotéa to préssure
;_measﬁreménts on the delta wing and fiap surfaces’in some test ;onfigura—
tions cbmmon with the force measurement programme.‘.This included the no-
| flap case, in order to obtain Qatélon hypersonic delta_wing pressures
which ére'reltaiVely scarce in the“literaturé. The object of this phasé

was to acquire pressure measurements in sufficient detail to enable an

%,
[V
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assessment of thg'surfécg flow yisualisafion interpretations regarding
the three-dimensional separation patte}ns, as well as to provide basic
data.on pressure levels particularly over the flap in order to judge the
validity of the fheoretical nethods for predicting control effectiveness..

5.2 Hypersonic Gun Tunnel

A description of the design, operation and performance of the
Imperial College 8-inch Gun Tunnel has been given elsevhere (e.g. ref. 61).
For the present tests, the tunnel was fitted with a contoured nozzle
producing a uniform airfloﬁ at M = 8.2. A detailed flow survey in the test
section with this ﬁdzzie (ref. 21) showed that the Mach no. in the jet
vas constant to within i1.5% about a mean value of 8.25, while the flow
inclination did not exceed 0.1°,

.’5.3 Models |

Force models

The two-dimensional hodel (rig. 8 ) was a conventional flat plate
configuration with provisipn‘for attachﬁenf.to_the balance. A set of four
interchangeable wvedge blocks, suitably holiowed to minimise weight, were
provided»to give flap deflection angles of 10°, 20°, 30? and 40°. The
‘prdjgcted chord of the flaps in the’ plane of the plate length, wasiis:
’maintained,constant at about 30% of the total Piéte length, so that ther
7é§tua1>f1ap chord increased with Wedgg éngle.'

The twc délta wing modeléi(fig. 9 ) were selected from the series
3: teétéd.previously-by Opatoﬁski (fef. 21). The 5asig winglenfiguration
.‘cbnsisted of flat bottom, inverted-V top (wi;h the upper ridge line

“inclined at 6° with respect to the boftom.pléne)'and blunt base. The
apex and leading;edges vere nominally sharp. The actﬁal 1eading—edge
fhickness of the models (measured at several stages during the tesf
programme) varied from .002"‘to>.00 " appfoximatély. In this fange, the

o leading-edge bluntness effect on the aerodyn:mic characteristics of the
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- flapped delta wings was considered to be negligible because of the large
sﬁeep angle.

As for-the two-dimensional nodel, wedge-shaped inter~changeable
blocks were provided for each delta wing to represent deflected flaps
_ (6F = 100, 20° and 300). The flap cﬁord in this case was maintained
constant at 20% of the wing centre-chord, as was the hingeéline position
at 80% of the centre-chord. In planform, the flaps for each wing were
_ identical with the portion of thz wing downstream of the hinge-line.

The choice of the flap.area (about 36% of the total wing afes in
esch case) vas baseé hainly on the need for obtaining well-defined losd'
measurements at the smallest flap angle, for whlch unseparated flow could
' be expected. It is belleved that the flap size selected in these studies
is not unrepresentative of actual hypersonic'vehicle designs (see, for
vexampie, ref. 35). | |

Ail force models were ﬁachined from light elloy in erder to minimise
the total weight, to avoid undue oscillations ef the balance arising

from translent startlng 1oads.

Pressure models (flgs. 10 and 11 )
- These stainless steel%délta wing moaels vere designed tqvmeasure
';Zétatic pressures‘over fhe‘flat Qindwardvsurfaces witﬁ and without f&aps,.
' The instrﬁmented surface“of eaeh,modelvwas gfeund‘to.s high degree of
: flatness (bettef thaf .001”‘over a lengih of 8 inches). ‘The opposite
‘(i.e. 1ee-ward)‘surfaces viere left‘relativelj rough and used for leading
.souﬁythe pressufe tubes; and also forAsuépofting the model. The sharp
vvileading edges wefe levelled on the rough siée, the included angle beiﬁg
small enough to prevent shock detachnent at o, = o°{ |
Because of 1ts larger area, the 70 delta model had the tips

cropped streamw1se behind the hlnge-llne to avoid tunnel blockage in

tests at incidence with highly deflected flap. It is believed that this
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modification did not naterially alter the flow characterlstlcs over the

1nstrumented portion of the wing. Also, when fitted with flaps with
streamvise tips, the flow separation on this delta is unlikely to differ
qualitatively from that caused by flaps with raked tips, (ref. L2).

As before, a series of wedge-shaped blocks representing deflected

~flaps were provided for both the delta models, with pressure tappings

incerporated as shown in fig.10 and 11. .

The pressure models were mounted on a variable-incidence support

; (fig.lar) which could be set to give a, = 0° to 20° in steps of 1°.

5.4 Instrumentation
Balance |
This was a three~component stfein gauge sting balance, the design
andvuse of which has been described iﬁ detail by Opatowski (ref. 21).
Ihe design features of special interest are the possitility of locating
tﬁe moment sensor inside the model close to the estimated C.P. for inc-

reased accuracy of normal force and C.P. measurements, and the use of

“high~ sensitivity semi—conductorV(Silicon) gauges,wﬁich allowed a
- considerable increase in stiffness. This balance was well proved in

" a previous experimental programme described‘in vef. 21. However, in the

present 1nvestlgat10n, where it was 1mpractlca1 to p051t10n the balance

moment statlon close enough to the C.P. with hlghly deflected flaps,

o its performance had to be 1ndependently established.

As will be seen in the comparison of the present neasurements with

the N;P.L; free flight tunnel results on the 760 fla ped delta (fig.%.6 ),
_ . , P

_this baianee was pfoved to be sufficiently accurate instrument for the

‘purpose‘of the present investigation.
The baiqnce was used in four series of tests in»this'programme,
w1th a tlme gap ranglng between tuo to four months between series. On

-each occasion, calibration was carrled out (w1th the balance in the tunnel)

34



before and after the test series. rThe calibratién factors remained
conétant within about 5%; however, theffactors used for data reduction in
eéch series were thoée obtained from the calibrations made for that
series. |
Further, before the start of each series of experiments, a
"standard" configuration, i.e. 76° delta with 30° flap at zero incidence,
was tested to provide a check on the overall repeatability. Additional
'measurements wvere made on the standard configuration with the médel
rolled 180°. The mean deviation in these check aata were as follows:
Normal force: 2% |
Axial force: Ig
Pitching moment: 2.5%
Thé'estimated overali accﬁracy of balance resulté pfesented here

“are as follows:

6%

1+

Normal forqe:
Axizl foree: 9.5

' Pitching moment: <k.5%

Pressure transducers

|  ,~>Pressuré measurements were carried out usiﬁg'four unbonded strain
:gauge diaphragm transducers (C;E.C. 4-326)_of 0 to 10 PSIA rangé. Tﬁese

| tfahsducers‘have a fuli range output of about 40 mV with an excitation

‘:voltage of lOV; The range of pfessures to be measured was from about

0.3 PSI (6ver wing surface) to nearly 5 PSI (on the flap), and in this

range the overall accuracy-of.ﬁeésurehent was about 2%', The transducers

,gwereléaiibfated in-situ inside the tunﬁel against a McLeod gauge in the

range 0.1 to 10 mm Hg, 2nd a linear and repeatzble calibration_was |

- obtained within the accuracy of the recording éystem. |

A The transducers were placed at the base of the médél support outside

‘the flow, keeping the pressure'leads of 1/16 inch bore) as short as
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" possible to minimise the response time,

The balance and pressure transduoef outputs were diselayed on
Tektronix type 502 double-beam oscilloscopes and recorded using Land-
Polaroid cameras and film. |

Optical system

A conventional single-pass optical srrangement, with a short
duration spark souice; was used to obtain schlieren snd shadowgraph
pictures. For schiieren, both knife-edge and graded filters were employed.
A Land-Polaroid camera back was adapted to provide an alternative photo-
graphic facility, which was found particularlyiuseful for a qulck look
at the flow pattern on Polaroid film immediately after each run. More

bpermanent records of selected tests were obtained on normal photographlc
plates (111ford fast blue-sensitive).

