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SUMMARY

Available results on blowing over T.E. flaps are discussed and
the force measurements from wind-tunnel tests are correlated in terms of
the blowing moment coefficient. Simple methods are tentatively suggested
for the practical prediction of the 1ift increment (at constant incidence)
attainable on finite wings, and the associated licrease in pitching
moment. Theoretical ocurves, relating to compressible isentropic flow
through the blowing slot, ares presented for the determination of the
various blowing coefficients in terms of the blowing pressure ratio.

Tor sweptback wings in particular, more experiments are needed
to establish a satisfactory method of prediction and to determine the
optimum blowing configuration. The change in wing stalling angle due to
blowing over T.E. flaps also warrants further investigation, since the
available results are somewhat conflicting and were mostly obtained at Low
Reynolds numbers.

1. Introduction

It is now well established that the effectiveness of T.E. flaps,
in producing increased lift at constant incidence (and increased Crp, may)™,
can be oconsiderably improved by boundary~layer control over the upper
surface of the flap nose. With the adoption of the gas turbine for
aircraft propulsion, and hence the provision of a btuilt-in supply of
compressed air, renewed interest has been shown in blowing ove. =imple
T.E. flapzs as an albernative to the use of conventional flaps of inoreased
mechanical complexity. In this report available wind tunnel results on
blowing over flaps are examined, as a preliminary to further tunnel tests.
The lift, drag and pitching moment data are analyzed and correlated in
terms of the blowing momentum coefficient C,, and an attempt is made to
deduce a simple approximate method for the estimation of blowing
requirements on finite wings.

Same two-dimensional tests were made at the R.A.E.192 baefore
the last war, and further tests in this country have sinoe been campleted
at Westlands Litd. on both two-dumensronallsh and sweptback wingshs5.

The Germans made extensive two-dimensional investigations_during ths war
on a wide range of section shapes and flap coni‘:'guratn.ons7'12 s and a few
tests on a sweptback wingl!3. Some flight experiments were also in hand
on an Arado 232 light aircraft, a Dornier DO-2L flying boat and a
Messerschmidt 109 fighter, but these were never completed. Subsequent

wind=-tunnel/
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*Mhi 8 mothod of increasing Ol max, which often leads to a reduction in
stalling iveidence, msy bs contrasted with bourdary-layer control over
the wing nose to extend the linear part of ths loft incidence cuxve to

' higher incidences and thereby Increase Cp paye
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wind-tunnel work carraed out in Francellt culminated in full-scale tunmel
tests on a sweptback wing with combined suction and blowing over double
T.E. flapsi5s16, and tests on a complete model of a_straight-wing aircraft
with blowing both over the T.E. flaps and ailerons!?. More recently, in
America, investigations on blowing over flaps have been sponsored both hy
the Bureau of Aercnautics (U.S. Navy)18-20 and Wright Air Development
Center (U.S. Air PForoe); same flight tests have also been made20,

The symbols used in this paper are fully defined in Appendix I,
Formilae relating the blowing quantity and mamontum coefficients to the
blowing pressure ratio are derived in Appendix IT for the case of
campressible slot flows, and some cuxves and tabulated values are
included.

2, Basic Parameters

With T.E. flap angles greater than 20°, the 1ift increment
achieved without boundary layer control falls considerably short of the
value expected from theoretical (potential flow) considerations, since
boundary layer separation takes place over the upper surface of the flap
due to the severe adverse velocity gradients there (see Fig. 1a). The
Primary action of blowing over the nose of the flap is to induce flow
against these adverse gradients. The plane jet emerging at high velocity
in the streamwise direction, fram the nozzle slit ahead of the flap
adheres to the curved upper surface of the flap nose (Coanda ef‘fectj and
entrains the slowly moving air in the separated flow regron, As the rate
of blowing is increased, the extent of the separated region is steadily
reduced and AC], inoreases until the flow is completely attached over the
flap, when the theoretical ACL, is senaibly achieved (see Fig. 1). With
even higher rates of blowing ACy, continues to increase but more slowly
(see Fig. 7). This latter improvement may be regarded as arising from an
effective jet extension of the flap chord; in addition, at large wing
incidences, the flow separation on the wing ahead of the flap will be
reduced by induction effects from the high velocity jet, and the vertical
component of the jet reaction also becomes more signifiocant.

