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SUMMARY

There have been various attenpts to devise a theoretical method for
calculating the forces and moments acting on wings with external-flow,  jet-
augnented flaps. One of the sinplest of these relies on the analogy between
the internal-flow jet flap and the external-flow jet flap. To date, this
method has been limted in application by its reliance on either neasured or
assunmed values of the jet-deflection angle and the thrust-recovery factor, i.e.
the factor that is applied to the momentum flux leaving the exit of the engine
nacelle to allow for turning and spreading |osses. This paper is concerned wth
a sem-enpirical nethod for predicting these paraneters. The method is based on
an analysis of a series of tests performed on a wng, body and injector-powered
nacelle under static conditions. The fornmulae derived from the analysis are
conbined with a theory, which is based on the jet-flap analogy, to provide
estimtes of the forces and nonents acting on wings wth external-flow, jet-
augnented flaps in forward flight. Conparisons are made between this nethod

and wind-tunnel data obtained from tests perforned at the RAE and el sewhere.

This paper was prepared for the AGARD Propulsion and Energeties Conference rzeld
at Schliersee, Gernmany, September 2973.

* Replaces RAE Technical Report 74089 = ARC 35650



CONTENTS

1 | NTRODUCTI ON
2 CORRELATION OF STATIC-TEST DATA
2.1 Mdel, equipnent and test technique
2.2 Method of correlation
3 METHODS FOR PREDICTING WND-ON FORCES AND MOMENTS
3.1 Prediction of [ift
3.2 Longitudinal force
3.3 Pitching nonment
4 CONCLUSI ONS
4.1 Static-turning  performnce
4.2 Forward flight
Appendi x A Lift of an infinite, sheared jet-flap
Appendi x B Deternination of pitching nmoment
Table 1
Synbol s
Ref erences
[llustrations
Detachabl e abstract cards

Figures

[S2 B )

10
10
16
18
18
18
19
21
24
29
30

33
-18



1 INTRODUCTION

The external-flow jet—augmented flap is but one of several powered-lift
configurations that are being considered for STOL transport aircraft and, in
addition, for C/RTOL transport aircraft that are capable of approaching air-
fields at steep angles of descent. Two schemes have been proposed, one with the
engines mounted on the upper surface of the wing and the other with the engines

installed just beneath the wing. The present Report deals with the second scheme.

Numerous wind tunnel tests have been performed on models with external-
flow jet flaps, mainly at NASA, and the basic trends of the overall forces with
changes in thrust have been established. However, a basic understanding of the
flow, including, for example, the way the efflux behaves after it impinges on the
flap, has yet to be achieved. Fig.l shows the effect of thrust on the overall
forces for a typical engine-below-wing configuration and depicts the correspond-
ing patterns displayed by the flow external to the jet, Although the changes
in the forces seem to accord with intuition the effect of thrust on the flow is

less straightforward.

Despite the absence of a complete understanding of the flow, attempts have
been made to establish plausible theoretical models. The methods that have been
proposed so far can be divided broadly into two groups. In the first group are
me thods *2 which rely on techniques that have been used, with some success, to
predict the interference between propellor slipstreams and wings, whereas the
second group comprises methods based on an analogy between the internal-flow
jet flap and the external-flow jet flap2’3’4. A comparison between the two
groups indicates that whilst the first group contains some representation of the
influence of the efflux on the flow around the wing it makes no allowance for
the inevitable flattening and spreading of the efflux following its impingement
on the flap. In addition the two nethodsl’z of the first group have necessitated
the writing of major computer programs. By contrast methods of the second group
are simple in essence, being suitable for the routine evaluation of designs. On
the other hand there are a number of detailed criticisms that can be levelled at
them, the most serious of which is that these methods have, to date, employed
measured or assumed values of the jet-deflection angle and the thrust-recovery
factor, i.e. the factor that is applied to the gross thrust to allow for losses
incurred in the turning and spreading of the efflux. Since these parameters are
likely to depend on the position and orientation of the nacelle relative to the

flap system this could restrict the range of configurations for which predictions

could be made.



This paper is concerned therefore with a sem-enmpirical nmethod for predict-
ing the jet-deflection angle and the thrust-recovery factor. The nethod is
based on an analysis of a series of tests performed on a wing, body and injector-
powered nacelle wunder static conditions. These tests and the method used to
correlate the results are described in section 2. In section 3 the formulae
derived from the analysis of section 2 are conbined with nethods which use the
jet-flap analogy, to provide estimates of the forces and nonents acting on wings
with external-flow, jet-augmented flaps in forward flight. These estimtes are

conpared with wind-tunnel data obtained from tests performed at the RAE and NASA

2 CORRELATION  OF STATI C-TEST DATA

2.1 Mbdel, equipment and test technique

The nodel, the equipment and the experiment have been described el sewhere °

but for conpleteness a brief description is included here.

The rmodel, a general arrangenent of which is shown in Fig.2, conprised a
half wing with a fuselage. Various tabbed flaps were fitted to the wing
between the fuselage and 80% sem -span. The flap configurations tested are
listed in Table 1; in this table and elsewhere in the paper the flap geonetry
is the flap deflection, 6., the

Fl F2
tab deflection relative to the flap, and suffixes (u) and (s) refer, respectively,

. : . o ,,0
is defined in terns of eFl/eFZ , where 0

to an unslotted or slotted tab. Fig.3 illustrates a typical flap configuration

and shows the geonetry of the |eading-edge slat.

An injector-powered nacelle sinulated a turbofan engine having a bypass
ratio of the order of 3. During the tests the nacelle could bemoved in the direc-
tions normal and parallel to the reference axis, i.e. the chord line of the
basic wing. The position of the nacelle was defined by the coordinates (xn,zn),
where x is distance along the reference axis, in the downstream direction,
from the leading edge of the basic wing at the spanwise station of the nacelle
axis, z is vertical distance below the reference axis and suffix n refers
to the position of the 'hot-jet' nozzle, which is varied wthin the rectangular
area 0.21 < zn/C <0.42; 0 < xn/c < 0.4. In addition, the angle of the axis of
the nacelle relative to the reference axis, ¢ , could be varied within the
range i3°, approxi mately, ¢ being taken positive with the nacelle nosedown.

Fig.3 shows the nacelle in a typical position relative to the wng.

