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Summary—Wind-tunnel experiments were carried out on an 8 per cent thick aerofoil between end plates, with
blowing from a slot in the knee of a 25 per cent chord trailing-edge flap, to improve the lifting efficiency of the flap.
Both the blowing-slot width and position were varied. The sectional lift and pitching moment were derived by
chordwise integration of the surface static pressures measured at the mid-span station. Tuft observations as well as
surface-pressure measurements were made to determine the extent of the turbulent separation region on the trailing-edge
flap and of the laminar separation bubble on the aerofoil nose.

The blowing momentum required to prevent flow separation on the flap, at a given flap angle and zero wing incidence,
proved much less than might have been expected from earlier two-dimensional experiments on thicker wings with
blowing over the flap from the shroud. This reduction is probably associated with the low effective. aspect ratio of
the present quasi two-dimensional model as well as with improvements in blowing techniques. The separation bubble
on the aerofoil nose began to expand markedly (with the flap deflected) when the incidence reached only a few degrees,
and simultaneously the blowing momentum needed to prevent flow separation on the flap tended to increase.

1. Introduction.—It is now well established that the effectiveness of trailing-edge flaps for
increasing lift at constant incidence (and also C,,,,) can be considerably improved by blowing
over the upper surface of the flap!. The plane jet emerging at high velocity from a narrow slot
adheres to the upper surface and, by entraining slowly moving air, can suppress the flow separation
on the flap and eventually increase the effective chord of the flap. Renewed interest in this
method of boundary-layer control followed from Attinello’s proposal that, with gas-turbine
aircraft, high-pressure air bled from the compressor should be ducted directly (without expansion)
to a choked blowing slot?. This so-called * supersonic blowing ’ scheme requires smaller ducts
than the subsonic blowing schemes previously investigated. For, since the blowing pressures
are higher, the mass flows required become correspondingly smaller to provide the same blowing
momentum and also the air density in the duct is greater; both these factors are conducive
to smaller ducts or duct velocities.

As a preliminary to wind-tunnel tests on a thin 60-deg delta wing with trailing-edge flap blowing,
experiments of a fundamental nature have been made on an 8 per cent thick aerofoil between end
plates, with blowing from a slot in the kneet of a 25 per cent chord trailing-edge flap. The experi-
ments were a natural consequence of earlier National Physical Laboratory tests on this aerofoil
with area suction on the upper surface of the trailing-edge flap, and of the David-Taylor Model-
Basin tests® on a wing with supersonic blowing over the trailing-edge flap from the shroudf. The

* Published with the permission of the Director, National Physical Laboratory.
t The exposed curved upper surface of the flap nose. :

I Blowing from the shroud signifies that the slot is located in the upper surface of the wing just ahead of the flap.
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area-suction investigation demonstrated that, as regards the prevention of flow separation over
the flap, boundary-layer control need not be applied much ahead of the minimum-pressure point
(with attached flow), which occurs about half-way round the flap knee. Furthermore, exploratory
bench tests with supersonic blowing indicated that a simple cylindrical pipe duct (forming the
round nose of the flap) would provide a reasonably uniform spanwise distribution, without
elaborate ducting design. For these reasons, the present wind-tunnel tests were made with
blowing from a slot in the flap knee, rather than from a slot in the shroud as in earlier work™®.
An additional advantage was that modifications to the main body of the aerofoil were unnecessary,
so that the suction flap tests ‘could be pursued without hindrance. In practice, there may

likewise be structural advantages in leading the compressed air from the fuselage into the flap
rather than into the main body of the wing.

In the present paper, the results of pressure-plotting measurements from the trailing-edge flap

blowing tests are presented, together with the sectional lift and pitching moment obtained by
chordwise integration of the surface static pressures. The general characteristics of the flow over

the aerofoil and flap are also discussed, but the boundary-layer and wake traverse work will be
reported separately. :