Fram the results of tests in which slot width was variedds1l,1k
it appears that the walue of the quantity ocoefficient Cg required for a
given ACI, increases considerably as the slot is widened, indicating that
the blowing velocity wvp d4is also important. Moreover, blowing gives
little or no improvement until the blowing velocity is greater than the
free=stream velocity Uy. In fact, the blowing momentum coefficient Cy
proves 1o be a far more satisfactory unique parameter then OCg, as might
well be inferred from injector and mixing considerations. For low-speed
blowang, i.8., virtually incampressible slot flows, it is easily shown that
since

vb/Uo CQ/(W'{',/O) ’

Q
1!

u ZC?Q/(W-I;/O), i.ee, Cg = \/%E;M._ﬂ(wt/c);
the blowing pressure coefficient eee(241)

Cop & (WMl = ,/(w/c).
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The pover coefficient
P
CqCpp = \/Gu/B(Wt/c) .

Mogeovor Ou/GQ o 2V GPB, i1.6+, 13 approximately independent of slot
width,.

For compressible slot flows, relations betwoen the blowing
cogfficients can be derived by simple Laval nogzle theory. Table I and
Fig. 3 give Cu(Uo/20)®/(wy/c) amd Co(Tp/To)z (Uo/ao)?‘rft/c) in terms
of the pressure ratio pp/py, where the suffices D and o denote
condations in the blowing duct and free-stream respectively
(sce Appendix IT), For slot flows with the duct to free-stream pressure
ratio greater than the critical value for a choked convergent nozzle,
the momentum coefficient has been based on the mass flow rate through the
slot, and on the jet velocity beyond the slot thrcat assuming isentropio
expansion to free-stream pressure.

The 1ift amprovements attainable with a specific Cy-value may
be expected to be sensitive to flap location, as well as to flap angle,
in particular to the alignment of the upper surface of the flap nose
relative to the line of the blowang slot (see Fig. 2). Differences also
may arise according as to whether the flap 1s of the 'plain! or 'slotted!
type*. In the analysis of the results from the various tests, the 1lift
increment ACI, at small constant incidence -~ above the Cp for the
unflapped aerofoil at the same incidence = and the corresponding value
of ACN/ACI, have been plotted against C,. In most cases curves of
ACI, max or stalling angle have also been included, For the general
assessment and correlation of the lift results, 4&Cy has been chosen
rather than A4CT, pox s=ince the variation in stalling angle and Cp max
can depend markedly on test Reynolds number and free-stream turbulence
as well as on wing sectaon shape. )

As a datum for comparing the sectional 1ift increments obtained
with the various flap configurations, the liaft increment ACTt given by
thin aerofeoil theory for the appropriate flap angle n and flap-chord
ratio og/c has been used. This provides a measure of the 1ift incrcment
due to the flap when flow separation is precluded. The amount of blowing
needed to realize ACyt (i.e., to prevent separation) can thus be deduced
from the experimental A&Cy - Oy curves, and compared for the various flap
configurations, Interpreting the effect of flap deflection as a change in
the no-lift angle of the section, we may write

ACLt = a, « A, (cg/e) « ny eee(242)

whore a, is the sectional lift-curve slope and n 1ia the flap angle.
For our purposes the value of a  has been taken as the mean experimental
lift-curve slope for the unflapped aerofoil (without blowing), well below
the stall, when there is no separation over the rear of the aerofoil. Tha
function A, (¢g/c) has been given values derived by Glauert's mean-line
theory?l, as plotted in Pig. L; typical values are 0.55, 0.61 and 0.66 for
cp/c  values of 0,20, 0.25 and 0.30 respectively*”, ¥

The
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*Note that the optimum gap (between wing and flap) for a slotted flap
without blowing may not be the same as that for the slotted flap with
blowing.

WITE there 1s substanticl rearward movement of the flap as it deflects, then
the ratio ep/c! should be taken instead of cg/c, where o' is the
effective (extended) wing chord.




-l -

The experimentel values of ~ACy/ACy, due to the flap may also
be compared with those given by mean~line theory (see Fig. L); for example
00185, 0417 and 0.155, when cp/c is 0.20, 0.25 and 0.30 respeotively.

5, Analysis of Two-~-Dimensional Wind Tunnel Results

The model details of each test discussed below are included aleng
with the corresponding 4Cy, - C, curves, for campleteness.

R.A.E. Experaments

These early tests' 2 were made on an 18% thick secticn with
various types of plain flaps and a constant blowing slot width,
wt/c = 0.0083. As the flap was deflected, the effective wing chord ¢!
was considerably increased by flap reaxrward movement, and the flap nose
was slightly lowered. Fig. 5 shows that for the smalier flap chord
(cpfe' = 0.18, n = 60°) the variation of 1ift increment A4Cp with
Cy is almost linsar*, which at first sight would appear to conflict with
our remarks in 82, However, it should be noted that the values of Cy
employed in the R.A.E. experiments were about 0.1, 0,25 and 0.4 and that
orly the first of these is wathin the present practical range.