Static tests were perforned in a large room beneath the working section of
the 13ft = 9ft wind tunnel at RAE Bedford, the efflux being directed out of the
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bui | di ng. Forces and nonents were measured by a four-conponent, nechanical

bal ance. For the majority of the static tests the thrust of the nacelle alone,
T was kept constant at 849 N (188 Ibf) but a limted nunber of tests were
performed at otherthrustsin order to assess the effect of engine thrust on the
static-turning performance of the configuration 40/ 30(s). It was found that
the static-turning performance was insensitive to variations in thrust in the
range 226 N (50 Ibf) to 903 N (200 |bf).

Wnd-tunnel tests, which will be referred to in connexion with the
conparison between the wind-on theory and experiment, were perforned wth the
nmodel in the 13ft x 9ft wind tunnel at a wind speed of 37 mis (120 ft/s).

2.2 Method of correlation

A method was given in Ref.5 for correlating the results of static-turning
tests. This nethod was developed specifically for the case of a jet-pitch
angl e cpe = 0 . However, a purely enmpirical technique was presented ® for reduc-
ing the data to equivalent values for zero jet-pitch angle. The data obtained
for the configurations of Table | support the use of this technique for values
of the jet-pitch angle between -2° and 4° On the other hand, neasurements nade
at Dornier AG6 of the static-turning performance of an external-flowjet-flap
configuration with a jet-pitch angle of 200 indicate that the nethod of Ref.5
is unsuitable for values of the jet-pitch angle that are in excess of ]00.
Since nacelle-pitch angles that are greater than 4° seem unlikely in practice
this may not appear to be a significant linitation. There have, however, been
suggestions 7,8 that for aircraft with external-flow jet flaps the nacelles night
be equipped with efflux deflectors, and it is conceivable that by careful
design such deflectors could increase the jet-pitch angle by as nmuch as 10°.
Accordingly, the analysis of Ref.5 is extended here in a fairly sinple way to
include nonzero, jet-pitch angles. The nodel of the jet flow enployed in the
extended analysis is shown in Fig.4. [t will be seen there that the efflux is
divided into tw regions; the region of the efflux that is captured by the flap
(i.e. the part of the cross-section of the undistorted efflux that projects onto

the flap) is assumed to leave the trailing edge of the flap at an angle eC to

the reference axis. It is anticipated that in practice this angle wll be
approximtely equal to the overall flap angle eF . The remaining part of the
efflux is supposed to be unaffected by the presence of the flap. Thus with the

suffixes ¢ and J referring respectively to the captured part of the jet and

the jet as a whole we have from nonentum considerations
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nCMc sin (ec + ¢e) nJMJ sin (6J ¢e)

’ (1)

n.M. cos (6 . + ¢ )

M_ - MC + nCMC cos (Gc + ¢e) Ly ] o

J

where M is nonentum flux and n is the thrust-recovery factor.

Wth the aid of sinple geometrical argunents and by assuming that the
density and velocity are uniform within the jet, it is found™ that, for a round

jet of diameter D_ »

J
2 .o=1

Mc/MJ = E\(I-A)+n/2+5|n >E]/1I’ | (2)
wher e A= 22,/ (3
and Zp is the mnimm distance between the axis of the jet and the trailing
edge of the flap, Zp bei ng takenpositivewhen the flap trailing edge is bel ow
the axis of the jet. The further assunption was made in Ref.5 that the dianeter
of the jet is equal to the dianmeter of the bypass nozzle. This was justified

for the configurations exanined in Ref.5 by noting that the part of the efflux
that lay upstream of the flap belonged to the initial region of the jet and
consequently spread slowy. This approach does, however, have the fault that it
does not allow for the slight spread of the jet in this region. Accordingly the
analysis has been nodified to allow for jet spread. This is achieved, firstly
by assuming that the virtual origin of the jet is situated at the exit of the
bypass nozzle, secondly by taking the dianeter of the jet at the origin to be

the dianmeter corresponding to the total nozzle area, and by assuming that the
sides of the jet spread with an angle of 5% to the jet axis. This is the angle
of the 10% velocity line in the initial region of a round jet emerging into

still air®.

By using this sinple theoretical framework it has been possible5 to deduce
values of the thrust-recovery factor e and the deflection angle ec
associated with the captured part of the efflux. In order to analyse these
data, consideration is given to an extension of a correlation presented in Ref.5
for the case of zero jet-pitch angle. This correlation is based on the
physically plausible assunption that the thrust-recovery factor of the captured
part of the flow, Ne depends mainly on the total angle turned bythe captured

flow, (9C + ¢e). Fig.5 shows the result of attempting to produce a correlation



of this form for the present nodel and for models tested by Dornier AG6 and
NASA7’8’]O‘ These configurations share the property that the lowest slot of the
flap was no nore than one jet dianeter above the axis of the jet. [t is seen

that the correlation is fairly satisfactory and is approximated quite well by

the empirical expression

n, = cos? (eC + ¢e) + 0.636 sin2 (eC + ¢e) . (4)
Also shown for conparison is the curve derived from a sinplified nodel of

the frictionless flow of a jet inpinging on a flap which is of flat-plate section

and deflected through an angle ec. In this mpdel the jet separates smoothly

from both the leading edge and the trailing edge of the flap, the jet sheet

being considered thin enough for the streamines in each streamwise section to

be supposed parallel to the flap at separation. In this case it is readily

found that

nc = cos (GC + ¢e) . (5)

The corresponding curve illustrates the inportance of ensuring that the jet is
able to sustain itself around the nose or noses of the flap system particularly
for turning angles in excess of 50o where the val ues of n, deduced from

equation (4) are significantly larger than those obtained from equation (5).

Having established what seenms to be a reasonable basis for estimating the
thrust-recovery factor of suitably designed nacelle-flap configurations we now
consider a nmeans of correlating the angle turned by the captured part of the

flow  Fig.6 shows a plot of
K = sin (ec+ ¢e)/sm (GF + ¢e) (6)

against the ratio of the monentum flux captured by the flap to the total

monentum flux of the jet prior to inpingenent, Mc/MJ’ for the two flap
configurations 40/0(u) and 40/30(s) . An interesting feature of these plots
is that « appears to be sensibly constant for values of Mc/MJ less than 0.4.
Furthermore, it seens that an acceptable approximation to « in this region

can be obtained by assunming that



leading to

K = Sin (GF + d)e) /sin (GF + ¢e) , 0 <MC/M
U

wher e GFU is the angle in a chordwise plane between a line tangential to the
upper boundary of the flap at the flap trailing edge and the reference axis.