2. Experimental Method.—2.1. Model Configuration and Arvangement in Tunnel.—The aerofoil
has an 8 per cent thick RAE 104 section, chosen from current low-drag sections because it offers
a straight trailing-edge for almost the last 25 per cent chord (.e., the flap extent) and an acceptable
thickness in the vicinity of the flap nose. The aerofoil chord was limited to 3 ft by tunnel con-
straint considerations, and the span to 3 ft by the then existing pumping and manufacturing
facilities. The model was mounted vertically i the centre of the N.P.L. 9 £t x 7ft, No. 1 Tunnel,
between fixed horizontal end-plates (see Figs. 1 and 2). The aerofoil and its trailing-edge flap
were attached to independent turntables, both rotating about the flap hinge-line. The end-plates
extended two-thirds span above and below the aerofoil chord-line, and two-thirds chord upstream
and downstream of the aerofoil leading-edge and trailing-edge. This end-plate size was the
largest feasible from the standpoint of accessibility to the model, and was found to give satis-
factory flow over the tunnel working-section®. The set-up is quasi two-dimensional in the sense
that the model generates a reasonably constant lift loading across the span, but has an effective

aspect ratio of about 3-3 corresponding to its geometric aspect ratio of unity and the ratio
3/4 of derofoil span to end-plate height®}.

In the wind-tunnel tests, the chordwise pressure distribution over the aerofoil upper and lower
surfaces was measured near the mid-span station at about 45 static pressure holes; these were
most closely spaced on the aerofoil nose and the front of the trailing-edge flap as shown in Fig. 4.
Extra static tubes were inserted in the surface of the blowing tube so that each increment of
15 deg in flap angle exposed a further static hole on the flap knee just above the hinge-line.
All the static pressures were recorded on multi-tube liquid manometers, together with the
main-stream total head measured by a datum tube located in the working-section ahead of the
modelf. Following the usual practice, the tunnel wind speed was controlled by balancing
the tunnel gauge against the pressure difference between two rings of wall statics located at the
beginning and the end of the tunnel contraction. The variation of main-stream velocity in the
region between the end-plates with the model absent was found by pitot-static explorations to
be less than 4 1-5 per cent, as compared with + 0-75 per cent for the working-section of the

tunnel when completely empty. The variation in main-stream total head both between and
outside the end-plates was negligible.

* Larger extents above and below the chord-line, e.g., right up to the tunnel walls, introduced problems associated

with compartmentation of the tunnel working-section. A Jarger extent upstream of the leading-edge leads to thicker
boundary layers (on the end-plates), which can be particularly objectionable with models of small geometric aspect ratio.

T See Fig. 2a of Ref 4. The effective aspect ratio could have been increased further by adding lifting surfaces (e.g.,
large rotatable fairings) between the end-plates and tunnel walls. This was difficult to arrange and inconvenient for
the present tests, ‘

1 Owing to the shortness of the working-section the static of the datum pitot-~
section ahead of the model was affected appreciably by the presence of the model,

2
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2.2. Blowing Duct and Slot.—The blowing duct consisted of a simple cylindrical brass tube
(external diameter 1-71 in.), which formed the nose of the trailing-edge flap, the air being fed
in from both ends of the model. The blowing slot was constructed by cutting a longitudinal slit
in the brass tube, and inserting a metal plate (shaped at one end) to form the lower lip of the
slot and the top surface of the flap, as shown in Fig. 3. Tie-rods were fixed across the tube to
- prevent distortion under high pressure, but otherwise no elaboration of the duct proved necessary.
Small copper spacers Jyth-in. wide were inserted in the blowing slot at spanwise intervals of
two inches to maintain spanwise uniformity of slot width.

Before the complete flap was built, extensive bench tests were carried out on a mock-up of the
cylindrical duct and slot, including the plate forming the top surface of the flap. The spanwise
velocity through the duct was below 50 ft/sec or 100 ft/sec with blowing through both ends or
one end respectively, and was of course practically independent of the mass flow for blowing-
pressure ratios exceeding that required to choke the blowing slot. Total-head traverses of the
jet at distances of 0+ 1 in. and 0-5 in. behind the slot exit, with blowing pressures of 20 p.s.i. and
40 p.s.i. gauge, exhibited regions of constant high velocity out to about 0-025 in. from the surface.
The spanwise variation in the maximum velocity was of the order of + 10 per cent except behind
the spacers, and could be accredited to difficulties of constructing the small slot widths (0-007
and 0-012 in.) to an accuracy much better than 0-001 in.*. Behind each spacer (0-0625-in.
wide) there were wakes of low velocity which extended spanwise as much as 0-4 in. at 0-1 in.
behind the slot exit, but then increased little back to 0-5 in. behind the slot. The jet thickness
obtained by traverses normal to the plate for the 0-007-in. and 0-012-in. slots were about 0-045 in.
and 0-035'in. respectively at a distance 0-1 in. behind the slot exits; by 0-5 in. behind, the jet
widths had increased to about 0-095 in. and 0-07 in. respectively. Screw holes countersunk
below the top surface of the flap and located 0-3 in. behind the slot exit were filled in, because
~ immediately behind them the peak velocity in the jet was raised about 0-03 in. from the surface,
i.e. about the same amount as the depth countersunk.