Westland Experaments

These testsdsd on a 128 thick seotion were intended merely as a
preliminary to swept-wing tests (sece 84), and were made wath a 30% chord
plain flap at angles only up to 35°; the upper surface of the flap nose
was roughly in line with the blowing siot (cf., Fig. 2), and the value of
wg/0 was 0.0083. The gemeral shape of the ACf = C, curves shown in
Fig. 6 is as outlined in §2, and the much lower rate of ancrease of ACT,
with Cy after the initial sharp rise is clearly evident. As a further
point of interest curves of ACL max have also been included in Fig. 6,
and it as seen that although the ACp pax for zero Cp is considerably
less than the corresponding 4ACy, the further improvements due to
blowing are much the same, This occurs, despite the substantial reduction
in the stallaing angle (up to 5°) of this thin-nosed section when the flap
1s deflected, because there is little further reducfron in stallang angle
with blowing. The lift curve slope & also tendell to decrease with
flap deflectaon, but to increase with blowing.

(Ferman Experiments

A wide range of tests, chiefly on the *ﬁing sgction shapes
NACA 0009, 23012 and 23015 were made at A.V.A. GOttingen. A previous
Gemman analysis®? of the results is somewhat misleading since variations
in the flap configuration and blowing slot widsth were not taken into
account,

The investigations on NACA OOO‘fIO were carried cut with a
slotted T.E. flap {cp/c = 0.25) with n = 0 to 60° and
wg/o = 0.,005; the effect of adding a wing L.E. flap was also
determined. Better results were obtained with the nose of the
T.E. flap tan-line! « as already described ~ rather than lowered;
Fig, 7 shows the amnlysis of 1i1ft results for the former flap
configuration,

In/
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*Bxcept for Fig. 5, the curves of ACy, and A0y include the increment
due to flap deflection as well as blowing.
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In subsequent experiments on the NACA 23012 section'? » Wwith
25¢; chord T.E. flaps, both plain and slotted types were tested and again
various flap nose positions. It was shown that better results could be
obtained hy raising the flap nose slightly above the lins of the basic
section shape and blowing slot. In the case of the plain flap, two
dif'ferent slot widths were tried for the same flap position; the
correlation of results on a Cy basis is far from smtisfactory but is
nevertheless considerably superior to correlation in temms of Cgq.

Fig. 8a gives the 1ift increments obtained with two of the best plain
and. slotted flap configurations., At an assigned Cy, the &Cy,
achieved with the plain flap is greater than that from the slotted flap.
The correspondang results for ACL max (see Fig. 8b) indicate that, if
arything, the converse holds.

In the final cxperiments, on the NACA 23015 section! ¢ with
20% chord T.E. flaps, both plain and slotted types were again examined
and improvements in ACp, obtained by careful attention 1o flap nose
location (see Figs. 2 and 9a}. As before, the plain flap,with blowing
was slightly better than the slotted flap with urowing, as regards ACy,
(=ee Fig. 9a), but the plain flap was somewhat inferior for AC], max by
an amount almost independent of C, (see Fig. 9b).

Some rough values of -ACy/ACI, at zero incidence, celculated
from the German results, are also shown in Figs. 7, 82, 9a. At practical
flap angles (30° ¢ 1 <60°), it is seen that =ACy/AC;, varies only slightly
with C; in most cases, and is little different {rom the value without
blowing. For the NACA 000% and 23012 seotions with 25% chord flaps
experamental values of ~ACM/ACI, between 0.20 and 0,25 were obtained
compared with the theoretical value of 0417 given by mean-line theory.

But for NACA 23015 with a 20% chord flap, the experimental values were
less than 0.2, and surprisingly close to the theoretical value 0.18.

The stalling angle in these German tests decreased steadily
with increased T.E. flap angle and blowing coefficient, so that
ACT, max < ACp, irrespective of whether or not nose devaices were used.
The variations in the 1ift curve slope a, for incidences well below
the stall are not entirely consistent.

American Experiments

Some blowing experiments elong the lines of the German work
described above have been carried out at thwe University of Wichital8,19,
These were directed towards the incorporation of an Arado-type system on a
Jessna 170 light aircraft?0, Tests on blowing have also been made by the
David Taylor Model Basin (U.S. Navy) and the N.A.C.A.