This assunption mght be justified on the basis that the mjority of the
captured flow passes through the flap slot or slots and is turned by the Coanda
effect so that it leaves the flap trailing edge in a direction that is tangential
to the flap upper surface. However, whilst this assunption might be justified

for small values of the paraneter MC/M Fig.6 shows that it is not satisfac-

Jl
tory when the mgjority of the jet is captured. Fortunately, the paraneter «
can be represented quite well in the interval 0.4 <MC/MJ<. 1 by the sinple,

linear relationship
K = kK* + C(l= MC/MJ) , (8)

where «* is the value of the parameter « when the jet is fully captured

and C is given by

C:“"— —t— = K * 1] . (9>

As indicated in Fig.6 the paraneter «* depends on the total angle
turned by the captured flow. This dependence is confirmed by Fig.7 which shows
a plot of k- against gin (6C + ¢e) . the points shown being deduced from two

6,10 as well as from the present tests. Evidently the

i ndependent  sources
paraneter «k* , which my be regarded as a neasure of the effectiveness of the
flap as a device for turning a fully-captured jet, increases as the turning

angl e becomes larger, apparently reaching a value close to unity when the jet

is turned through a right angle. The most likely explanation for this trend
seens to be that as the flap angle (and hence turning angle) increases the jet
becomes increasingly flattened after inpingement with the result that the jet

is more able to follow the flap contour. Against this must be set the fact that,
with the increased tendency for the jet to spread laterally across the flap,

the thrust-recovery factor decreases wth increasing turning angle as indicated

in Fig.5.



A suitable nean curve through the experinental points in Fig.7 can be
defined by the relationship

k* = 0.6 + 0.4 sin (ec + ¢e) ‘ (10)

To two significant figures this expression degenerates to the result given by
the linear, or small-angle, theory for a wing spanning a round jet . when the
turning angle is zero.  However, as shown in Fig.7, equation (10) represents a
significant inprovenent over the linear theory which of course makes no allowance
for the distortion of the jet after inpingement on the flap.

Equation (10) is an inplicit equation for the turning angle of a fully-
captured efflux; this expression can be rearranged, however, to yield the
explicit result

Kk = 0.6|(1 = 0.4 sin (9F+¢e)) ‘ (11)

Qur final remarks in this section concern the determination of the overall
thrust-recovery factor ng and the jet-deflection angle 6 . Referring to
equation (1) we find that it is possible to wite

= (M)2 M M)2 2n M (M, = M) G )él\/U (12)
g 7 NePe +(J“'c Toente Y ¢/ C0S V%, ¢e]

M sin (o
nM, ©. 4+ %)

M -
g = M+ n M cos (eC + ¢e)

. (13)

tan (SJ + d)e) =

By using these expressions in conmbination with equations (4), (7), (9) and (11)
it is possible to determne the two static-turning parameters, given:

(a) overall flap angle;

(b) jet-pitch angle;

(c) diameter of the bypass nozzle;

(d) position of the nacelle in relation to the flap.

In the followng section we describe how these results may be conbined
with methods based on the jet-flap analogy to yield forces and moments acting
on wings with external-flow jet flaps at forward speed.
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3 METHODS FOR PREDICTING WND-ON FORCES AND MOMENTS

3.1 Prediction of [lift

Perry, in his analysis 3 of the lift of wings with external-flow jet flaps,
used a sem-enpirical formula that was suggested by Wllians, Butler and Wod . 12
This formula, which is based on the theoretical treatnent of unswept jet flaps
of high aspect ratio by Mskell and Spence 13, was intended to cater for part-
span flaps. A similar approach is used in the present paper to derive an
expression including the effects of sweep and the increase in planform area

inplied by the use of extending-chord flaps.

To deal with the influence of sweep, consideration is given firstly to the
case of an infinite sheared wing of sweep v with a full-span, jet-augnmented
flap of constant sectional - momentum coefficient C1'1 = J/%pUice , Where J is
the local jet momentum at the trailing edge and c, is the (extended) chord
of the wing. In Appendix A it is shown that according to the linearized theory
the sectional |ift coefficient of such a wing is given by

(S) 1y — (2) '
CL (CU) = CO0S ¥ CL (CU sec Y)

wher e CIEZ)(CL) is the sectional lift coefficient of the corresponding two-
dimensional wing at the same sectional monentum coefficient, both [|ift
coefficients being based on the extended chord c, -

The effect of finite aspect ratio is included by using the nethod of
Maskel | and Spence 13 and by assuming that the sectional properties of a swept
wing of large aspect ratio can be approximated adequately by those of the
sheared region.  This approximation probably fails in both the root and tip
regions of the wing. However, it is known 14 that in the case of an 'unbl own'

wing the sectional lift increases in the root region by an anount almost equal

to the amount it decreases at the tip. Therefore the sheared-wing approximtion
is likely to be adequate for the determnation of the overall lift coefficient,
C Consequently it is found that
_ (s)
CL = s‘r"CL , (14)

where s = se/s is a factor allowng for the increase in the planform area
from that of the basic wing with flaps retracted, S, to that of the wing wth

t ha fl ane danl nved S Tha acnart-ratin fartar



1

A+ (2/'|r)Cu

" s A+ s{(2/1r) (Bcés)/aa) -2(1 + c)}

where A is the aspect ratio of the basic w ng;
Cu is the overall nomentum coefficient based on the gross planform area
of the basic wing;
o is a quantity which, for a high-aspect-ratio wing of noderate or
small sweep and small Cu , is smll and positive.

In the present calculations the paraneter g has been placed equal to
zero. Note that with this approximation, and in the linmt as the sectional
moment um coefficient goes to zero, equation (14), with equation (15),is in
agreement with equation (106) of Thwaites 14 (p.327) for an unblow, swept wing
of large aspect ratio and with an elliptic distribution of circulation across
the span.