5 5 Surface Flow Vlsualxsatlon Technloues

Slnce the optlcal studles prov1ded only one view of the three-
dimensional flow phenomena, surface flow v1suallsat1on was obviously
necessary to obtain a more complete description of the flow pattern,
especially of the flap induced separation. Unfortunateljg the short
‘-rdnning tise availdole posed en obstaole to the successful use of con- ’

ventlonal 0il flow technlques whlch have been found so valuable in other
.studles of three-dlmenslonal flows. Attempts with the well-known oil-
dot method (uslng silicone hlgh-vacuum 0il) were successful in lhe rela-
t1vely hlgh shear reglons on the models, such as the flap surface in
" attached flow. In this 1nstance, thls method was found useful for
;locating re—attachmeot boundaries as well as feflected wave impingement.
To visualise the separation regions on the wing‘surface,_a fair
amount of effort was devoted to the ponefitechnique._'Here, a fine
‘powder (talcum or, as in the preéeﬁt case, Titianium di-oxide) is lightly

dusted on the dry vurfaCe of the mode]._ After theirun, the~region of
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separated flow becomes visible as areas of powder residue, in contrast
wifh attached flow regions where the péwder has been swept aﬁay. This
method-has been used before by several investigatérs but mainly to
observe departures from two-dimensionality. To this author's knowledge,
little attempt has been made té‘exploit the technique for studying |
detéils of three-diménsional flows. In the absence of alternative means
of surface flow visualisation suitable for:conditions of this investi-
gation, the powder method was pursued and some understanding of its
promise and limitations obﬁained. |
From initial experiments dn the two-dimensioﬁal model, where a
direct comparison with optical results could be made, it was established
'that the powder pattern gave a fairly eccurate position of separation
(fig. 13). Additi&nally, some details of the flow in the separation
bubble were indicated, such as the spanwise outflow and evidence of é
secondary éddy in the flap corner ét large deflecfions. The powder
method was found sensitive enough to show up clearly the longitudinal
"ﬁoftices on the 10° flap which are characterisitc of supersonic re-
attaching laminar flows (ref. 31). |
On the flapped delta médels, itbwas'found that although meaninget

£ﬁ11,and repeatable patterns cbuld be obfained, they were less straight-
‘fofward to read.‘ In some caées‘fhe pattefns wereidiffuseé, and ofhers
“showed multiple boﬁndaries (See'fig.37. ).  Thesé appeared to correspona
to transitional sepération,lwhere a rapid oscillation of/zzgaration
‘foéition has beep observed (ref. 59). In general, the powder residue.
/Boundary was consistently found fo extend somewhat upstream of separa—‘
’tion as‘determiﬁed from sghliereh photographs (this tendency had also
‘been noted in two-dimensional tests, but there the difference was usually
within‘the éfror of locating separation opticallj). From a large number

of studies carried out during the balance test programme, it was concluded
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that the powder patterns responded sensitively to local shear levels

end directions, and these apreared to ﬁave complex distributions
depending on the geometry of the three—dimeneional separation. In
particular, it appeared that the poﬁéer residue boundaries extended to

the region of upstream influence of the pressure rise due to the flap,
with or without sepaiafion, and this was important to bear in mind vhen
attempting to deduce separation regions from the pewder patterns. A'
‘detailed discussion of the interpretation of typical patterns is best done
along with the results and will be deferred te‘sec. 8.1. |

5.6 Flow Conditions

- All tests in this investigation were carried out at a free stream
Mach no. of 8,2. | , |

‘In the bulk ef the tests, the free—strea@ Reynold's no. was
0.17 é 106’perrinchg, and fﬁe free—sfream stagnation temperature
approximafely 1000°K (corresponding to a‘driver pressure of 1000 p.s.i.
with initially atmospheric barrel). The tests vwith varying wnit
Rgfnold's were carried out by suitably varying the barrel and driver
~pressures so as to keep the variefien‘in flow temperature to a minimum.
'SinCe the model esseﬁtially femeined at feom tenperature during the rﬁn,
the_ﬁreeent results may 5evregarded as relating to "cold wallﬁ condifions.
-,"f ’Tﬁe‘ioeallflow conditions at the medel surface at incidence are
fdifferent from the free-stream. On tﬁe windward sﬁrface, the local

v Reynoldfs ne. was calculated fromlthe.fdﬁowing relétion (ref. 21):

- : P. n| ®/P +6 1l4n .
, . v R _ ® \Y : L
— Vo= (5 [3‘%7;"‘;] Sl

where n = 0.84 for the present tunnel conditions.
As pointed out in section 3.1 the win¥ard pressure on a delta wing

varies Trom two-dimensional value with attached leading-edge shock to a
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level approaching the tangent-cone with increasing indidencé beyond shock:
detachéent. The rénge of local Reynold's number can thus be obtained from
the curves calculated from eq. 6, shown in fig. 1&;A.

Similarly, the local mean Mach no. on the windward surface will
range betweén two-dimensicnal énd tangent-cone values, as indicated by
the curves corresponding to the twortheories plotted in fig.lh;B'. It
will be noted that in the range of incidence of interest, there is 1little

to choose betwveen.the two.

6. TWO-DIMENSIONAL MODEL:
| Normal force, axial force and pitching-moment data were obtained
at zero incidence with flap deflection angles of 10°, 20°, 30° ana 40°.
Ali_Balance measurenents andiflow visua&isation tests were carried out
at a Rejnold‘s number (RL) of 0.41 x 106 (based on length to hinge-line).
Fig.v15 shqwé separation and re-attachment positions measured from
schlierenphotographs, plotte& versus flap deflection. Also shown are
other separatidn data at Mach 8 fpr about the same Reynold's no., as the
i pfeseﬁt éxperiments the agreement,,with ﬁhe”ekéeption of-Johnson’s data,
~is qﬁite good except in the neighbéurhood‘of incipient Sepafation (whefe
‘thé accpracj of lbcating separatién is reléﬁiﬁély poor). Jéhnsonfs .
‘mocel had 8 much Shorterrflap than in fhe othef4sfudies and his results
are believed‘toyﬁe influenced by the flap léhgth.
B The.incipient’separation flap angle obtained by éktrapolating tﬁe
E pfesent schlieren data to zefo separatidn‘lieé Close to the value of
8.4° predicted by Needham's correlation for laminar boﬁndapy’layef
'w(ref. 10). The separation length increases almost iinearly with flap
angle, but beyond 6F_= 300 ap?eérs to asymptote to a limiting separétion
‘(ife. close to the leading edgé) which‘is’prébaﬁly reached at SF = ﬁOo.'

-+ On the. other hand, the re-attachment position on the flap is found to
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ichange little with flap angle, as also noted in other investigations
(e.g. ref. 7). |
The incremental normal force and pitching-moment are compared

with inviscid (two-dimensional shock) theory in fig. 16 . The normal-
force is progressively pver—estimated by the intiscid theory as a result
of increasing separation with flap deflection. The results of ZSCN
calculations from the simple separated flow model using separation data
from schlierent photographs are also shown. While the s ‘empirical
calculations still lie above the experimental data, they are better than
the inviscid prediction. For 5F = 400, vhere a pronounced reflected-
expansion lnfluence on the flap was observe&, calculation based on the
apprepriate flow model‘provides a value whieh fortuituously agrees.with
the inviscid predietion, evidently due to the compensating factors as '
pointed out in section 2.2. | |

v The incremental pitching~-moment measurements generall& appear to
be in good agreement with the inviscid theory up.to 300 flap deflection.
" This agreement is attributable te‘a fortuitous combination of the normal
force and centre-of-pressure varistions induced by separation. At the
. largest flap angle, the reflected’expansien effect is evidently respon-
sible fof a higher pitching-moment than pfedicted by the calculations, .
a trendlsimilar to that already noted in thelanalysis of Johnson's

-pressure measurements under similar conditions (fig. ~3_ ).

7. DELTA WINGS WITHOUT FLAP

7 l Balance Measurements

Three~conponent measurenents on the delta models without flap were
‘carried out at incidence angles o = 0° to 20° (o = 3° to 23°), and
sReyneld's number RL = 0.85 b4 lOG(based on centre—chordj%: The purpose
of these measurements was to check the balance performance by comparlng

" the results with those obtained by Opatouskl (ref. 21) under 1dentlcal

® Tabulated in Appendix
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- test condifions, and also to.extend_the no-flap data to higher angles of
incidence . -‘ ‘

The forcg coefficiénts and the céntre-of-pressure positions derived
from the balance réadings are showm in figs. 17 and 18 . The normal
force measurements agfee vell Qith ‘Bpatowski's results, and also with

~the two-dimensional shock theory up to the respective shock-detachment
incidence on the two wings. At higher incidencé, the departure from the
two-dimeusional theory is relatively slow, On the 760 delta, vhere the
shock is detached over most of fhe incideﬁce range, the CN is reason-
ably well predicted by eq. & (which, as already shown in fig. 6 is
‘fépresentative of the calculationsvfrom other theories). In these
estimates, fhe leewardipressure coefficient was taken aé -l/M2 as
suggésted in ref. 62. |

The axial force measurements on the 76° delta are generally higher
than Opatowski's,results, which is believed to'Be largely due to an

~increase ih apek bluntness sufféred by this model since the original
.tests, -To a lesser extent,‘this is also the case with the 700 delta.
The ihéréased axial force relative to the‘inviscid two-dimensional
shock theory mainly iﬁdiﬁates'the magnitude of the.skin,friction
icontribution. However, thé accuracy of drag data on these‘models is’
.probably inadequate tovproﬁeriy‘aséeSS the viécous drag.

The,shock‘tunnel free-flight results obe.P.L. for the 76° delta
are in exéellent agreement with the balance geasﬁrements of Cﬁ, and
also compare wel; with CA data. | | | .