Comparison of Lift Increments

In an attempt to compare and correlate the results from the
various experiments, the value of C, at which the relevant ACr4
(see Eqn. {2.2)) were achieved have bean plotted against flap angle in
Fig. 10. Bach point is designated with the relevant percentage flap
chord ratio (100 cp/e) sinee the C, required ought to increase with .
this ratio., The plot shows considerable scatter due to the different
flap chord ratios and flap configurations, and possibly due to difficulty
in selecting the wvelue of a, . Nevertheless, the results show the
general trend in the values of C, required to give &Crz, and ht?nca
to prevent flow separation over tﬁe flap, a8 7 and cf/c are varied.
The plain flaps appear slightly superior to the slotted flaps, at least
for subsonic blowing. The full-line curve has been included to indicate
the values of Cy, which should certainly be adequate in practice for
25% chord T.E. flaps. v/

I
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L+ Effect of Finite Aspect Ratio and Sweepback

In correlataing results from two-dimensional and three-dimensional
tosta, it 1s uszeful to define the boundary-layer control coefficients for
the finite wing in verms of a wing area S' corresponding to the spamvise
extent of bounwi.y-layer control., The Cg and C, wvalues for the finite
wing then become identzcal with the secticnal values when the latter are
constant aleng the span.

For unswept wings of fimte aspect ratio, extension of two-
dimensional simple flap theory on the basis of lifting line concepts leads
to a conwvenient datum 1ift increment.

Ay = a, oA, (of/c) . Ay (bf/b) o 7 .-.()4.-1)

where a, here denotes the lift-incidence curve slope of the wang, and

a ('bf/b) is a correction factor to allow for flap span including body .
cut-out. The values of A (bp/b) in common use for conventional flaps®lsdh
could be employed, or for an untapsred wing A, {(br/b) oould be taken as
roughly equal to the ratio of flap span to wing span. The G”-value
required to give this theoretical 1ift increment for unswept wings may
reascnably bte expected to be much the mame as the values deduced for two-
dimensional tests with the same flap configuration (see B3). More
generally it mrght also be inferred that, as a rough working rule, the
1if't ancrement due to T.E. flaps with blowing on unswept finite wings at
any prescribed Cu could be determined from two=dimensional results wath
the same C, and flap confaiguration, by the simple relation

a.1 (3-&.171]1.)
AC7, (3~dimle) = sme—me—e——e - o 80, (2-daml.) o A, (bg/Db). veo(lio2)
a, (2-diml.)

For moderately swept waings, further simple considerations
suggest that the same formulae might apply equally well, provided 7
were measured in the plane along=wind. However, in the following
discussion of the few sweptback wing results available, this is found
t0 be rather optimstic and modified formilae are tentatively suggested
(see Eans. {Let12) and(h.22)).

German L5° Sweptback Wing

Investigations were carried ou.*l:‘l-3 on an urtapered wing
(without body) of aspect ratio 3.8, and wing section NACA 23012 normal
to the L.E.; 20% chord plain T.E. flaps were fitted across the whole
span., Results were obtained with blowing noymal to the hinge line and
wy/en = 0.0035, for flap angles ny ranging between O and 60°%,
Fig. 11 shows some curves of ACy, and A0y, pax ageanst Cye The
improvements in A4Cy obtained by blowing were small; limiting A4CT,
values of 0.60 and 0.85, for nn of L5® and 60° respectively, were
reached with Cy <« 0.05. The stalling angle decreased from about 25°
to 20° due to flap deflection (C, = 0), but there was little further
reduction due ‘o blowing. Although ACT max < &C;, for C = 0,
ACI, max dncreased steadily with Cy up to the highest vafue tested.
Westland/
Mhe suffix n is added to signify measurements made in the plane normal
to the flap hinge line; 7 2 Ny cos Ap where Ap donotes the sweep of
the flap hinge line. Also, since the direction of tlowing was normal to
the hinge line instead of along wind, Cp = 203/(wt/cn)e




Westland LO° Sweptback Wing

An extensive series of experiments were carried out on an
untapered wing (with a large body) of aspect ratio 5, having a 129 thick
section along wing; both full-span and part-span plain T.E. flaps of 30%
chord were tested with blowing along wind. Tho first series of testsh
were made with full-span flaps and wg/c = 0.0069 only. Nose flaps
wereo added in an attempt to maintaan stalling incidence. Even so, severe
root stalling occurred ond in subsequent testsd the wing root-body
Junction was improved sc that the nose flaps could be fitted closzer to
the body. Without nose flaps, there was a substantial reduction in
stalling angle as 7 and C, were increased; but with full-span nose
flaps the loss was much smaller, being less than 5° in most cases.

Curves of &1, against C, are shown in Figs. 122 and 12b for
the old body with full=span T.E. flaps and the improved bedy with part-
gpan flaps, respectively®, In the latter tests the effect of varying slot
width was investagated. The correlation of the rscults ona C g basis is
not too good (see Fig., 12b); but the blowing quantities and powsr increased
as the slot was widened, and the blowing pressure decreased, in gensral
agreement vith the conclusions from such a correlation (see Eqn. (2.1)).
Results obtained by varying the flap span indicated that ACy was
approximately proportional to flap span. The optimum T.E. flap angle was
found to be 65°; at larger angles and the same Cus the wing drag merely
increased without any further improvement in 1if't.