12

By following WIlians, Butler and Wod the effects of flap span and wing

thickness are accommodated in a sem-enpirical mnner by witing

¢, = sF l:{l + (t/c,) sec xp}(ule(acés)/ae) + uza(acL(S)/aa))]

- (t/ce) sec(w)Cu(e + a) (16)

where 6 is the effective flap angle,
o the incidence,
SI
Ul = S— 3

s?(acés)/aa) +(s, = 8" (acéS)/au)C{fo
B T se(acés)/aa) '

and §' is the planform area of the wing corresponding to the spanwise extent

of the flap. This area may or may not include the straightforward extrapolation
of the wing area into the fuselage depending on the nature of the w ng-fuselage
junction, a matter that will be taken up again later. In the evaluation of the
sectional derivatives the mean sectional - momentum coefficient ({1 = CuS/S' I'S
employed.  The effect of thickness is included by applying the factor

{1+ (t/c,) sec ¥} to the "circulation' conmponent of the [ift, i.e. the overall
lift minus the jet-reaction conponent of [ift. This factor has its origin in
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Perry replaced the effective flap angle 6 by the jet-deflection angle
6, and based his estimate of the overall nomentum coefficient on the gross

J
thrust factored by the thrust-recovery factor n This approach would seem

to be best suited to configurations for which theJrrajority of the efflux is
captured by the flap, and Perry confined his analysis to this type of configura-
tion. Equally it is probable that Perry's approach is not justified when the
major part of the efflux passes beneath the flap. This my be denonstrated by
reference to equation (13) which shows that, for the case of zero jet-pitch
angle, the jet-deflection angle is zero when no part of the efflux is captured
by the flap, regardless of flap angle.  However a null value for the effective
flap angle is unlikely to be representative for a wing with flaps deflected, in
general, even if the efflux passes conpletely beneath the flap. Support  for
this viewis also provided by Fig.8a and b.  These figures show a conparison
bet ween equation (16), eval uated by using Perry's method, and the lift coeffi-
cients obtained from wind-tunnel tests on the present nodel wth the flap
configurations 40/0(u) and 40/30(s), respectively. The conparison is made for
a gross-thrust coefficient, CTG=MJ/;pU°2°S of 0.82. The agreement between
theory and experiment is particularly poor for the [owest nacelle position.

I ndeed for the configuration 40/0(u), zn/c = 0.406 the theory yields virtually
no lift at zero incidence because the jet-deflection angle is approximtely

zero in that case. In an attenpt to neet this criticism consideration has been
given to an alternative theory that is more in keeping with the spirit of the
analysis of section 2. Use is nade of the inplicit assumption of the nethod of
section 2 that only the captured part of the efflux spreads to form a jet sheet

downstream of the trailing edge of the flap. It seems reasonable to suppose
that the remainder of the efflux does not influence the circulation around the
wing, although its contribution to the jet-reaction lift is retained. Hence

t he nmonentum coefficients Cu and Cu in equation (16) are replaced by

C = M /hoU’s , C_ = M /hoU’s
My c o M, c o

In addition it is noted that over the mgjority of the flap span the captured
part of the efflux is likely to be ‘'thin" when it leaves the trailing edge of
the flap. Therefore for an inviscid flow the effective flap angle may be
supposed equal to the overall flap angle eF . As may be inferred from Fig.6
this inplies an error in the jet-reaction component of the [ift. However this
error is generally smll and, as wll be seen later, is remved without
difficulty.
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Fig.8a and b show the lift-incidence curves predicted by this alternative
method for the RAE nodel. In these calculations, as in the calculations
performed by using Perry's approach, Yy was taken to be the sweep of the mid-
chord line of the basic wing. Furthernore since the flap did not abut the
fusel age (Fig.2), the area S' was taken to be the area of the wing correspond-
ing to the span of the exposed flap. In the evaluation of the increment in
sectional lift due to flap deflection, allowance was made for the fact that
for some of the configurations examined the streamwise section of the flap
conprised nore than one elenent. Wth such configurations the linear principle

of superposition was exploited to construct the solution for the lift increnent.

It is seen in Fig.8a and b that, generally, the alternative nethod
overestimates the lift, the discrepancy being nost obvious for the |owest
nacelle position. This can be mainly attributed to three factors. First, it is
well known that the linearized theory, on which the present nethod is based,
overestimates the lift increment, due to flap deflection, of an aerofoil wth
an unblown flap even in potential flow. Second, the displacement effect of the
boundary layer on the flap upper surface tends to inpair the lifting effective-
ness of the flap 15, although this tendency would be expected to decrease as the
monentum of the part of the efflux passing through the slots increases. Third,
the linearized theory necessarily overestimates the jet-reaction [ift since,

for exanple, it replaces sin (6C + a) by 6 Foo

As regards the first effect it is interesting to observe that according
to the alternative theory the increment in circulation lift, due to the jet
sheet, is small conpared with the overall [lift for typical flap-nacelle
configurations. This is illustrated in Fig.9 for one such configuration, and
it is seen that the incremental circulation lift is approximtely 11% of the
overall lift for values of Cu between 2 and 6. Thus for the purpose of
correcting the circulation conponent of [|ift for non-linearities associated
with flap deflection it is permssible to refer to the theory for wings wth
unblown flaps. However even wthout blowing there are, at present, no known
exact solutions for three-dimensional wings in potential flow In the absence
of such solutions use wll be made of an exact solution given by Hay and
Eggi ngton 16 for the two-dinensional, potential flow about a flat-plate aerofoil
with a plain flap. Fig.10, which is based on their results, shows a plot of

(s) (s)
H(6,a) = AC (AC >
Lo Lo /g
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against the effective flap angle 6 for the case of an aerofoil with a flap

- (s)
chord e, =0.3¢c, , where ACL,

due to flap deflection, suffix § referring to the linearised theory. Thus

is the increnent in sectional lift coefficient

the corrected increment in circulation |ift due to flap deflection may be
witten as:

ACér) = H(eF,a)(ACIfr)) R (17)
6 6/,

where superscript (1') refers to the circulation conponent of [lift.

If the paraneter H properly accounts for the non-linearities in the
incremental circulation lift due to flap deflection it is reasonable to expect
that any remaining discrepancies between the incremental circulation lifts
as predicted and as neasured can be attributed to the second of the effects
outlined above, nanely the displacement effect of the flap boundary [ayer.