The centre of pressure position (distance from the apex along the
£a1ance axis) on hoth the wings was generally found to lie a little

_ ﬁpstfeam 6f the 2/3 cﬁord point (centroid) at low incidence’ but moving
towvards it with increcasing incidence. This trend is‘predicted by the

viscous interaction effect, and the present measurements (having an
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- accuracy ofrabdut i'0.5% of the wipg centre-chord) are in good agreement
with calculations based on ref, 34. ngever, the total movement of
the present C.P._data in the incidence range is contained within 1%
of.the centre-chord, as also the maximum deviation from the centroid. 
7.2 Shock Angle
Wing shock measurements}(in terms of stand-off-angle § w) from
schlieren photographs are compared in fig. 19 with other experimental
data and also with calculations. The measuremgnts are aceurate‘to i0.25%.
The data for aw:(‘5° are evidently influence by viscous interaction on
the present models, particularly on the 700 delta. The resulis for 760
. delta compare well with N.P.L. data. Opatowski's measurements (ref.v58),
whiéh relate to a thicker model‘(i.e. upper ridgé line inclined at 10°
to thé bottom éﬁrfécé_as againsf 50 in the‘present case) aré also in
‘good agreement, suggesting negligible influence of the leeward surfaces
on the Windward shock -shape even with detacﬁed‘shock. The calculations
froﬁ eg. 5 as well as from Squire's theory give reésonably good predic~-
‘.tions of the centre- line shdck éngle in the detached shock regime.
7+3 . Pressures | |
bivThe centre-line preésures 6n the‘76°'delta at_;arious incidence
_ angies o, = 30 to 18° are_preéented’in fig. 20 and cgmpared'with two-
.dimensional shock, tangent—cone and Squire?é‘theories.
' The data for « = 3° show the effect éf‘viscous intefaction,
wﬁich incfeases the’pressure level roughly as indicated By the -two-
dimensioﬁal wezk interaction fhéory (réf. 32). ,At %, = 80; thevpfedicted
viscous interaction is negligible. IHere, Squire's‘inviscid theory
gives a feir mean value of the centre=line pressﬁrés. The limited data
~at the higher incidence angles are also found to bé in good agreément.
wifh Squire's theory.
. : h2;



A cross-plot of this data with incidence is given in fig.2l
The incidence range of viscous interaction effect cn pressures appears
‘to agree with the shock angle data at the same Reynold's no. (fig.19 ).
The interaction influence according to the present data vanishes at
%y =

criterion_?C 1 > 0.22 for significant viscous interaction on delta

Hw?/'fﬁi = 0.3 approximately, which may be compared with the

surfaces suggested by Cook (ref. 56).

An alternative presentation, shown in fig..ZZ , permits a compa-
rison of the present results with other hypersonlc pressure measurements
on a 76 delta at connarable Mach numbelo. The available data in the
Mach no. range 6.8 to 9.6 are found to agree fairlywwell in the mean
Lwith the tengept—cone theory, outside the domain of viscous interaction
influence. | | | |

The pressure distrlbutlon normal to leadlng edge on the delta
w1ngs at two 1n01dence angles (a ' 3 and 8 ) is shown in fig. 23
At the higher incidence, in the absence of 51gn1flcant viscous effects,
the characteristic dietribution with higher pressure towards the leading
edge is cbtained. Hefe; again, SqﬁireiS»theoryvfor the 76° delta gives
eya reaeonably good mean through the measured aéta. :” |

: 7.4 Transition o | -

~ Some data on boundary'layer treneitienvon the delta wings were
'obtdlned in tests at zero 1n01dence and varying unit Reynold's number.
Tran81tlon was 1dent1f1ed as a dlsruptlon of the sharp line in the
"schlleren photog;aphs-aenotlng the edge of the boudnary layer on the
_upper surface ridge line. It has been suggested that the position so
measured lies‘towards the end.of the tramsition process (ref. 10).
The present nmeasurements are compared’with available data frem the
1iterature in fig. 24 . |

‘In‘view of the‘remerksbalreedy made regatdiﬁg the effect of
facility-induced disti¥Cbances on transition measurements (sec. 3.2),

it would perhaps be unwise.tc draw any conclusions from this comparison



‘except to note that the present transition data lie well within the
overall trend. The two-dimensional tr;nsition measurerents obtained in
the same facility by Richards (ref. 54) are alsc indicated in fig. 2k '
ané the relative postion of the present data in this comparison at least
confirms the known effect of leading-edge sweep in hastening transition
(sec. 3.2). There appears no support in the present results for the
‘opposite conclusion (viz. earlier transiinn oﬁ the delta wving of
emaller sweep angle) reached by Opatowski on the basis ef axial force
measuremepts (ref. 21). |

| The present results are of relevance insofar as they can provide
an indication of the onset of transitional condition which i; known to
-strongly affectAseparated flowe. This informatiop will be found useful
" -in later sections in explaining the differences between thefflap—ihduced

separation characteristics of the two delta wings.

8. DELTA WINGS VITH FLAP

8.1 Separation Characteristics

- The flap=induced separation on the delta wings was studied using
optical andISufface flow vieualieation and preesﬁre measurements. While
the schlieren photographs provide an ovefall indication of the extegt
“of separafion, thevsﬁrface‘flow'patterns ana'preSSure data‘fill_iﬁ eome :
. defails of the three-dimensional sepafations; ~Although both fhe 700

and‘760 delte wing configurations were investigéped, the covefage'in

'_each.ease had to be necessartly limited‘inAa praetibal>test prégrémme.
| In the total, hdwever, sufficient evidence has beeﬂ obtained to permit
:aiscussioﬁ of the essential physical aspects of the separatedvflow
phenomena on delta wings in general terms, as well as te provide a
vcomparisdn 5etween the two wings in specific configufations.

e For the purposes'of the'present discussion, two basic configura-
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" tions have been identified. The first case of zero (or small) inci-
dence is when, at the lowest Reynold's.numbers of the present tests,
viscous interaction effect is present in the boundary layer flow over
the wing, which is eséentially laminar across the hinge line. In the
second case, the.wing is at incidence and the separated flow phenomena
are primarily infiueﬁcevby the onsetl of transition; This classification
is merely one of convenience for presenting the results of thié inves-
tigation. ‘Tt is not to be construed that the basic flow conditions
menbﬁqned.above éannot arise aﬁ other iﬁcidence‘anglés, under free-
stream conditions differeﬁt-from the pfesent tests. Indeed, at higher
'Reynold's numbers, transitiQnal séparations have been found even at
iero ihcidencevinbﬁhe preSgnt étudies. |

8.1.1 Zero or small incidence

A series of schlierén phoﬁographs with ipcreasing flap deflection
is shown in fig.25 . |

With &, = 10°, the flow abpeared unéeparated on the 76° delta,
vhile marginal sepafation could be noticed on the ‘700 wing. The predicted
flap angle for.two~dimensional laminar iﬁcipient'separation (coerSPQn-
ing to the'ﬁrévailing local flow‘cdhditioﬁs 6n'th¢_wing centre-chbrd)
'is about 70. vAssuming that the‘two-dimensibﬁal criterioﬁ is valid hére,
i£ wou1d appear that the‘boundary 1ayér on fhévcehtre-chord is on the
’:vergebof transition near the hinge-liné én the 760 delta. (Thisvcorres—
ponds ﬁo ET = Cf85 X 166 for a 1bcai unit Reyndld}S numberrof ofag’x 106
‘ per inch; vhich is not inconsistent with the transition data fér delta
wings Shéwn in fig..24  ). On the_?O0 delta, tranéition has evidently
not yet reached theyhinge-line and a small laminar separation‘bubble :
exists. |

‘The separation and reéatﬁachment_posifions froﬁ the schlieren

of fig. 25 (taken as the points on the model surface directiy below
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the feet of the separation and re-attachment shocks respectively)

have been plotted in fig. 26 . This shows an almost linear increase
of the separation distagce from the hinge-line with flap deflection ué
 to 300, and also a conéistenfly larger separation on the ?00 delta.

The difference between the separation lengths on the two wings is almost
certginly due to an earlier onset of'trénsition'on the 76o delta (in
accordance with the well-known efféct of leading-edge éweep anglé, as
already @iscussed in 7..4).

This is confirmed by a measurement at a slightly lower Reynold's
number with & = 30° on thé'76° delta (flagged symbol) which is eviden-
tly for laminsr flow and compares Qéll.with the separation length
for the 70O délta wing. Fig. 26 also shows a remarkable agreement of
the delta wing centre-chord separatiOh }ength (particularly for 70o
sweep) with two-dimensional laminar separation data.

The centre-chord pressure disfribution.for a typical case
(SF = 300) given in fig. :27. élso shows more extensive separation on
the 7bo,wing in comparison with the 76° delta. Due to the higher
Reynold's number of the pressure models, separation is transitional on
bpth the Wihgs and thgrefore the séparated:lengths are less than the
. 'corfesponding laminar data for the force.modeis shovn in fig.26 .