Although pitching moments were measured, it has been found
daffaicult to interpret the results satisfactorily; moreover the stalling
characteristics of the wing were not representative of those encountered
on full=scale wings with this sveepback.,

French 31° Sweptback Wing

Experaiment s were carried cut in the large wind-tunnel at
Chalais-Meudon, on a full-scale model of a 10% thick sweptback wing
(with body), of aspect ratio 3.3 and taper rativ 0.49, with double T.E,
flaps and a drooped nose. Suction was applied at the L.E., of the first
flap and the sucked air was ejected dovmstream through a slot over the
nose of the second flap, the combined flow being induced by using
compressed air fram the jet engine on an injector pump principle. Lift,
drag, patching moment, and hinge moment®* were measured for a range of
blowing momentum coefficient C,, and flap angles, and a study of injector
design was made., Unfortunately, the results are lacking in some important
details. A few additional comments and results are given in Ref, 16.

For cmpletenagss, the detailed wing configuration is included in
Fag. 13, together with some ACL max - Cy ocurves which it was possible to
derive approximtely16. Since, however, suction as well as blowing played
an important part in this set up, correlation with the blowing experiments
already consadered has not been attempted.

Comparz son/

*Tt should be noted that the boundary layer control coefficients Cg
and C, quoted in the original Westland reports are based on gross
wing area S ingtead of boundary layer control area 5! as heru

®¥74 should be noted that the force coefficients quoted in Ref, 15 are
based on rett wing area rather than gross wang area (1.25 x nett).
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Comparison of Laift Increments on Sweptback Wings

In hoth the German and Westland tests the walues of 4C1t given
ty (4+1) were reached only at abnormally high Cy=values, if at all, so
that for sweptback wings this relation appears to be far too optimistice.
I a further sweepback factor is introduced in (L.1), to provids a
medified datum )

&0ry (mod.) = a « A (op/c) o A (bp/d) «n o cosAp eeo{bala)

the Cp~values requared in the Westland swept wing tests tie up reasonably
well with the Westland two=dimensional results (see Fig. 10), and also
with the other two-dimensional results when due allowance is made for the
large flap chord and poor flap location. On this basis, a more
reasonable formula. to replace (4.2), might be

a, (3~dimli.)
A0, (3~diml.) = ~=e—e- me==e= ACy, (2-diml.) o A (Dg/b) o cosAp . evefbi2a)}
a'i (2-—diml-)

However, it must be stressed that further tests are needed before the
formulae (L4,1) and (4.2), the formulae (L4.1a) and (L.2a), or any others®,
can be used with confidence for sweptback wings.

He General Conclusions

The blowing mamentum coefficient Cy rather than the quantity
coefficient GCQ is a more sataisfactory parameter for determing the 1ift
inerement with a specific flap configuration but arbitrary slot width.
Some carpromise between the blowing pressures and quantities is possible
theref'ore in practice through the choice of slot widAth. The pressures
necessary for small slot widths are high, but the quantities required are
correspondingly lower; both factors are conducive to smaller ducts. For
economical blowing requirements, a large flap angle (up to 65°) ia
advantageous, at least for flap-chord ratios of 20% to 30%, =0 that the
blowing is primarily preventing flow separation over the flap. In
addition the flap nose is best located with its upper surface slightly
raised above the line of the blowing slot (see Fig, 2) for blowing
pressure ratios much less than the critical value. There seems 1little
point in using flaps of the 'slotted! type instead of the simple plain
flaps.

Thewlues of ¢, needed in practice on two-dimensional and
finite wings, to provide a 'datum' 1if% increment corresponding nominally
t0 unseparated flow over the flap, can be roughly estimated from Fig. 10
(see §4). The more general formulae also put forward in Bl may be used
for the prediction of 1lift increments on finite wings at any Cp~value
from available two-dinmensional dlowing data on a similary flap configuration,
Further experimental results are essential to provide adequate data for
rroject work, and to justify in particular the formulae tentatively
suggested for sweptback wings. It s hoped that additionmal information of
this character wall became available firom the American and British work
now in progress.