Consequently it mght be argued, by analogy with the results of numerous flap-

bl owi ng st udi esl4, that the parameter
6 - (Ac]fr)) Acér) (18)
8 0
will correlate against Cl'lc , for a given flap configuration and at a given
Reynol ds nunber, regardless of nacelle position and orientation. Here suffix

Mrefers to the neasured value of the increnmental circulation lift. Note that
the sectional nmonentum coefficient Cl'JC is considered to be nmore appropriate
than the coefficient CL since it seenms probable that only the captured part

of the efflux will affect the boundary layer on the flap upper surface.

The result of attenpting to correlate the paraneter G against the
sectional monentum coefficient of the captured flow is shown in Fig.11 for
various flap-nacelle configurations and for 1incidences ranging from 0% to an
incidence 2° below the stall. In the determnation of the parameter G for the
configurations of Refs.10 and 17 it was noted that both of these configurations
had wings that were mounted high on the fuselage and with flaps that appeared
to abut the fuselage. Therefore it was considered appropriate in these cases
toinclude in the area S the area obtained by extrapolating the wing planform
into the fuselage.
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Fig.11 provides sonme support for the contention made above regarding the
correl ation. The full line shown my be considered, in the absence of a more
basic study, as a reasonable working approximation for values of Cyc  between
0.5 and 3, regardless of the type of configuration and the Reynolds nunber.

In the interval 0 <C1'1c < 0.5 there are significant differences between the
val ues of the parameter G for the various configurations, an indication of the
differing degrees of effectiveness of the basic, unblown flaps as devices for
controlling the boundary layer on the flap. It seems probable therefore that in

this interval the paraneter Gis sensitive to Reynolds nunber, and it is

suggested that this parameter nmay be obtained by fairing the full line into the
value for zero nmonentum coefficient. This procedure could prove useful if the
lifting properties of the unblown flap have already been established. Fig. 11

illustrates the process for the two configurations of the present nodel

40/0 (u) and 40/30(s).

It only remains to incorporate in the alternative nethod the above
corrections for the errors in the jet-reaction conponent of |ift due both to
the neglect of non-linear terms and to the use of the assunption that the
effective flap angle is equal to the overall flap angle. When these corrections
are included and use is made of equations (16), (17) and (18) the final

expression for the [lift coefficient becones:

¢, = G(C;C)H(SF,OL) (ACE?)K + (Acéi)l + nJcTG sin (6 + a) (19)
with
() b 1) - -
and

‘ sF{l + (t/ce) sec w}u2a<aCI(JS)/ aa) - {1 + (t/ce) sec w}cu o . (21)
c

(P))
AC
( Loc L

Note that the increment in circulation lift due to incidence, at zero flap
deflection, which in the linearised theory is given by the term (AC]EZ))Q , has

not been corrected for non-linear effects. Al'l owance could be made by
replacing a« in equation (21) with sin a, as in theclassical theory for the
[ift on a two-dinensional, flat plate. However it seens doubtful whether this

correction results in a significant inprovement in accuracy, at least in the

range of incidences of interest.
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It may seem strange that the lift on a wing with an external-flow jet
flap can be predicted with reasonable accuracy by a theory that is based on a
method developed for a wing with a uniform distribution of nonmentum coefficient
across the span. Results from tests6 have shown that the distribution of jet
monentum across the span of a wing with an external-flow jet flap is very
uneven, with the mgjor part of the jet nomentum being confined to a limted part
of the span. However it wll be recalled from Fig.9 that according to the
uncorrected version of the alternative theory the increment in circulation lift,
due to the induction effect of the jet sheet on the flow around the wing, is
smal|l compared with the overall [lift. Hence it is considered that in general
the errors in the present nethod, due to the failure to represent the precise

distribution of jet nomentum across the span, are not likely to be serious.

Fig.12a and b illustrate how the present nethod, equation (19), m ght be
used to predict the effect of the height of the nacelle centre-line on lift for
the configurations 40/0(u) and 40/30(s). It is seen that with the function
G(C{Jc) interpolated in the manner outlined above equation (19) follows the trends
of lift with engine height wth reasonable accuracy. Also shown are the predic-
tions of Perry's version of the jet-flap analogy for the case cpe = 4.40, t he
lift given by equation (16) being factored by Perry's enpirical functions £

1
and f2 . As foreshadowed by Fig.8a and b, Perry's nmethod severely under-
estimates the lift for the low nacelle positions, and it would seem that
Perry's method cannot be used with confidence when the majority of the efflux

passes beneath the flap.

A conparison between the present method, Perry's method and the test data
of Ref.17 is shown in Fig.l13a and b for the two engine positions 1 and 4, the
lift being plotted against incidence. These figures merely confirm that both
methods give satisfactory predictions of |ift when the nmajor part of the efflux

is captured by the flap.

3.2 Longitudinal force

Perry' has provided a useful review of the methods available for predict-
ing the longitudinal force of wngs with jet flaps. However, he found that none
of these nethods was suitable for external-flow jet flaps. As an alternative
he suggested regarding the flap as a simple thrust-deflector; that is to say he
ignored the induction effect of the jet sheet on the flow around the wing. Wth

this approximation the expression for the longitudinal-force coefficient becones
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%
cA ® Cu cos (GJ + a) - (CL ) TA - CDO - CDM (22)

wher e CDo is the boundary-layer drag coefficient associated with the flow
external to the jet and CDM is the coefficient of intake nomentum drag, all
coefficients in this expression being based on the gross planform area of the
basic wing. This approach my be reconciled with classical jet-flap theory if
the span of the jet sheet at the trailing edge of the flap is small conpared with
the nmean (extended) chord of the wing. It is therefore relevant to recall that
the indications are that the jet sheet associated with each of the nacelles of

a typical, external-flow jet flap is of limted spanwise extent.

In the calculation of the longitudinal force coefficient by equation (22)

t he nmoment um coefficient, Cu = N4Crg and the jet-deflection angle were

obtained from the results of section 2. The circulation conmponent of [|ift was
derived by means of the alternative method of section 3.1, i.e. wth corrections
for non-linear effects and boundary-layer displacenent. The determination of

the boundary-layer drag CDO poses a mamjor problemowing to the fact that an
unquantified proportion of the wing area is submerged in the efflux or effluxes
and therefore the 'drag area’ associated with the external flow is unknown. In
view of this uncertainty, estimates were made of the boundary-layer drag

coef ficient CDo by assuming that the flap is unblown, and the value used is
quoted where appropriate. The i nt ake- morment um drag waseval uat ed by maki ng use
of an inviscid, one-dinensional theory 18 for injector wunits, suitably corrected
for viscous losses due to, for exanple, the boundary layers on the sidewalls of

the nozzles.