The pressure over the fiap after ré—attéchmept are found to agree well
with inviscid predictions. i |

Surface flow visualisation

‘Powder patterns generated at a, = 0° (i.e. a& = 3°) with increasing
'_flap'defiectipns on the 70O delta (fig. 28 ). These sefve to illustréte
some features of flap—iﬁduced separation in tﬁe presence of viscous
interaction effects on the delta wing boundary layer.

With GF = 100, the effect of separation is seen to reach further
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upstream on the centre-chord than outboard. This is evidently the
result of reduced shear locally due to the piiing up of the boundary
layef flow on the centre-chord, under a pressure gradient induced by
viscoquinteraction as explained in section 3.2.

The flow with ldo flap déflection is evidently unseparated in the
outboard regions. Such a separation pattern conforms to the strip-
theory viewpoinf using twé-aimensional leminar indipienf éeparation
criterion which prediéts separation to appear first on the centre-
chbrd (where 562L is minimum). With further flap deflection, separation>
will spreéd spanvise towards the hinge~line eXtremeties.

At §F = 200, separation has clearly spread over the whole span
of the hinge-line as well as upstream. The region close behind the
leéding-edge ié_hoﬁever free of any powderrresidue, indicating a rela-
tively high shear in these areas under viscous interacinn. There is
efidence of the'éecondary corner eddy which,scrubs the powder away from
the hinge-line due to.relatively high local velocity (as found on the
two-dimensional model, fig. 13 ), The re-attachment boundary is also
disﬁinctly shown. B |

The powder pattern fqr 8F7= 300 cénVeys the impression of a
greatly ektended separafion coﬁefing nearly the vhole of the wing
‘Surfacé. A limiting condition has evidéntiy been reached, with separa-
tipn'occuring parallel to and‘closé behiﬁd the leading edgés; Acco;ding
to the schlieren photbgraphbfor fhis case, actual separation;did not
reach as close té the apex, possibiy’inhibited by fhe favourable
,”prgssure>gradien£ associated withvstrongvviscoﬁs interactioﬁ in the‘
viciggéy 6f the apex; Nevertheless, the overall pattern is auggestive
of a ''conical' bubble, which intuitively fits the picture of limiting
~flép—indﬁce§ laminar separation on a delta wing. A similar pattern

was also obtained for the 76° delta.
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A distinctive feature common to the surface ?atterns in this
series is the strezk aﬁpearing aiong the flap centre—chord. This
représents a low-shear trail, and was also noted in the oil-dot visua~-
lisations (and particuvlarly well shown ué in the oil flow pattern |
obtained by Keyes, see fig. 8a of ref. 41). It is believed that
thig is associated with a retarded pressure rise locally on the flap
following the re-attachment of a much thicker viscous layer generated
.on‘the wing cent;e-chord at low incidence (sec. 3.2). Note that this
characteristic disappears when the incidehce is increased, aé found in
the series of pouder patterns showm in fig. 37 .

Pressure contours

An examplé of the pressuré distribution obtained with flap-induced

separatibn in fﬁe pfesence of viscous interaction effect on the 700

delta wing boundary layer (RL ='1.17 e 106) is presented in fig. 29 .
:Notable features are the spike-shaped contours on the wing énd flap centre-
lines. These characteristics well illustrate the highly localised
. upstresm propagation of the'separation pressure rise along the wing
-centreéchord, as well as thé delayed pressure‘£ise over the flap centre
‘conseéuenﬁ to thé-re-aftachﬁent'of a singularly-thibkened viScéus flow,
asiexplained in the preceding sectioh. The interﬁretations of the

'pqwder flow visualisation‘are tﬁus corroborated by these pressﬁre
~‘measﬁrements; For comparisoﬁ, pressure ﬁontours obtained at a slightly
"higher Reynoid's numberv(RL = 143 x 106) are shown alongSideg A
 remarkable tfansformafidn in the shapg‘of the isobars along the centfe- ;
llinelisinoted, iﬁ particular the:disappearancelof the."spikes” on‘the wing:
and flap ceﬁtre—chord (compared wifh powder patterns, fig é8 and 37 . ).
A genéfa1 trend towards two—dimensionality of the flap préssure fiéld |
with the’disappeafance‘df.the viscous interabtion influence is indicated.

The: effect of Reynold's number increase on the flap pressure field
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on the'76o delta is shown in fig.BdA . A ﬁcénical” type deep gepara-
tion was observed at RL'= 0.85 3_106, thch collapsed Qith a very small
increment in Reynold's no. to 0.90 x 106. -
The pressure distribution is highly three-dimensional with
"conical" separation, wifh a low pressure "valley"Aalong the centre-
-1ine dividing the flap pressure field into tﬁo symnetrical hzlves. Just
after the collapse of "conicall separafion, the pfeséure contours revealr
a remarkably two-dimensional flow over most of the"flap surface. When
RL waé ra#sed fufther to 1.1 x 106, the isobars were found to distort»
once again, This is evidently due to separation becoming transitional
~and receding in the inboard regioﬂ, and consequently assuming the
characteristicvtwoflobed éhape (aéivisualised in the powder pattern
‘in.fig. 37 ); The suggested separation patterns corresponding to
. these cases are sketched in fig. 30 .

8.1.2 Increasing indicence

Schliereﬁ data

A typical series of sghlierén'phétographs wvith increasing
incidence at comstant flap deflection (360) is shbwn in fig.éi' .
vSeparafion and‘ré;attachmeﬁt‘poéitions meésuréd from such photographs
have been plotted in flg.32 agalnst 1n01dence for each of the three
flap deflectlons. It is seen that more exten51ve separatlon occufs over
'the 70 delta throughout the 1n01dence range.

The varlatlon of separatlon length with incidence w1th 1.0° flap .
vis‘found to be qulte different from that at higher flap deflectlonsf
_IBéaring in mind that the local Rejnold‘é number increases.wifh incidence
(fig. iﬁ)'the growth of separafiénAwiﬁh 6? = 10? is indicative of
laminar separation, whereas at higher flap angles‘separation is evidently

‘transitional.



The péwder fléw visualisation results also sﬁggeét laminar
separation with 10° of flap. A fine pattern of closely-spacedlongitu~
dinal strezks over the flap surface, vhich are believed to be produced
by Goertler-typée votices characteristics of ré—attaching laminar flows
(ref. 31) were repeatedly obtaihedrin this case (byﬁ vere conspicously
gbsent at the highef flap angles). For 6F = 20° and 300 t@e separated
léngth reached a minimum between 10° and 15° incidence and thereafter .
Aincreased with further rise in incidence. ' This poinf of reversal
corresponds to the incidence angle at which the local Reynold's no.
reaches a peak and then falls (fig. 14 ), which is consistent with the
behaviour of transitional separafion.

ifhe‘re-atfaéhment position data shown in fig..Béi.logically follow
thé variéfibns in the position of separation with incidence. The rela-
tively small effect of flap deflection on re-éttachment length is in
keeping with the trend already noted on the two-dimensional moael.

Assumiﬁg that the separation length is mainly governed by Reynold‘é
number,_an attenpt has Been made'tovborrelate.the present‘results
| (for %y < 15°) witk other avai‘lable data for flap invdﬁced separation
ion 760 delta on thé basis of lécal Reynoid's‘number (RL). The data
_‘uséd corréspond to va#ying incidence as‘wéll as model scale. As shown
" in fig. 33' , a reasonable agreement is obtained betﬁeen the present
| measurements and those of Keyés (ref.vhl) ;and:N:P.L. (freeéiight tunnel
tests):~*The:trends appéreiit in ‘tﬁis figure for the different flap
angleg are in conformity with_the known effect of Reynold's number on
ﬂ'lamina} and transitional sepafations.

 The above observations of the Reynéld's‘no. effect on separation
confirm that,.at the relafively low unit Reynold's no. of the force

tests in the present investigation, the flow conditions on the 76O delta
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- wing were already transitional at oy =‘O°, and became so on the_?éo
delta at a small angles of incidence. iThus, the more extensive sepa-
ration found on the 70o wing wés mainly a consequence of transition on
this wing lagging behind in comparison with the 760 aelta.

Centre~line pressures

'At.aw = 8° ana-13° ftigs. 34 amd 35 ) separation is quite limited
on the 76o delta and the wing centre-line pressure upstream of separatign
approaches closely the tangent-cone value'(compare with fig.éb‘ ).

The pressures ovér flap become more uniform. The flap pressures are
progressively bettef predicted by "cone-wedge" estimates. (Note that

at these incidence angles when the 1eading-edge shock on the 76° delta

is detached; the "cone-wedge! calculatiéns are practically identical with
those based on Sqﬁire'éitheory or eq. 4). Thé onset of the reflected
expansibn impingement is clearly seen as a sudden fallrin pressure
towards the flap trailing edge, at a position which agrees well with
calculation based on eq. 1 using %’w from Squire's theory.