The/
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*An altermative approach based on a 'flap effectiveness factor® was used
in Ref. 6.
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The changes of stalling angle obtained with blowing in the
varrous tests are not altogether consistent. The available evidence
and other considerations suggest that, whle for many sections the
stalling angle will decrease as both n and Cy are increased, for
thin~ or sharp-nosod sections and {or sweptback wings the reduction in
stalling angle due to blowing (n ceonstant) may be =amall® even though
the decrease due to flap deflection (C, mero) is appreciable. In
this connection 1t is worth recalling that blowing or suction at the
wing nose could be employed to maintain the stalling incidence or to
ineregase the maximun usable Cp, by delaying L.E. separataon,

The volue of ~ACy/AC, for unswept wings appears to vary
1ittle with blowing for practical flap angles, and roughly takes the
same value as for an unblown flap, In the absence of sufficient data on
sweptback wings, pitching moment calculataions on a strip-thecry basis
(using two~dimensional data) may suffice as an interam measure. It
should be noted that the values of the wing pitching moment obtaired with
blowing over simple flaps are in general no grea*er than those from
conventional mechamical flaps providing the same ACp, and may even be
less if the latter have substantial rearward movemont. Moreover, for a
complete aarcralt, the dowrwash over the tail will tend to tram out such
nose=down pitching moments by an amount depending on tail volume and tail
location., The possibility of tail stalling will then require consideration
and the loss in aircraft 1ift on tramming out the wing patching moment
(by a combination of downwash effect and elevator angle) will have to be
taken anto account, particularly if the tail arm is short. To keep the
nose-down pitching moments on sweptback wings within practacal bounds, 1t
is probably essential to restrict the T.E. flaps to the inboard half or
two-thirds wing span.

The few drag measurements available with blowing over T.E. flaps,
indicate that there is a substantial reduction in sectaon profile (wake)
drag due to blowing, which at small wang incidences is of the order of
the Cy-valuelss?7.  With fanite span wings there will of course be
greater induced drag associated with the increased 1lift,

There is clearly need for further high-I11ft tests with blowing
over T.E, flaps, particularly on thin straight and sweptback wings, and
at high Reynolds numbers. The effect of varying the blowing direction,
both in the plane of the wing sections and of the wing planform, could

also profitably be investigated.

APFENDIX 1/

*Possibly bocause the induction effect of 1he blowing can reduce flow
separabticn just ahsad of 1he flap and boundary-~layer migration towaids
the wing tip.
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APPENDIX I

List of Symbols

a  speed of sound

a, lift-incidence curve slope d&Cp/da

b wing span

be flap span

e local wang chord (along wind)

¢! effective (extended) local wiag chord
cp mean wing chord (along wind) = S/span
cp local flap chord (along wind)

o " " " {(normal to hinge line)

o1

Lif%, drag, and pitching moment coefficients (about
CD} i-chord); based on gross wing area S for wing with
body

Y
ACT4 DatuJEl 11f§, increment defined by Eqn. (2.2), and Eqn. (4.1)
or (L4.12).

Cg Blowing quantaty coefficient fm ds/pU,St = finite wing,

1t

m/poUyc - two-dimensional.

C,, Blowing momentum coefficient

fm wd /3,038t - finite wing,

m v,/ /5p,U5¢ - two-dimensional.

n

Cpp Blowing pressure coefficient (rp = Po) /%0003

m mass rate of blowing per umt span
Pos Pos Tg free-stream static pressure, density and temperature
Pps Pps Ip Tlowing duct stagnation pressure, density and temperature
R free-stream Reynolds mumber = U, cp/v
8 spanwise distance
5 gross wing area
5! wing area corresponding to sparwise extent of boundary

layer control {for boundary-layer control over whole
wing span, S!' = nett wing area) y
U
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velocity on aerofoil surface
free=stream velocity
slot throat width
blovang velocity
wing incidence
T.E. flap angle (albng'wind)
" " " (nommal to hinge line)

function givang change in sectional no-lift angle due to
flap deflection, sce Eqn. (2.2)

correction factor for flap span in estimatioq of change of
no=laft angle duc to flap deflection, see equn. (h-?ﬁ

sweepback of wing z-chord line

sweepback of flap hinge line.

APFENDIX IT/
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APEENDIX IT

Blowing Coefficients for Compressible Slot Flows

By defimition, for two=-dimensional slot flows,

nv-
b
Cy = g
zPoUcc
PD Po ! po 7To

where

m is the mass rate of flow through the blowing slot per
unit span,

v, is the jet velocity assumng isentropic flow to free-
stream pressure pPg.

The symbols w, v, and a are used here to represent to local slot
width, the local slot velocity, and the local speed of sound; as usual
py, p and T represent pressure, density and absclute temperature. The
suffices o, D, t, 8 and b signify values appropriate to the free
stream, ihe blowing duct (stagnation), the slot throat, somc flow and
in the Jet at free-stream pressure.