Fig.l4a and b illustrate a conparison between results fromthe thrust-
defl ector nethod and data taken fromtests on the present nodel. The |ongitudi-
nal force is plotted against lift for the flap configurations 40/0(u) and
40/30(s) and for various nacelle heights; it is seen that the nethod predicts
both the effect of |ift and the influence of nacelle height on the [ongitudinal

force reasonably well.

A conparison between the thrust-deflector method and test data of Ref.17
is shown in Fig,15a and b where longitudinal force is plotted against lift for
engine position 1, two flap angles and three gross-thrust coefficients. Again

the predictions of the thrust-deflector theory are found to be satisfactory.
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3.3 Pitching rmonent

A nethod for determining the pitching noment of a wing with an external=-
flowjet flap, which follows essentially the method of section 3.1 for deter-
mning the lift, is presented in Appendix B. When conparing results from this
method with data for wing-body configurations the allowance nade for the fuselage
is essentially the same as that made in connexion with the estimation of [|ift.
For exanple, in the case of the RAE nodel, the flaps are assumed to have a cut-

out at the root, the span of which is equal to the fuselage dianeter.

The theoretical trimcurves are shown in Fig.16a and b for the RAE nodel
with the flap configurations 40/0(u) and 40/30(s). The agreenment between these
estimates and the corresponding data for the three nacelle heights is only
moderate but the effect on the pitching noment of a change in engine vertical
position is reasonably well represented. It is thought that the reason for the
lack of good agreement is that the effect of the fuselage on the pitching noment
is not adequately represented by the theory. Wilst the present theory may
simulate the junction effect properly, it does not include the pitching monment
resulting from the lift developed on the forebody and the afterbody when the
local angle of incidence is nonzero. Sinmple calculations of this body effect,
which are based on slender-body theory 14 and which allow for the fact that the
trailing vortices influence the local angle of incidence of the afterbody, yield
corrections to the pitching moment that are approximately equal to the discre-

pancies petween the curves and the test data in Fig.16a and b.

Fig.17a and b show a conpari son between the present theory and the test
data of Ref.17 for the two engine positions 1 and 4 with the flap angle
bp = 60° in both cases. The theory is seen to represent the effect of gross

thrust on the trim curves reasonably well.
4 CONCLUSI ONS
The following conclusions have been reached in this Report.

4.1 Static-turning  performance

By using a method, based on sinple nomentum relationships, it has been
possible to correlate experinental results for the thrust-recovery factor and

the jet-deflection angle for wvarious flap-nacelle configurations under static
condi tions.
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4.2 Forward flight

(a) Lift

Perry's3 version of the jet-flap analogy is found to be restricted to
configurations for which the majority of the efflux is captured by the flap.
To overcone this possible drawback an alternative method has been devised.
This approach appears to answer the requirement for a sinple method that is
capable of providing reasonable predictions of the lift of a wde variety of
flap-nacelle  configurations. Further wind-tunnel tests are required to assess

the possible limtations of the nethod.

(b) Longi tudinal force

The longitudinal force acting on various configurations has been estinmated
by using Perry's thrust-deflector hypothesis. The predictions of this nmethod
regarding the effects of nacelle vertical position, thrust and incidence appear

to be satisfactory.

(o) Pi t chi ng moment

Whilst the absolute values of pitching nonent are not predicted with good
accuracy by the theory of Appendix B it represents fairly well the trends

associated with changes in nacelle vertical position and gross thrust.
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Appendix A
LIFT OF AN INFINITE, SHEARED JET-FLAP

The coordinate systems and notation used in the follow ng discussion of

the [ift of an infinite sheared wing with a jet flap, which are illustrated in

14

Fig.18, arebasically simlar to that used by Thwaites in the case of the

unbl own, sheared wing.

13

According to Maskell and Spence™ the pressure difference across a thin

jet sheet may be witten as
Ap = KV2+|<V2p6 (A-1)
11 2°2/73°3

where k., k, are the principal curvatures of the sheet, vV, ,, V are the

; s
velocity 1conp%)nents along the lines of curvature, and 53 is] jezt/_j;hickness.
For an infinite, sheared wing it seems reasonable to anticipate that the cross-
sectional shape of the jet in each of the planes Y = constant is independent
of position along the generators. In other words it is asserted that the jet
has zero curvature in planes X = constant . Consequently, with VJ the

velocity of the jet in the free-stream direction, it is possible to wite

K, = K ,V1=VJcoslb, K, = 0

with Ky the curvature of the jet sheet in the X direction and {§ the sweep

of the wing. Hence there is obtained in place of equation (Al)

2 2
Ap = KXpJVJcos (ll))<5J
A - ] cosz(xp)dzz/dx2 , (A-2)
for a shallow jet. Here J = pJviaJ is the local jet nomentum which is indepen-

dent of Y and, for a sufficiently 'thin' jet, is invariant with X

Upon referring to Bernoulli's equation it is found that, for an inviscid,
irrotational flow external to the jet,

Ap . pUm\(‘J cos Y (A-3)
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where y is the strength of the bound vortices, the axes of which are parallel
to the generators of the wing, and suffix J refers to the jet. Hence
equation (A-2) and (A-3) may be conbined to give for the jet vortex-strength

Yy - 3/ev0) cos(w)dzz/dxz : (A-4)

The condition that the normal velocity at both the wing and the jet is zero
| eads to the followng result for the downwash

W = Udz/dx = U_ cos(y)dz/dX, Z 0, X > 0 . (A-5)

Therefore equation (A-4) my be rewitten in the form
2
Y; - T (J/pr)dw/dX . (A-6)
For an infinite sheared wing the flow my be regarded as two-dimensional
in planes Y = constant . Therefore, by analogy with the linearised treatnent

of the two-dinmensional jet-flap by Spencelg, it is possible to wite for the
downwash on the plane z = 0

C cos ¢
| C PO f yEY
wX) = = 5o m T 4X' + xr - x & s (A7)
0 ¢, cos v
suffix Wreferring to the wing. Hence, upon conparing equation (A-6) and
(A-7) and naking use of the non-dimensional quantities
£ = X/ce cos ¥ , g = X'/c, cos ¥, ¥ = y/Uu_ (A-8)
it is found that, with C{x: J/gpuice the local jet-nomentum coefficient,
C' sec ¥ Y Y
" u 4 W _Jd 4 -
YJ : 4—nd£ f E'—"'g dg! +fg 7 dg . (A-9)
0 1