A feature of noté in the‘¢entre-1ine-pressure distributions is
fﬁe coﬁtinuouslyxrising pressure on the wing in a rggion where éeparation

is indicated on the schlieren_pictures-ﬁnlike'the 2-D case vhere a
pléiéaux éxisté. The pressure on fhe hinge-line (vhich must correspond to
“the bubble pressure in separated flow) is always found to be signifi-
’.‘éantly higher than the valuegat the neareét upstream ( Ax = 0.5 in.) ‘
point ofnmeasufemenfu This féature of gradﬁally‘rising pressure on the
wing centre~line within what is»indicated to be a separated zone is
glso to - be foundiiﬁ the measurements presehfediin refs. LO and 41.»
While in two-dimensional separafions a rising pressure in the bubble is ‘
generally aséociated with the occurence of transition in_the Shear layer
B ciose to re—attachmenf (fef. 14), in the preseht instance three-
dimensional effects in the separation bubble are believed to be mainly

responsible.
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V"Incipient separation

The flap angle for incipient separation on the 760 delté (obtained
by extrapolation at constant 6F or RL from éeparation_length Qata of -
this and other investigations)‘are compared with the correlated two-
dimensional results for laminar, transitional and turbulent fiow, in
fig.;6}. Althougﬁ the delta wing results are few, tﬁd significant
foihts of éeéarture from two-dimeﬁsional characteristics are apparent.

" " Firstly, the flap engle for lamiqar incipient separation.is
increased on the delta wing. This is believed fo be the result of
‘épanwise outflow in the boundary layer at the hinge-line in a three-

: dimensional configuration, analogous to the case of part-span flaps

(ref. 16) vhere a similar increase in SFi>for laminar flow was found.

A theoretical‘justificatiQn for this behaviour is provided hyvthe results
of an analysis by Libby et gl (ref.'55),-who show that an outflow in

the laminar boundary layer from the plane of symﬁetry in an adverse

_ pressure gradiént,leads td‘a reduption in boundary layer thickness

which tends to inhibit separation. |

| Secbndly, é rise in the iﬁcipiént separation flap angle with RL
whi¢h‘is chéracteristic of £ransitiona1 flow‘oécurs sooner on the delta.
This merely confirms the earlier onset of transition on fhe delta wiﬁg
in comparissn wiih two-dimensional flow;.-i : |
} On the other "hand, the turbulent ‘incipient separation on the 76°
délta:is seen to agrée well with fhe‘twd-dimenéi¢nal characteristics.

Sufficient data'is.not available to deduce incipient separation
;bn the 700 flaéped delta. However, from the‘above trénds, ituappears'
reésonable to assume that the charactefisticé ofvthis wing willilie
* somewhere between the 769 delta and two-dimensional for laminar aé well

as transitional cases.
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“Surface flow visualisation

The notable feature in the patterns'with_inCreasing incidence

_ (fig.37 ) is the initial spread of separation in the outborad regions

at the expense of Separated,flow-in the middle of the wing (ao = 50).

This is evidently due to increased local Reynold's no. causing extension

of laminar separation outboard, vhile onset of transition leads to

diminishing separation inboaxd. This pattern is regarded as an early

stage in the development of 'mixed" separation reported by Whitehead

and Keyes (ref. 40), who found turbulent separation (at a higher Reynold's

no. than the present tests) in the middle of a 70° delta with 40° flap

together with laminar separation outboard. This’floﬁ pattern (based

on the oil flow visualisationipresented in ref. 40) is reproduced in

.fig; 38. .(Note tha general similarity with the flow sketched in'fig.h;é).
When the incidence is raised further to lOo, a more regular

‘separation boundary is produced as the flou becomes tranSitional

over nost of the span.. This change of separation pattern can also be

identified in the corresponding schlieren photographs, as a double

separation shock system (associated,with mixed separation) gives way to

a‘single separation shockb(fig.Blh).illt maj be pointed out.that with

an attached leading edge shockithe separaticn length must'be zero at

'-the extremeties of the hinge-line.‘ With increasing incidence (at fixed

flap deflection) the local wing'flow conditions in the'vicinity;ofv

the hinée—iine ends approach incipientbseparatiOn and wili cause a ioCal'

shock detachment_with‘thevonset of separation. However,‘on highly |

‘szept délta wings as in the present study; with increasing incidence

~ the leading edge shock detaches before separation spreads to the hinge—

' line extremity. W1th the opening out of the. bubble at the Sides,

spanuise venting occurs and the separition patte 'n then will resemble

 the flou sketched in fig. “‘A This case is illustrated in the oil- dot
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- visualisation shown in fig. 39 .

Pressure contours

A comparison of the 76° delta wing pressure field with and
without 30° deflected flap at o = 8° is shown in fig; KO . Tt is
noted that although centre~line separétion is quite limited in this
case, the upstream effect is still considerable along the centre-chord.
It would appéar that even outside therregime of viscous interaction
influence, a relatively low energy boundary layer flow results on the
centre-chord, presumably 5r%§ipg'L from the inward pressﬁre gradient
predicted (and found experimentally, fig. 23 ) én the delta winé even
for4 the; inviscid case. At incidence angles much higher than for leading-
edge shock detachment,ﬁguch a pressure gradient isvnot found (ref. 18)
and consequently this particular characteristic of the boundary layer
on thé'centre-chord will also disappear.

The'pressure contours on the 70o and 76° delta wings under
identicai condfions are compared in fig.,41 ;, Apart froﬁ greater
‘ scéle_of seﬁarétion on the_?Oo delta,-the pressure field produced by
flap-induced separation is seen to be very similar over both the wing
and flap surfaces. The shape of the separation front indicated by
“the cont§ﬁrs on the wing is remarkably consigtent with the surface
'-'flow‘#iéualisation.of mixed separation obtained by thitehead and Keyes
“r(fig.-fg~ ),'éndvié furthér confirmed by the‘gil—dot picture shown in
ifig. ,Ag/ . ébtéined in the present %ééis,' The relativéiy eveniépacing
of the isobars.in thé,thrée-dimensional separated flow sxplainé the |

dack of clarity of the powder patterns.

Hinge-line pressure distribution
" The variation of pressure along the hinge-line provides an
independent means for checking the spanwise variation of separateéd:-.

flow on the flepped delfa. These measurements, (figs. 43 and LY )
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" were obtained at points on theAwipg just upstréam of the hinge-line,
With unseparated flow, the hihge;line pressure would be expected
to lie close tc the Qing pressure, whilg separation would result in
significant pressure increase. The hinge-line pressure with separation_
should at least equal the laminar Subble pressure (as estimated from
two~dimensional empifical theory,‘eq. 2, which has been found to be
Valid for three-dimensional separations also), and wiil exceed this level
runder transitionsl conditions (althodgh an estimate in this case is not
_possible). Applying these simple criteria to the data in fig.—943 leads
to the following conclusions:
i) With & = 10° the flow is unseparated at .aw = 3°, With incidence
raised to 80, laminar separation appeérs outboard (Z/Zp.l.) 0.2) wvhile
thelflow‘appears to remain attached in the central region where the
_ approaching boundaryAlayer is probablj turbulent.
‘ii)‘ With.the flap deflected to 200, laminar_separation is producedr
over the whole:instrumented span of the hinge-iine at o, = 3°., At the
higher'inéidence when the boundary laﬁer on the centre~chord undergoes
t?ansifion; separétioﬁ collapseé in fhe éentrél region while the flow
"outboard remaiﬁsvsepaféfed; E |
(iii) A_t bp = 30°, the hingé-—line is largely under tx"ahsitibnalbsepa;- |
.ration. A pressure gradient fa&ourabie to an inward flow in tﬁe
_bubble eiists. A pre$sure peak:appearing oﬁ the cenfre-iine may signify
a local interruption of‘the éeparation'bﬁbble, most likely associated
‘~with ﬁnsepérétedvturbulent flo&_along‘the’centre chord (the local pressuré, _
fpeak wés'found to lie well below the estimafed bubble pressure for |
tﬁrbulént éeparation). |
.‘:The hiqgg—line rressures with 6F = 20° werelinvestigated over
a larger'range of incidence, with.the results as shown in fig.iﬂ? -

The characteristic pressure distribution with a "bucket! in the region

55



" of the centre-chord (associafed wvith locally attached transitional or
turbulent flow) persisfs up to o =-15°. A sudden chango'in the pressure
distributicn occu;s at o, = 16° which now'indicétes separated flow over
the whole of the hinge~line span. (4 discontinuous increase in the
separation length was noted in the corresponding schlieren photographs).

. Estimates based on the tramsition data from fig. 2k indicated
that in fhe above incidence range separation always occﬁrred downstream
of transition on the wing centre-chord. 'lt is Suggesfed that the change-
over in the hinge line pressﬁre distribution is associated with chaﬁge
from attached to separated flow of the transitional (or turbulent)
_boundary'layer on the centre-chord, as the local flow conditions (i.e.
M and R) move ocross the iﬁcipient éeparation boundary for the given
,flap angle. Support for this conjecture is provided by the 1nc1p1ent
. separatlon data for 76 delta discussed in sec. 8.1.1. The local
conditions at the chanve-over are &y, /M = 0,86; R, =2.0x 106, which
correupond very closely w1th the trnn51tlonal 1nc1p1ent separatlon -
>'boundary for the delta wing indicated in fig.