From sunple Laval nozzle considerations, we may write

2 wy Ws ps a%pp Vb

- —— M e pete e - g

U§ ¢ WypDp Po 2s

For isentropic flow of a perfect gas

= = - - ao - Iy - -

adfp 2 apy 2 By p (2 )%M)

Po y +1 fo y +1 Po PD y + 1

£/
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If the pressure ratio pD/pO equals or exceeds the critical value

f2/y + 1;7/(}’"1) then the symbols ¢ and s eare synonymous and

Wf = Wg. For pressure ratios less than the critical the symbols b
and ¢ are synonymous, and the ratio wyArg becomes a function of
pp/b, only following from the two parametric relations in M(s wvp/ap)

. N \
op [ y-1 v/ (y=t) Wy e y =1 ) aly=)
— - % 1 + -—---M2 & y - = M-ﬂ- < s (1 + q-—-—-M2>
Po 2 Wy ly +1 2

Moreover, the ratio wy/ag is also a function of (pp/po) only, for
both choked and subsconic flows, and is given by the foregoing expression
for pp/pp together with the further parametric relation

1
"~ - -

! 2 y_1 2
O Ma)k
vy + 1 2 J

Thus, with y assigned (= 1.4),

]
Ug 1 )
~= ==w=-== ,, becomes a function of PD/PO only ,

a2 (wy/c)

ow

and has Tteén tabulated and piotted in Table I and Figs 3 by means of the
tables of Ref. 25 for the parametric relations,

Likewise, we have that

m Ps &g Vg

Po Uoc po Un ©

L1}

Cq

1w, Wg P5 25 Pp

= —— amar  mem e e

Uy © W P Po

The ratios wgfwy and pg/pp &ro determined as above, and

-

agfp ( 2 )5 anpPp ( 2 >'?" a.Pp ( ’l‘o)Jz‘
Po y +1 Po y +1 Po Tp

Thus, with y assigned,

i
v, 1 T\
——e———— ( --) CQ becemes a function of PD/Po ordy;
ay (wg/e) \ T,

this has also been tabulated and plotted in Table I and Fig. 3.
Acknowledgement /
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TABLE T

Standard Table for Blowing Parameters

i

1.06L 0.0090 0.00135 0.982  0.956 0,30
1.786 0.0250 0.00229 0.952 0.885 0.50
1.276  0,0359 0.00278 0.933 0.840 0.60 !
1.387 0.0489 0.00328 0911 0,792 0.70
1.524  0.063% 0.00380 0.887 0.740 0.80
1.60L  0.0721  0.00L06 0.87L. 0.71L4 0.85
1.691  0.0808 0.00433 0.861 0.687 0.0, !
1.787 0.0901 0,004,561 0.8L7 04660 0.95 |

1 J—

! Pp N T 2* Tb Py M J
' et CI}PM CQfQ _— - -

N o To? T p = /o

! [a] ] D D b b 1
1 ke e bl et - 4 . —— —— [ — F T WU —— — 1
| 1.000 0 0 1.000 1,000 0

1.893  0.0998 0.00489 0.833 0.63 1.00

%

f

f

|

' 2.009 0.1103 0.00519 0.819 0,608  1.0%5
I 2,135  0.217  0.00552 0.805 0.582 1.10
t 2,274 0.1343  0.00588 0.791  0.556 1.15
;24425 041481 0.00627 0.776 0.53 1.20
| 2.500 0.1632 0.00670 0.762 0.507  1.25
| 2,771 041799 0.00716 0.747 O0.483  1.30
| 2,968 0.1981  0.00767 0.733 0460  1.35
{3,182 0.2181 0.00823 0.718 0.437 1.0
[ 3.6 0.2401  0.00883 0704 0416 145
{ 3.671  0.,26L2 0.00949 ' 0.690 0.395  1.50
' 3,949  0.2905 0,01021 0.675 0.375 1,55
' 4.250  0.3195 0.01099 0.661 0,356 1.60
i L.93 0.3859 0.01276 0.634 0.320 1,70
I 6,701  0.560n  0.01733 | 0.581 0.257  1.90
| 7.825 0.6738 0.02023 0.556  0.230 2.00

s v

sy g SO G S

where wnmat values of fu and fQ correspond to the
representative conditions

U, = 100 ft/sec, a, = 1117 ft/sec, wy/o = L x 107,
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German kwo-dimensional tests on  NACA 23015 with 209, plan
and slokked T.E. flaps.




030 )

- Q012
//
rd
/-’c-—--ce curve
C,, curve > i
’LL -
P
025 < 0 0I0
020 0 008
o ! ) it
& T,
s Cyye C,_ D
e Fu y \ T, /2
L~ Q
//
015 i | 0 i 0 —o 006
/,//
" T/T
b
2 ~ ' Pb/PD
'\\\ Ly '
010 08 N [/05 —{ 0004
= 004991 2 . : \
Oo (wt/c)
005 =0 004468 Zo . _!__ 06 0 —loooz
oy (we/e) i WP 7 \
! f, =fs=!, when U =100, a,=117, w/c =4 xi0°*
l o & © &
0 ! i i { 1 ] ] I 0
10 |5 20 25 30 3s 40 45 50 55
* Po/Po

Standard curves for blowing parameters in terms of blowing pressure ratio.