Subsequent total-head traverses on the wind-tunnel model have indicated that the spanwise
variations in jet velocity behind the slot become less noticeable with the wind on. :

2.3. Method of Feeding Air to Model.—Dry, compressed air for blowing was obtained from the
High Speed Laboratory storage bottles at a nominal pressure of 350 p.si. The arrangement of
the external ducting to the model is shown in Fig. 2. A system of two Hale-Hamilton pressure-
reducing valves in séries was used, together with a subsidiary pressure-controller operating on
the dome of the second valve, to give the required blowing pressure at the model and to maintain
this pressure automatically when the mains pressure varied between 350 and 150 p.s.i. The air
was fed to each end of the model independently, but the ‘ globe * valvés controlling the air supply
to each end were usually left fully open, so that equal amounts of air were then led to both ends.
The mass flow fed to the model was determined from measurements of the pressure difference
across orifice plates (13-in. internal diameter) inserted in straight pipes (13-in. internal diameter) in
each of the supply lines. The standard relation for the mass flow through the orifice plates® was
checked on site for the appropriate range of line pressures, by pitot traverses across an auxiliary
calibration pipe inserted in the line and also against a rotameter; the error was less than 2 per
cent over the whole range. The static pressure on the model side of the orifice plates was registered
on a Bourdon dial gauge, which was recalibrated at the lower end of its scale against a mercury
U-tube ; the static pressure measured at the entry to the model blowing duct was sensibly the
same. The temperature of the high-pressure air was also determined, by incorporating a thermo-
couple on the model side of the orifice plates, but differed little from that of the tunnel main-

stream.

3. Range of Tests and Réduqtion of Observations.—3.1. Range of Tunnel Experiments—
Pressure-plotting measurements and tuft observations were made on both the aerofoil and the -
flap, mostly at a nominal tunnel speed of 100 ft/sec (R =1-9 X 10%), at wing incidences «

% The slot and duct design has now been slightly modified to reduce this tolerance for future tests.
, 5 ‘
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ranging from — 10 deg to -+ 20 deg and at flap angles 5 of 0, 30, 45 and 60 deg. The two
blowing-slot widths, w = 0-007 in. and 0-012 in., were chosen to give a reasonable range of
blowing momentum coefficient (C, = 0 to 0-17) and blowing-pressure ratios (Po/pe = 1 to 5).
At the wing incidences of 0 deg and — 10 deg, observations were made at closely spaced intervals

of the blowing pressure. At other incidences, observations were made for up to five values of
the blowing pressure ratio.

The two blowing-slot positions shown in Fig. 3 were investigated. The slot was first located
so that the air was ejected at the intersection (¢ = 0 deg) of the round nose of the flap and the
straight upper surface of the wedge-shaped trailing-edge. This so-called rear slot was the simplest
to make and it was considered that more rearward positions would be relatively ineffective.
In the light of experience with area-suction flaps, the slot was later moved further forward to
the so-called mid-slot position (4 = 80 deg), half-way round the flap knee when n = 60 deg.,
t.e., roughly where the minimum pressure occurs with attached flow*. :

The thickness of the slot upper lip on the model was not much more than 0-006 in., i.c., no
larger than the slot widths tested. Now, in practice, the lip thickness may need to be several
times the slot width from strength considerations. The effect of thickening the upper lip of the
model, by sticking on successive layers of Porvict each 0-032 in. deep and extending 2 in. forward
of the slot exit, was therefore investigated. A slightly porous material was essential in order
that the covered static-pressure tubes could continue to record the external surface pressure ;
no difficulties were experienced with up to five layers of Porvic, 0-16 in. thick overall.