A‘oonsequence of tho chango—over 1n.the separation pattern is the
appearanceyof é hinge~line preséufe gradiént‘favouring a spanwvise
‘}outward flow 1n the separatlon bubble. An_oil flow pattern was shoﬁﬁ

in fig. 39 | B

8;1;3, Three-dimensional segaration pattefns

,From'the experimental evidence based,on:SChlierén;'surface flow

"fisualisation and preésure measurements preséﬁted in the preceding secfions,
'lt is p0051b1e to build up a consistent phy51cal plcture of the three-

- dimensional separations induced by the tra111ng~edge flap on delta w1nvsr

v at_hypersonlc speeds. |

When the wing surface is streamwise or at small positive incidence
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(i.e. vwhen the lqcal‘condiiions are such és to promote viscous interac-
tion effects), the wing boundary layer approaching the flap develéps
a characteristic pescultarity along‘the centre~chord viz, a greatly
inqreaséd thickening and reduction of sgkin friction relative to the
adjaqént regions. The boundary layer flow over fhe rest of the wing
'confains a spanwise variation arising simply from the»decreasing‘length
of run (or Rx) due to the delta geometry. ?he response of this boundary
layer to the adverse pressure field imposed by the flap will accordingly‘
vary in the spanwise direction.
From the incipient sebaration condition for two-dimensional flow,
sepafation would be antiqipated first on the centre-chord (where ﬁbL
is a minimum) and spfead tip-wards with inéreasing flap deflection. As
'sepératibn deve10ps; the upstream influence in the boundary la&er (or
interaction'distance) will extend much farther upstream aléng the centre-
éhord because of the local thickening of the boundafy layer along thé
:centre;line._ On thé éther hand, the upstream influence.migﬁt be
.inhibited by’the viscous interactibn induced pressure gradient in the
_outboard regions due to the proximity of the'leading edge.

- ’Thése ideas were found helgfulltoward a ﬁroper abpréisal of the
powder éatfefns such as‘ﬁhosevshowﬁ’in‘fig.i28>and 37 , and in the
dedﬁctioh’of separated regiohé from such visunalisation studies.

Froﬁ,the geometry, it is evi&ent that éeparation wiii soon attain
'é 1imifiﬁéicondition near the ﬁingé-line extremities and,‘as the flap
is.furfher dgflected; this cqhdition Qill continuously progress upstream
1élohg the‘leading edges until the separated flow from the fwo.sides
merge near the apex. VWhen this‘happens, a‘”conical” separation (a term
used mpie for cbnvehience than exactitude to describe the uitimate‘

limiting separation on delte wing) will bé produced. Such a separation

57



i“clearly reéﬁire$ the existence of fully laminér flow, which only can
provide the e#tensive scale of sefaratioﬁ involved. In the present
investigation, this condition is believed to have exisfed on the force
models at tﬁe loweét Reynold's_humbers withvéF = 3o°.

Consider now the effect of increased loqal Reynold's no. (either
caused by incidence or by free-sﬁrea@ Reynold's no. increase) on the
"conical' separation. Transition will appear, first on the centre~ray
of the conical bubble and spread léterally. From the knowvn effect of
onset of transition, this will lead to a progressive collapse of the
conical bubble from the centre outwards, producing-the two—iobe shaped
separation boundary which has repeatedly appeared in the present expe-
rimental results. This type of flow develops into the "mixed" (laminar-
“turbulent) separation whé;, at-a higher'Reynold's no., transition
precedes separation on the centre-chord. When the turbulent (or tran-
sitional) flow in the middle remains attached, a divided‘bubble results.
(fig. b2 ). |

Another iype of separation'is produced when (e.g. at higher
incidence) the combination of lbcélrM and R is scuh that the given fiap
angle exdéeds the incipient‘separafion'anélé fdrvturbulent (or transitional)
‘fléw. .This causes séparation across the whole span of the hingé-iine,
‘ﬁhe dividéd.bubble configuration“givihgbway to one more akin to sepa-
v'rafion observed on low aspect ratio twa—dimensional models. Thiéisepa-
ration ﬁattern‘ié ddso found fatﬁefzsimilar to that obtained at sﬁbsénic
speedé (fig..45 ). This oil-flow visualiéation has indicated detailé
:within the sepaféted flow which may be relevanf to‘theAhigh speed case,
and will lead to complicated heat transfer distribution iﬁ the separation
region.

A notable aépect of the thrée-dimensional separétions'observed is

the présence of préssure gradients in the separation bubbles. These
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Amply rathenAcomplex flows within the sefarated regions, and the simple
model of two-dimensional separations (nith snarp'pressure rise at separation
and the bubble as a '"'dead air" fegion) can beAmisleading when attempting

to locate boundaries of separated flow from surface pressure measurements;
The complicated subsonic flow within the bnbbles is of particular

concern to fhe predietion ef heat transfer rates and may pose a serious
problem in vehicle design when large areas of the wing are under sepafated
flow. |

8.2 Wave Phenomena

Most of the schlieren photographs of the flapped delta wings show
a plane sh0ck orlglnatlng from the flap corner (or ”flap shock"),
irrespective of the presence and extent ofseparated flow (sece flgs.25
and 31 ). The measnred flap shock angle has been plotted versus the
' fiep ineidence with respect to the free-stream in fig. 4 . These data
eover all three flap anglesQ The flap shock angle is seen to correlate
bwell'with the fwo-dimensional sheck angle in the whole'range of measuree
- ment. ‘The‘inference is that the flapvshock as seen in the photographs
is associated with the deflection ef the free-strean by‘the portions of
the flap‘surface which lie outside:the‘flew fiela processed by the wing
sheck,-and ovef vhich the flow is alwaysfattached.._lt then follows that
 the pressure over such’regiens'of the flap nill be well below the pressure
' generated by successive compre551on through theIWJng and flap chocks.
‘Some measurements obtained in the tip reglon of the fldp in a typlcal
' conflguratlon (flg._@? ) indicate that the pressures here are even below
:,fhe singie (twb—dimensional)‘sheck prediction; evidently the result of
. tip relief (snecially at the‘upstream—mosﬁ location which is cldsest
to the flap tip). B
| The phenomenon of w1nv-¢hocg/f1ap- hock 1nteract1cn has also been

optically visualised on the flapped delta models. A typlcal shadowgraph
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is presented in the upper.part of fig.“‘*:8 which clearly shows the ref-
lected expansion emanating {rom the intersection of the shocks.

As explained in sec. 2.1, the position of the impingement of
the feflected expansion on the flap surface may be calculated using
shock-expansion theory. In applying this procedure to the delta wing,
the Wing shock angle.in the centre-nlane may be obtained from theories
of Squire or Kennet when the leading;edge shock is detached (while
two~dimensional shock angle is assumed with attached shocks). The local
Mach no. on the wing is caloulated from two-dimensional shock or tangent;
cone theories; and a plane flap shock is assumed. Then, using eg. 1,
the.impingement position on the flap centre- line is obtained.

A comparison_of the calculated and,neasured reflected-vave impinge-~
ment postions on the centre-line is shown in fig. 19: . (The experi-
- mental data in this figure are for the force models). While a reasonably
good agreement is obtained for the 760 delta, the calculations are found
to greatly underestimate the forward movement of the reflected expansion
on the flap of the 70 delta Wing. | |

The poor agreenment w1th calculation in case of the 70 dalta is
~ believed to be mainly the effect of separation, which, as illustrated
':in the loner part of fig.48 modifies the inViSCid shock interaction
(ty introducing a@ditional waves and redueing_iocai Maoh no.) in suoh a
way as to,cause an eanlier intersection of the shocks. Thus, the greater
length‘of separation occuring‘on-the 700 delta leads to a much more
‘upstream- shift of the reflected expansion impingement relative to the.
“1nv1501d prediction than in case of the 76 delta wing.

The three-dimensional geometry of the delta w1ng_shock envelope‘
- .and its interaction.with the (assumed) plane flap shock nay now be
 considered, fig. 50 . It is evident that since the wing shock stanﬁ— '

off angle decreases vhen going from the centre-chord towards the leading
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:fedges, the reflected-expahsidn impingement will occur progressively
earlier con the flap with increasipg'séénwise distance. With an attached
- leading-edge shock, the impingement distance from the hingé-line will
decrease to zero at the extpemities. Even with a detached shock, in
the range of conditions of interest in the present study, the expansion
impingement will approach the hinge-line extremities closely. it |
4 follows that the outboard portions of the flap, exceft_at small deflection
angres, will in general lie in the reflected wave influence (see sketch
on the right of fig. 50 ) even when no impingement occurs on the
den#re-line. | |
With fhe above modél of three-dimensional wave interaction on a
flapﬁed delté, an attempt was made to caléulate thé refleéted-expansion
~impingement boundafy for the case éf the 760 delta with‘BOo of flap.
Eq. 1 was}evaiuateﬁ in planes‘nofmal to the wing surface lying along
different rays from the vérfex, using the charts presented.by Squire
_(ret. 25)'to.calculate the wing shock angle in theée planes, The
calculated points for four incidence angles‘afe compared with flap
v:.prgssufe contour'meééurements:and oil-dot visualisation resuits in fig.
>'~WhiJ§the oil fléw pictures difectly‘showifhé’reflé§ted expansion bound-
ariés, it is ﬁot difficult»to‘deduce the boundéfies‘from the isobars
5earing‘in mind thét a fairly éhérp drop in pressure occufs across the
reflected-expansion impingement. Considéring the simplified procedure
adopted in thesé calculations,.the agreemeﬁt Qith experiment is qﬁite good.