€ 9ld



Fic 4

08 : e

s ~

Af@%ﬂﬂ

D4

02

0 20 \

0I5 N
ACL \
010 i

005

0 Ol 0?2 03 04 05

'cf/o

Functions for determination of [Ift and p:tchmg increments
due to flap deflection




Fio 5.

6 0 T T
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a0 """ 0oa=07° d WA

//
¥ ~,
(blowing) P <5
Ve //
30 £ i

/
1 AC =85C
. 7 }/ L ~
" 20— £

0 01 02 03 0 4 05
Cp
Model data
Wing section NACA 2218 , Re 075x10°

Plan TE flaps () C./c =020, Cfc’=0185, p=60° (FlapF)
(extending chord)
(b) cefc =050, C;fc =042, 7=53° (Flap©)

w,/c = 00083

RAE. two- dimensional tests on NACA 2218 with pla_m
TE flaps
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3-0 I T l
AC, curves
———— AC_pax curves, flagged |
P , symbols Pl
) 360 /

(ACLt’V“ 350) 7/
R

0 005 010 015 0 20 025

Model da.ta

Wing section ~NACA 65-012, 4 =012, R = 07 x10°
cg/c = 030, plain flap in-lne
w,/c = 00083

CL. max (7?:0} CH=O) -:-0-957 al (7}-_-,0’ C/u-.-.o) -0 os/deg

Westland Ewo-dimensional tests on wing with 307%plain
TE flap.
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025 3:3‘
AC =a,-4, (¢ /c) 71 Two - dimensional (see § 2)
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v NACA 23015 0-20 slotted, raised | 0-005 German '?
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AC g (mod)= a,- A, (¢gfc). Ay (bp/b). 77 cos As. (see § 4)

Experimental C, - values required to attain datum lift
increment.




Mode| data .
Wing section NACA 23012 normal ko LE  R==1:5xI0

Plain flap in-line, ¢ /c =0-20, full span. (n, measured in plane 1™ flap hinge)
Aspect ratio (no body) 3-8, taper rakio {, A =45°

Blowing normal to flap hinge w/c, =0-0035

a, 20042 /deg Comax (=0, C=0) = 1-0

20
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----- .4'3(:,_"15,“,lr curve g]
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German _sweptback wing_tests with 20% plain_flap.




Model data _—
Wing seckion tfc =0 12 with full-span LE flaps R 208 x Tok
Plain T.E. flap in-line , cg/c =0-30, full-span (with body cuk-out)
25 Aspect ratio (with body) 5, taper ratio |, A =40°
Blowing along wind , wyfc = 0 0069
a, (=0, Cy =0) = 0065/ deg
| _p=gs® [~ (BC.n=65")
2.0 ———
(AC . mod.,n=65)—e | ~——(AC,;,n=50°)
5 Lt n / ~ j/ ( Les 7
/// /—-"77=35°
rACL /_‘_(éthmod"qr‘SOO) //
// -—b(ACLts n =359)
-0 —
% /
n=0°
o 0-05 010 0I5 0-20 026 ¢ = 030 025 0-40 0 45

Westland sweptback wing_ kests with 30% plain 7. E.flap. (0ld body)
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Model data

As in Fic 13a except
Improved body with full-span L E. flaps, part span TE. flaps, w;/c varied

a, (n=0, Cy =0) =0065/deg. C_max (n=0,Cu=0) = 143

20

Lo
L I°5 ‘-“—(ACLZ:~77=65°)
(a = 0% " = °

or o ~ -
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‘q o4
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—0— w;fc = 0-0042

----- AC| g xcurves,corresponding flagged symbols.

! | 1l
O 0-05% 010 o115 0 20 0:25 030 0-35 0:40 0-45

C
Cu
Westland sweptback wing_tests wikth 30% plain T.E. flap. (Improved body)




Wing section, t/c =010, pL/c =0 0057 ; with full-span drooped nose, chord 0i2c at 30° R = 5x10°
Doutle T E flap, cﬁ/c =020, sz/c =020, 7, =25° 7m,=45%, full-span (with body cut -out)

Aspect ratio (with body) =33, taper ratio 043, A =3° at '/, -chord

Suction at hinge of first flap, wb/c =0 044

Blowing along wing over second flap, w, /£ =0 003 @‘/
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>/ /,4\ sucktion and b}owrng at hmges of full-span
I 0 + ot——
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