This expression is an integral equation in the two unknowns Yu and §J ; to
conplete the solution use is mde of the boundary condition (A-5) for the
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downwash at the wing. By conbining this equation with equation (A7) and

enploying equation (A-8) one obtains the result

1 - o -

Y Y
dz W 1 J ' A-10
ax [—g'—gd£+f dg (A-10)

0 1

Equations (A-9) and (A-10) differ from the corresponding equations for
the two-dinmensional wing, of the same section and at the same incidence and jet-
nmonment um coefficient, only in that Cu is replaced by Cl'1 sec ¥ . Consequently,
if the streamwise slope of the wing and the jet is characterised by the two
parameters o , incidence, and 8 , flap angle, it is possible to wite for
the bound-vortex strength of the sheared w ng

Yoy = @y v o e

were  v§% (6. = vg? (€,¢l sec v,
v €0 = v (e el see ),

and superscript (2) refers to the corresponding two-dinmensional wing. Therefore,
by referring again to Bernoulli's equation, it is found that the local [ift

coefficient of the sheared wing is given by

2]

(s) jmry ( (s)
oh (Cu) = 2 cos ¥ f Y /Uw)di ,
0

cos ¥ C]Ez) (C?J' sec )

Li kewi se the local, pitching-noment coefficient my be witten as

(s) 1y - (2) 1
Cm (Cu) = COS ¢ Cm (Cu sec )
the pitching-monent coefficients, like the lift coefficients, being based on

the extended chord.
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Appendix_ B
DETERM NATION OF PITCHING MOVENT

In this Appendix a description is given of the nethod used to evaluate
the pitching nonent. The nethod parallels the technique used to evaluate lift
in section 3 and is based on a nodified version of the method of Maskell and
Spence. The first nodification to the basic nethod involves an allowance for
the effect of sweep. This is achieved by assunming that, for a wng of
sufficiently large aspect ratio, the spanwise conponent of vorticity at any
given streamwise section of the wing is identical to that of an infinite sheared
wing of the same section, sweep and local jet-nomentum coefficient. Consequent |y
the chordwise distribution of bound vorticity predicted by the first of the
interpolation nethods proposed by Mskell and Spence becones

N C) I () . - }
Y(@€) = Oyg  (€C) + @ o )y, (€,C1) + 20 (a; o) El £)/€]*
(s) (s) o : . .
Her e ye s Ya = vortex distributions of the equivalent sheared wng, defined
in Appendix A
Opy by = induced angle of incidence at the wing, and induced angle
of incidence at the vortex trace in the Trefftz plane,
respectively, and
£ = x/ce

Therefore the local, pitching-nonent coefficient about the leading edge of the

section, in the nose-up sense, Cm , 1S given by
|
oot = o _ (s) (s) (s)
Cm Cm = 2 [ (Y(E)/Um)adg = Cm - Cm - aim<BCm /aa) - (OLim - oci)'n/z,
JR § JR

wher e Cr(nS) is the local, pitching-noment coefficient, in the nose-up sense,
about the leading edge of an infinite, sheared wing with a jet-flap (see
Appendix A), suffixes JRrefer to the jet reacti on conponent of pitching

moment and use has been made of the fact that 8C11(18)/a°‘: 0 .
JR

According to Maskell and Spence, for the case of an elliptic distribution
of circulation across the span in the Trefftz plane,
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. = + 2C
% ZCL/(TrA u)
The assumption that the spanwise distribution of circulation in the Trefftz
plane is elliptic is probably best suited to unswept wings but it will be used
here for wings of small or moderate sweep on the basis that only an overall

indication of the pitching moment is required. There fore, by noting that

CIEIS) = (! and
JR 1R

a, = %aim(l - 0)

where ¢ is small, positive, equation (B-I) becomes

m

¢ = clfls) - 2cL|:(ac[f,S)/aa) F (1 o)ﬂ/':J (a +20) (B-2)

If 8, o, Ci} and the flap chord to extended chord, Cf/ce , are constant
across the span it follows from equation (B-2) that CI‘n and the local lift
coefficient Ci_ are independent of y the distance across the span. There fore,
in this case, the overall pitching-moment coefficient, about a point that is a

distance X (y) downstream of the leading edge of any given wing section,

- 2 - - ]
Cm = m/jpU_Sc = cv o+ CI'_¥ R (B-3)
+b/2
where V = (ci (y)dy)/sa ,

-b/2

+b/2

Vr = / (ce (y)xr(y)dy)/Sc

-b/2

¢ is the geometric mean chord, and

b is wing span.

Therefore  upon combining equations (B-2) and (B-3) it is found that

C =V [G(BCI;/BG) + OL(BCI;/EOLEI + Vr[S(BC]:/Be) + a(BCi/Bu{l ,

(s) BCIEIS)/BOL + (1 + g)n/fb
1] = -
where Cm Cm ZCL A + 2Cu
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Crude allowances for the effects of wing thickness and part-span flaps

can be derived in a manner analogous to the method used in section 3 to correct

the lift by writing

Cm = V{l + (2t/ce) sec dl} [\)IG(BCT'D/BB) + \)Za(3C['n/3ai

+ Vr[cle(aci/ae) + Qza(BCI:/Ba].) - (2t/ce) sec(lp)V'CI'n‘:IR (B-4)
Here
” V' (ac!/3a) + (V - V') (acm/'aoc)C;l=0
Vi Ty Vo = V(3C! /30) !
V'r v]':(acL/aoc) + (vr - V;)(BCL/aa)CL_O
ST &y = V (aC. /30) !
T r L

with V' and V; the ratios V and v, evaluated over the reduced span
appropriate to the flaps. In addition, the sectional derivatives in

equation (B-4) are evaluated by using the mean sectional-momentum coefficient
C{l = CuS/S' . The effect of thickness is allowed for by the factor

{1 + (2t/ce) sec } on the circulation component of the sectional pitching
moment about the leading edge. This factor is derived by noting from classical
aerofoil theory that, to first order in thickness-chord ratio, thickness does
not affect the pitching moment, due to incidence, about the centre of area of
an aerofoil of elliptic section. Because of the basic similarity between the

14 . . L. .
flows the same property applies to a sheared wing of elliptic section.