The effect of local blockage of the slot on the sectional pressure distribution was also briefly
investigated]. A single half-inch block was first inserted so as to seal up the slot for f in. each
side of the chordwise line of pressure holes. Next, a further three half-inch blocks were added
on each side, spaced so as to leave regular half-inch gaps between the blocks. Later, these blocks
were shifted spanwise so that the pressure holes were in-line with the middle of a gap instead of
the middle of a block. Finally, the experiments were repeated using blocks and gaps 1 in. wide.

3.2. Reduction of Swurface Pressure Measurements.—The sectional lift and pitching-moment
forces were derived by chordwise integration of the surface static pressures. The static holes
in the model were sufficiently regular and numerous (see Fig. 4) to permit the use of a simple
numerical method of integration. The main-stream dynamic head was taken as that recorded
by a standard pitot-static inserted midway between the end-plates in the aerofoil 1-chord position
with the model removed but all other parts of the rig in place. This value was also subsequently
confirmed by flow explorations about the model and a comparison of measured and theoretical
surface-pressure distributions at zero lift with the flap undeflected. No further corrections were
applied to allow for tunnel constraint and blockage effects, since the validity of conventional
formulae is doubtful for the present set-up, particularly under high lift conditions. The pressure
coefficient C, corresponding to a surface static pressure p measured on the aerofoil surface was
evaluated using the relation (1 — C,) = (H, — p)/4p,U,%, since the variation in the main-
stream total head H, was found to be negligible over the working-section.

3.3. Evaluation of Blowing Coefficients.—The blowing momentum coefficient is defined as
— M Yi Yj
C,= .U = ZCQE.
The blowing quantity coefficient C,[= M [p,U,S’] was evaluated from orifice-plate measurements

of the mass flow supplied to the model. The blowing velocity v; was determined theoretically,

assuming isentropic expansion of the ejected air from the duct (stagnation) pressure p, to the
main-stream static pressure p,, as in Ref. 1.

* Tests are also to be made with a third slot position, even further forward (¢ = 60 deg), to simulate blowing from
the shroud at 5 = 60 deg, and to investigate the effectiveness of flap blowing at flap angles of 90 deg and beyond.
T A micro-porous plastic material used for accumulator separators.

{ The effect on the overall lift of the wing could not be examined since the model had pressure holes at only one
spanwise station.
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Now, the ratio v,/a, of the blowing velocity to the velocity of sound in the duct is purely a
function of the blowing pressure ratio pp/p,, since

Y;
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is also dependent only on main-stream and duct conditions, .., is independent of slot width.
Both these velocity ratiost are plotted in Fig. 5 and listed in Table 1 at regular intervals of

Ppolpe- In our experiments the difference between T, and T, the duct and main-stream tempera-
tures, was negligible ; hence, the difference between 4, and 4, could likewise be ignored.

Moreover,

Theoretical (isentropic flow) values for C, can also be evaluated for a known slot area A4,.
For supersonic blowing through a choked slot, i.e., pp/po > {(y + 1)/2}"*~", we have
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Theoretical values of both C, and C, are listed at regular intervals of $,/p, in Table 1 for general
reference. They are quoted for the representative test conditions U, = 100 ft/sec,
A,/S" = 4 x 107* (larger slot width), and with a, = 1117 ftjsec, T, = T,, with y = 1-4. The
procedure for scaling to other conditions is also indicated.

The experimental C, values were found to be about 10 per cent lower than the corresponding
theoretical values, but this difference can be partly ascribed to errors in the measured slot area 4,
(inserted in the theoretical relations) as well as to neglecting viscous effects in the theory.

4. Lift Results.—4.1. Lift at Constant Incidence—The C, vs. C, curves at zero incidence with
flap angles n of 30 deg and 45 deg are given in Fig. 6a for blowing through the small rear slot
(¢ = 0 deg, w,jc = 0-0002). As expected’, the lift rises rapidly with increasing C, until flow
separation on the flap is completely prevented (boundary-layer comntrol). Thereafter, the lift
still rises (supercirculation) but at a much lower rate comparable with jet flap schemes*. For
n = 45 deg and above, blowing through the small rear slot is completely ineffective below
C, = 0-01, even though the blowing velocity is well above the main-stream velocity. This
ineffectiveness at low C, values together with the poor results achieved with blowing for » = 60
deg (see later) could be attributed to the far-back position of the slot.