8.3 Balance Measurements

'AThe'normalrforce, axial‘forﬁe and pitching~moment coefficientsxx
are plotfed versué incidence in fig.52$w§3- These tests were carried out
at RL"= 0.85 x 106. It was considergd prefgrable:to present the data
in'fhevbalance;aﬁis fofm as this ailowea the twOwaerodynamic-forcév4

components to be studied as separate balance outputs. Thus, any anomal.iés

= Tabulated in Appendix .
SO : 61
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arising from balance errofs in the ind?vidual components could be
readily identified.

Both the force coefficients are in general smoothly varying and
Show systematic increments with incidence and flep angle. An exception
is noted in thé case-of 76o delta with 6F = 300 where a change of slope

of the C 10 curve occurs at about ao'ﬁ 100, which is close to the shock

N
detachment condition over the tip portions of the flap (vhich"see" the
free-stream flow). A corresponding break is also evident in the CA and
CM curves. Due to the larger flap_aspect ratio on the 70° delta, the
reduced loading after shock detachment on the tip regions will be
relatively less significant, and it is the effects of flap-induced
separation that are evidéntly mofe imporfant in determining the aerody-
némic'characterisiics of this wing. |

- The effect of more extensive separation on the 70° delta is
clearly demonstrated throughrreductions in the normal force and, even
more dramatically, in'the pitcﬁing mbment characteristics of the 700
delta in comparison with the 76° wing. Thé differences are less evident
in. the axial force charactéristiés mainiy Becauée a smaller compopent
:of tﬁe flép ioéd is measured’in’the akial‘direction, and alS§ due to the
'confribﬁtions from base draékas'well’és thé side area of the_flap_
rblbcksf The C, data for 6F = 300 ho?ever show the ihfluence of flap
‘vshock detﬁbhmenf at tﬁe1higher incidenCé angies leading to falling éff
- in the fate of incréase 6f the flap ioad, aé was found_in.the measurementé
of ref. 25 | |

:Centre of pressure

The position of fhe'centre of pressure (i.e. the inter-section of
_ ’fhe aerodynamic force vector with the balsnce axis) derived from the

normal force and pitching moment measurements is plotted in fig. 5k

62



'"Jversus incidence for each of the three flap angles.

The general trend of these data,dshowing avforward movement of
.the c.p. with incidence, is in eonformity with the increasing contri-
| bution of the wing panel pressure reiative to the flap load with .
increasing incidence. The greater movement of the C.D» en the ?Oo delta
is also consistent with the greater loes in flap effectiveness due to
more extensive separation in this case.

1ift/drag ratio

The L/D ratio, a parameter of particular importance to cruise
vehicles, calculated from the balance measuremente are presented in
fig.b55 . _Before discussing the experiemntal data, the theoretical shape
of the.L/D VSe incidence curve may be eoneidered. For a flat plate wing
i» et ihcidence o in inviecid ;upersonic flow, wvhere thekaerodynamic

force is‘eXclusively pressure generated‘(i.e. axial force being zero),
we have L/D = Cota, irreepective ef~the magnitude and distribution of
pressure. This is merely a‘consequence of the force vector reﬁaining
normal to the wing piane with varyihg incidenee; At hypersenic speeds,
for a flat—bottomed conliguration at incidence angles when the upper
vsurfaces are 1ee—ward and therefore aerodynamically 1nSignificant this
Simpie expression for L/D is still valid.

Introduction of viscosity and therefore ef an axial force gene-
vrated'ty,friction will cause L/D'to be.only slightly less than,'Cotaw 50
long'as'the pressure force is dominant, With reducing incidence (and
therefore ihcreeeing relative‘magnitude of the axial.force due to
~ friction) L/D pregressively falls below Cote and finally drops sharply
" towards zero as the upper surfaces Beoome windward
v These features are eVident in the theoretlcal curve shown for -
6F 0o° (fig <55 ) which fairly well predicts the breoent test rcsults
as well as those of Opatouski becoming practically coincident with Cota

for o S 15° (or o > 18°).
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The flapped wing on the other h nd experlcnces a relatively
large exial force due to the flap pressure load, and in this case the
L/D will obviously be much below Cotaw._ However, wvhen the flap ‘load is
relatively so large as to dominate the zerodynamic characteristtcs of
.the configuration (as with increasing flap area and/or deflection), ve
may expect 1/D to approxlmate to Cota (vhere o = o, + é ). The
measurenents féllow this trend increasingly with incidence and flap
angle. At 6F = 300, the data are reasonably well predicted by this simple
law throughout the incidence range. The two-dimensional shock theory
also tends closer to the CotocF curres with increasing incidence and flap
deflection. These comparisons clearly show that the aerodynamlc
characterlstlcs of the conflguratlons under study are essentially flap—

dominated when e > 20°.

~ Comparison with free-flight tunnel results

The 76° delta with 10° and 20° flap angles was tested by the
free-flight method in the N.P.L. Shock Tunnel at lach 8.6 and Reynold's
nunber (based on centre-chord length) of O 56 x 10 (see ref. 43 for
-.‘detalls). The force coefxlclents are compared in fig. 56 , and the centre
- of pressure results in flg 55 | The llft/drag ratio comparisons are
"glven in fig. 54 . « | | k

The N.P. L. model was somewhat thinner (the angle between upper
rldge 11ne and the bottom surface belng 5 ) Due to the method of
) constructlon (from expanded polysterene beads to achleve light weight -
‘necessary for the free-fllght technlque) the leadlng edges and the
_anex were v1s1b1y blunter in comparlson with the present metal model.

Considering these sma}l differences in the model geometry as well
as;in the test conditions between the balance and free-flight tests,

the egreement betueen the two sets of resul s is regarded as excellent.

No systematic dlscrepenc1es are noticeable in these comparlsons to
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‘suggest a . measurable aercdynamic interference effects of the balance
sting on the present measurements.

Comparison with estimates

. The inviscia aerodynamid coefficient; of the 760 flapped delta
were caltculated using the following methods:
1. fTwo~dimensional shock theory - The éressures over the windward
surfacés of the wing and flap were assumed to be uniform and given by
two~dimensional shock compreésion of the free-Stream through the wing
and flap shocks respectively. ‘
- 2. .Delta wing + wedge -~ Heré again uniform pressures over the wing and
flap éurfaces’were assumed. When the 1eading—édge shocks were detached
(i.e. ao'> 30) the w%ng pressure was calculated from Kennet's theory
using egs. 4 and IS.K The fiap pfessure was then obtained via two-dimen-
.sional shock compression starting with the calculated deita wing pressure.
© Since the wing pressure according to Kennef's theory (for detached |
shocks) is.below the two~dimensional value; the flap loads calculated by
this methoa are significantly less (and more realistic) than the two-
"diménsional‘shock theory prediétioné specially at higher incidence
and flap énglés; | | bva.
'n'3; Reflectedfexpansiohkeffect -~ For the case of 6? = 30?, when the
flap lbad was'éubstantiaily influénced by the reflected expansion as )
aireaéy néted,'a simplified flap pressure fieldkwas assuméd to estimate
: this'efféct. rThe_reflectéd—expansion impingement boundary was calcu- A
lated as described in 8.2, gﬁd uniform but different pressure levéls
;assignea'fo the portioﬂs of the flap on either side of’the boundary.

Between the hinge-line and the expansion impingement, the pressure was

#  These equations are convenient as they directly give the average
wvingward pressure coefficient. Virtually the same result would be
obtained by infegrating the delta wing pressure distributions
calculated from Squire's theory, (see fig. 6?-
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calculated by the method 2 above. .The pressure over the rest of the
flap was obtained from two-dlmen51onal shock compr6551on resultlng from
a defleCulon of the free-stream through the flap incidence angle dF =

a, *+ GF. This scheme is illustrated in the following sketch:™

 "DELTA WING +WEDGE

T —=— HINGE-LINE
PRESSURE ~——f -~ ‘

" REFLECTED-EXPANSION
- BOUNDARY

/

- PRESSURE BEHIND 2-D SHOCK
DEFLECTION OF Mg THRO' . g

- The contributions of the upper suffaees vhen leeward (i.e.

o > 3°)vend of the base were found to be negligible in the calculaf
tions of'tﬁe overall aerodynamic coefficients. \

' The‘76o delta configuration was‘chesen for the purposerof
compatlng the measurements with estimatesA(figs. 57 to59 ) since
jthe effects of separetiOn in this easevwere evidently smaller and
'therefore a. better assessment of the 1nv1501a pxedlctlons vas p0551b1e.