As in section 3, the basic method is adapted to allow for the possibility
that only part of the jet is captured. In addition, the momentum coefficient
CL is replaced by C{’c and the effective flap angle 8 is assumed equal to

the overall flap angle.

As well, consideration is given to allowance for non-linearities and
boundary-layer effects associated with flap deflection. The change in the local
pitching moment arising from these effects is conveniently separated into
changes in (a) the circulation component, and (b) the jet-reaction component.

The alteration to the first component may be considered to result from two
effects, namely:
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(1) an alteration in circulation lift, the centre of circulation lift being
fixed in the streamwise sense;

(ii) a change in the streamnise position of the centre of circulation [ift at
constant circulation [ift.

The first of these effects has been discussed in section 3 and can be
included by nultiplying the linear approximation for the increment in the
circulation conponent of the local pitching noment due to flap deflection,

(AC'm )(F) . by the factor G(CL'I )H(eF,u). An enpirical allowance is made for
B/8 c

the second effect by noting that the streammise position of the centre of [|ift

of a two-dimensional, flat plate downstream of the |eading edge varies as cos a

with incidence. This suggests the derivation of a factor

(2) (2)
cos o = (COS §- - cos a)|fAC AC ,
F [( Mg )f/ me:lc'=o
u
(2) (2)
1 - (cos 6 = 1)]{AC /AC ]
F [( T >f My ¢ =0

which is applied to the circulation conponent (ACm )(P) , the suffix f
874

referring to the contribution of the flap. Thus, with the linear [ift

i ncrements eacI"/ae and aBCI"/Ba of equation (B-4) replaced by their non-linear
equi val ents, ac;  and AC the final expression for the pitching nonent
becomes 8 a

~
1

I

(T) ' ']
+ V. jz, AC! + 7, AC + C ,
r|°1" L 2 La mee

()
C_ = K G(C' )H(® ,a)V(AC' ) + V(AC‘ )
m H F Ty ) 6

c L

(B-5)

where the jet-reaction conponent about the leading edge of the wing at the

spanwise Station of the nacelle axis CIn comprises two contributions. The
JR

first, = C“c sin(ec) (e, - cf)/E . 1s due to the captured part of the jet and

the second, which is attributable to the uncaptured area of the jet is given by:
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2
Acmf M; - M) z /iU ST
zr being the minimum distance of the centre of the cross-sectional area of the

uncaptured part of the jet below the reference axis.

Finally, for the sake of consistency with the method in section 3, the
parameter ¢ was placed equal to zero in the calculations leading to the

theoretical curves of Figs, 16 and 17.



Table 1
[ ]
Fl ap Tab
Flap _ Symbol
configuration
gl/c il/c gz/c L,/c
40/0(u) 0.015 0. 020 0 0.015 X
40/10(u) 0.015 0. 020 0 0.015 A
30/20 (u) 0.015 0. 020 0 0.015 Q
40/30(s) 0.015 | 0.020 | 0.009 -0.002 0
NB: g = gap
2 = overlap

suffixes | and 2 refer respectively to flap and tab

29
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BH = = =

[&2]

SYMBOLS
aspect ratio of wing with high-1lift devices retracted
wing span

\
longitudinal force coefficient

boundary-layer drag coefficient
intake-momentum drag coefficient > referred to planform area §

1lift coefficlent

nacelle gross-thrust coefficient
S

pitching-moment coefficient, = m/ipUiSE

sectional 1ift coefficient of sheared wing

referred to chord
sectional pitching-moment coefficient of c

sheared wing e

overall jet-momentum coefficient
sectional jet-momentum coefficient

geometric mean chord of wing with high-lift devices retracted

extended chord of wing
diameter of jet

aspect-ratio factor defined in equation (15)
flap or tab gap

factor allowing for effect of flap boundary layer on incremental
circulation due to flap deflection

factor allowing for non-linearities in relationship between
incremental circulation lift, due to flap deflection, incidence
and flap deflection

local jet momentum

factor allowing for streamwise movement of centre of lift due to
non-linear effects of incidence and flap deflection

flap or tab overlap
momentum flux
pitching moment

= Se/S

planform area of wing with and without high-1lift devices deployed,
respectively
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SYMBOLS  (conti nued)

maxi mum thickness of wing

mai n-stream speed

b/2

[ (Ene) s

-b/ 2

b/2

[(ce(y)xr(y)dy)/sa

-b/2

V and Vr eval uated over reduced span appropriate to the flaps

jet velocity in free-stream direction

velocities in jet along lines of curvature of jet sheet

downwash vel ocity
} left-handed Cartesian coordinate systenms defined in Fig.18

Xx-wise distance of pitching moment datum downstream of |eading
edge of any given wng section

angle of incidence
induced angle of incidence at wing

induced angle of incidence at vortex trace in Trefftz plane

strength of bound vortices, the axes of which are parallel to
generators of sheared wing

= Y/Uoo

incremental part of

jet thickness
terms defined in equations (B-5)

thrust-recovery factor
effective flap angle

overall flap angle, = eF] + 9F2

flap deflection

tab deflection relative to flap
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SYMBOLS  (concl uded)

SF angle between line tangential to upper boundary of flap at flap
u trailing edge and reference axis in chordw se plane
8 angl e between nomentum vector of captured flow and reference
¢ axis in chordw se plane
eJ jet deflection angle
K correlation paranmeter defined in equation (6)
K* value of «k when jet is fully captured
Ki» ¥y principal curvatures of jet sheet
Ky curvature of jet sheet in X direction
A = 2zT/DJ
— 1
H = S /Se
(s)/ ( (s)/ ( <s)/
= E' - 1
M, (aCL da) + (Se s') 3C; " [3a ' s (3¢, " [aa
c'=0
U
Vis Vg terms defined in equations (B-5)
3 = X/ce cos Y = x/ce
p density of min flow
o smal | positive number in equation (15)
¢e jet pitch angle
U sweep angle
Suffixes
c refers to captured part of jet
f refers to flap
J refers to jet as a whole
2 denotes value given by linearised theory
n refers to position of 'hot-jet' exit of nacelle in chordw se
plane containing nacelle axis
(0), (s) refer respectively to an unslotted or slotted tab
] due to angle of incidence
() denotes circulation conponent

8 due to flap angle
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