. T The ratio v;/U, is presented for the representative conditions U, = 100 ft/sec, @y = 1117 ftfsec, T, = T, with
y == 1-4; the procedure for scaling to other conditions is also indicated. )
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As in Ref. 1, a datum lift increment A
ACp,=ay. 2.y .. . .. .. B, .. (1)

given by linearised thin-aerofoil theory is marked on the curves. This provides a simple measure
of the lift increment obtainable by flap deflection when flow separation is prevented, and the
corresponding C, value gives a useful indication of the efficiency of blowing. For our purposes
the value of the lift-curve slope a, is taken as that for the unflapped aerofoil (without blowing)
well below the stall, namely, 0-068/deg, and 1, is assigned the value Q-61 given by Glauert’s
mean-line theory when ¢sfe = 0-25. A more elaborate but less convenient estimate could be
derived from the non-linear lift-incidence relation

Co=asin{e+6),.. . .. .. . .. (2)

together with Keune’s exact mean-line theory which takes into account the effect of flap deflection
on a, as well as on the no-lift angle (— g)*.

The points on the C, vs. C, curves (Fig. 6a), which satisfy the relation (1), are seen to lie where
the rate of increase of C; with C, begins to fall off markedly. C, values of only 0-014 and 0-034
sufficed to produce the approprlate values of 4C,, for n = 30 deg and 45 deg respectively at
Zero ng incidence.

Since, even at zero incidence, a small bubble of separated flow occurred on the nose of this
aerofoil with the trailing-edge flap deflected, some C, vs. C, curves corresponding to « = — 10 deg
have also been included. The shape of the curve for y = 45 deg (see Fig. 6b) is not much different
from that at zero incidence, except at extremely small C, values, nor are the lift increments due
to blowing and the value of C, required to provide the theoretical lift increment AC, ..

The effect of increasing the slot width to w,/c = 0-00033 is shown by comparing Figs. 7a and
7b with Figs. 6a and 6b. Particularly at « = — 10 deg, there is no great change in the C, vs. C,
curves for = 30 deg and 45 deg except perhaps at very low C, values, so that the correlation
of lift results on a C, basis seems justified. The C, value required to provide the total lift increment
AC,, for n = 45 deg at « = 0 deg rises from 0-034 to 0-043 with the increase in slot width.

The C, vs. C, curves for y = 60 deg at both incidences are not of the normal shape, and the
C, value for A4C, ,is unduly high, being above 0-15. At this large flap angle, the rear slot position
(¢ = () was located too far back for the induced flow due to blowing to control effectively the
separation on the flap knee upstream of the blowing slot. The C, vs. C, curves obtained with
the slot moved forward to the ‘ mid-slot * position (¢ = 30 deg in Fig. 3), about half-way round
the flap knee, are shown in Figs. 8a and 8b for « =0 and — 10 deg respectively and

w,/jc = 0-00033. The improvement in the effectiveness of blowing is remarkable for » = 60 deg;
e.g., the C, value required to produce the appropriate AC,, is only about 0-07. There is also
some 1mpr0vement for # = 45 deg, the required C, value being about 0-028. Unfortunately,
flap angles above 60 deg could not be tested with "the present arrangement, but modifications
to permit such tests with a slot position even further forward (¢ = 60 deg) are in hand.

Only a few experiments were made with the small mid-slot (¢ = 30 deg, w,/c = 0-0002), a
the model was in this instance not entirely satisfactory because of inadequate sealing of screwed
fittings in the duct. Nevertheless, the lift results obtained were closely similar to those for the
large mid-slot at corresponding C, values.

The values of C, required to produce the theoretlcal lift increments 4C,, in the present quasi
two-dimensional tests are only about half the corresponding values in earlier two-dimensional
tests with subsonic and supersonic blowing from the shroud over the trailing-edge flap’. How-
ever, they are much the same as those needed in current N.P.L. tests with blowing from the