At 6 when separatlon is absent or 11m1ted the aerodynamlc
1coeff101ents are qulte well predlcted by the two-dlmen81ona1 shock
'f:theory. ) | h

 With increasing'separatiqn.at higher flap‘deflections, the two-

-“dimensienal shock predietions ihcreaeingly over—estimate the coeffi-

cients. The use of more realistic calculations for the delta wing‘

¥ The measured pressure field over the flap in typical cases (e.o.
flg. 51 )' prov1de support for this 51mp11f1ed model.

66



* pressure, however, significantly,improves thevcomparison with expe-
riment and indicates that the sepératic;n effects on flap loads are not
- as iar ge as suggested by the disparity between the two-dimensional
shock calculations and measurements (see'comparisdns for 5F = 200).

2O . : . ;
0~, a substantial over-estimate of the force and moment

With 5F =
coefficients is still evident relative to the delta wing + wedge pre-
diction, particularly ét the higher incidence (best seen in the CM
comparisons, fig.58 ). When the estimated correction for the reflected~r
expansion effect is applied, however, a rather remarkable agreement with
the measured data is obtained. Note that the.agreement continues up to
the‘incidence when a break in the aerodynamic eoefficients (velieved
to mark the onset of the flap ehobk'detachment) occurs, in all three
components.

While the procedure adopted here for estimating the reflected
expaﬁsion effect on the flap 1ead is a highly simplified one, it is
nevertheless euceessful in providing the magnitude of an evidently
 1mportant phenomenon.

For the case of the ?6 delta w1ng, the simple inviscid calcu—
iatlons glve a reasonably good predlctlon of the aerodynamlc load —

componentsveven in the presence of separatlon over a fairly wide range

“of incidence and flap deflection.

N 9. FLOW REGIMES ON FL4APPED DELTA WINGS |

| . The various reglmes of flow that appear over a delta wing with

: tralllng-edge fla pu at hypersonic speeds in the range of 1n01dence and
‘flap deflection can now be summarlsed in broad terms. This is conven-
- iently done with reference to fig. 60 , which depicts the different

E viseeus and inviscid infiuencesxthat primariiy détermine flap effeetive{'

ness,_and'providés an indication of the regimes where the dominating
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. phyeical factors must be taken into ¢oneideration in any-prediction
procedure. This diagram has been prepared on the basis of present
experimental results and analysis for the 769 delta, for purpose of
illustration. For cther delta wings, .operating at different free-
stream conditions; the boundaries will shift but éualitatively the
presectation in fig. 60 will remain valid. The parameters which effect
chese boundaries are Qis?ﬁssed below.

.The first bcundary is that corresponding to laminar iﬁcipient
separation (estimated from the data shown in fig..36‘ ). The favourable
shift relative to the two—dimeneidnai'prediction is noted. Iﬁcreasing
ﬁach-no.vand reducing Reynold's no. raisefhe incipient separation
boundary to'higher flap angles. It should'ce ncfed that crossing this
‘boundafy (which ie‘baeea on the centre-chord Reynold's no.) does not
necessarily lead to separation over the entire span. 'Within the regime
of unseparated flow, and with limited separation,.simple inviscid
theory using appropriate average pressure on the delta wiﬁg (according
to attached'cr detached leading-edge shock),‘followed oy two-dimensionzl
shock‘compiession over the flap giﬁes a good estiﬁete of the overall
eefodynamic'characteristics. | |

”,Aboﬁe the iqcipient separation bccneary; increesing sepafation
.'with#flap deflecficn at do = 0° culﬁinates in e laminar "“conical'
.separaticn covering most of the wing surface and causing_substantial-lose
‘in f;ap effectiveness. Wifh incfeasing inéideﬁce (cr local RL).however,‘
the onset'of‘traﬁsitiqn causes separation to diminish rayidly.

At'higher ihcidence and fiap anles the pressures_over the.flap
Heurface are increasingly influenced by the reflected expansion (arising
- from the interaction of the"wing:and flap shocke),resulting in a
progreesive loss of'flap effectiveness. This is pfimariljien inviscia

boundafy, and increasing Mach no, and flap chord will accelerate its
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) appearance: In this regime, thé effects of separation are found to be
relatively 1ess'important. An inviscid approach, using available theo- -
fiéo to calcuiate the oing shock envelope and its interaction with an
assumed.fwo—dimensional flap shock, permits a reasonable prediction of
the flap loads.

Finally, ot large incidehce and flap deflection; wvhen the local
Mach-no. on the wing reduces to low values, detachment of the flap
shock occurs. Across this boundary (vhich is reasonably well predicted
from two-dimensional shock theory) a strong .shock appears over the flap
causing 1afge and discontinuous adverse changes in the aerodynamic
characteristics. Previous investigations have covered this regime,

which is of particular relevance to re-entry type vehicles.

10. SUMMARY OF RESULTS .

The delfa wing force coefficients without flap were in agreement
with previous measurements andvreasonably weil estimated by available
,inﬁisqid theories upto'&w = 230, the_maximum tested. The oeﬁtre of.
pressure movement Qith incidenCe followed the predioted behaviour with
reéboot to the viscous interacfion:offeoﬁ.' The Qing shock stand~off7
angle io the centré—plahe was also in good’agrooment with theory,

- outside théfviscoustihteraction regime. ‘Some data on centré—lihe
transition on fhe two delté wingé’(from schlieren photographs) were
obfaipod whioh confirmed'the‘known trends of RT with unit Reynolo's no.
and 1éading—edge sweep. Pressure'measurements on fhe windward»surfacé
of the delta wingéoup to 18° incidence viere in general agreément with
f ;oaiiable hypersonic data and Qith Squire's theory. |

Fiow visualioation studies and pressure measurements over the

flappea deltéﬂsurfaces provided a‘consisfent physioal descripﬁioo of the

"VaryingA'three—dimensional'saparation patterns., At low values’of local
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’-,'Reyhold's no., the greatly thickened boundary layer on the winé
. centre~line (resulting from a viscous interaction effect peculiar tc .
the delta) allowed considerable upstream propagation along the centre-
chord of the interaction due to separation. At increased Reynold's
no. the first appearance of transition on the centre-chord caused a
local collapse of separation while outboard the flow was still Sép%fated
These chaﬁging separation patterns togethef with reflected vave impinge-
ment produced complei pressure fields on the flap. The separated flows
were qualitatively similar on the two delta wings.
At the Reynold's no. of the belanCe tests (RL' = 0.85 x 106)
flap>induced separation was largely transitional. The earlier onset of
i transition produced-consistently‘smaller-separation length on the 76° delta,
which resulted in better flap effectiveness on this wing at all incidences
 and flap angles. | -

The force and moment coefficients varied smoothly in the range of :
incidence and flap deflection. The balance measurements were in good
agreement with the results of free-flight tests_provided by NPL (for
760 delta; 6 s 10° and éOo).. Comparisoh with results of simple
3nv1¢c1d calculations showed that wnile the two-dimenSional snock theory

pvedicted the aerodynamic coefficients for bp = 10° (i.e. whenseparatlgn
vas absent or llmited), it increaSingly over-estimated the loads at
greater flap deflection. The assumption of a two-dlmenSional compression
across the flap shock applied to a more‘ratiosel theory (such as Kennet's)
for the delta wing pressure at inCidence (corresponding to detached .
leadingﬂedge shock) allowed a good estimate for the 76 delta upto
6F 20° even with separation present. e '

| With 30 flep deflection, the dominating influence was the

impingement of ref]ected expansion wave from the wing shock/flap shock

1nteract10n. A 51mn11f1ed celcu]atlon of the 1mn1ngement boundary over
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" ths flap using a model of three-dimenSional interaction of the theore~
tical w1ng shock envelope with a plane flap shock, (uhich agreed With
experinmntally observed boundary on the 76 delta) provided a good
prediction of the.aerodynamic coefficients. These results indicated
that a proper description of the inviscid hypersonic flow field oper the
76 flapped delta, which is p0331b1e by the appllcation of available
theories, could lead to useful engineering estimate of the flap effect-
iveness even in the presence of separatioh.ﬁith the ‘70o delta, however,
on which the effects of sepération wereﬁofe severe in the range of the
~ present tests, an inviscid approach wouldbe. less successful for 6F > 10°,
Limited data for the 76° delta suggested that the flap angle for
'1aminar incipient'Separation wés-higher on the deltabwing than for the
’twoedimensional case. Also, the transitional incipiept separation
uboundary shifted to a smaller‘Reynold's po. corresponding to earlier
‘onset of transition. However,:the incipient separation for turbulent

flow on the delta eppeared-to be the same as for two-dimensional.
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