* On this theory, for ¢;/c = 0-25 and » = 60 deg, the change in no-lift angle due to flap deflection is only 1 per cent
less than the value 4% predicted by Glauert’s linear theory, but the lift-curve slope 4, is reduced by 44 per cent. Use
of the non-linear relation. (2) instead of (1) to give the lift increment at « = 0 deg leads also to a further reduction of
6 per cent in lift. For n = 45 deg, the respective decreases are 1, 2§ and 3} per cent.
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shroud on a 60 deg delta model. Consequently, the low C, values may be partly associated with
aspect-ratio effects, as well as with blowing from the flap itself or other improvements in technique.
This is not surprising since, for a prescribed change in sectional no-lift angle due to flap deflection,
* the resulting adverse velocity gradients over the aerofoil section will in general increase with the
lift-incidence curve slope, z.e., with the effective aspect ratio. It is also significant that the lift
increment due to flap deflection without blowing is a greater proportion of the theoretical 4C;,
in the present test (effective aspect ratio 3-3) than in the earlier two-dimensional tests.

4.2, Variation of Lift with Incidence.—Lift-incidence curves for a range of C, values with the
small rear slot (w,/c = 0-0002, ¢ = 0) are shown in Figs. 9a and 9b for = 30 deg and 45 deg
respectively, together with the curve for the plain aerofoil ( = C, = 0). The stalling incidence
(dC.[de = 0) is seen to be about 15 deg for the plain aerofoil and becomes some 3 deg and 5 deg
less respectively when = 30 deg and 45 deg without blowing. There are further reductions of
similar magnitudes when a moderate amount of blowing is applied (C, == 0-03) just sufficient to
prevent flow separation over the flap at zero wing incidence. For higher rates of blowing, there
is no further reduction and in some cases there is even a slight recovery of stalling angle. The
increment in maximum lift AC,,,, resulting from flap deflection and blowing is plotted against
C,in Fig. 12, and is of the order of two-thirds the corresponding lift increment A4C, at zero
incidence shown in Fig. 6a.

The lift-incidence curve for the plain aerofoil remains substantially linear up to « = 10 deg,
where there is a change in slope associated with the change in the characteristics of the laminar
separation bubble at the wing nose (see Section 6.1). The value of 4C,/dx at low incidences is
0-068/deg which agrees well with values from two-dimensional aerofoil data corrected to allow
for the effective aspect ratio 8:3 of the present model between end-plates. When the flap is
deflected without blowing, the lift-incidence curves are not usually linear except at appreciable
negative incidence. This is not surprising in view of the complex flow separation pattern on the
wing upper surface, which at low incidence consists of a laminar separation bubble at the nose
followed by a region of turbulent attached flow and finally turbulent boundary-layer separation
at the flap knee (see Section 6.1). The linearity of the lift-incidence curves below the stall is
much improved, however, by moderate amounts of blowing (see Fig. 9b), sufficient to prevent
flow separation on the flap. The value of dC,/dx becomes much the same as for the unflapped
aerofoil and tends to rise slightly with greater rates of blowing.

Figs. 10 and 11 give the lift-incidence curves for the larger rear slot (w,/c = 0-00033, ¢ = 0)
and for the larger mid-slot (w,/c = 0-00033, ¢ = 30 deg) respectively. The corresponding curves
of AC; ... against C, are included in Fig. 12: The change in slot width made no significant
difference to the effectiveness of blowing at a given C,. The forward movement of the slot
position yielded only slightly better results with » = 30 and 45 deg, but for » = 60 deg the
improvement was remarkable as already mentioned in Section 4.1.

With powerful trailing-edge flaps on thin straight wings as considered here, the wing lift ceases
to increase with incidence at quite small angles. The application of boundary-layer control at
the wing nose, to increase lift by raising the stalling incidence, is therefore particularly attractive
since the penalty of abnormally high wing incidence is not encountered. Experiments are to be
made on the present aerofoil with blowing from the knee of a simple leading-edge flap (hinged
nose). For thin aerofoils, this scheme should be much more effective than blowing close to the
leading edge without deflecting the nose.

4.3. Ejffect of Increased Slot Lip Thickness—Fig. 13 demonstrates that thickening the upper
lip of the large rear slot decreased the lift produced with » = 45 deg at constant values of « and
C,. Witha = — 10 deg and C, = 0-03, the lift falls little at first below that for the unthickened
lip, e.g., the.C; value is reduced by only 0-02 when the total slot lip thickness / reaches 0-038 in.
(l[w, = 3), but then decreases steadily, so that when / reaches 0-166 in. (//w, = 14) the C, value
1s reduced by about 0-25. At the same negative incidence, but with the higher C, value of 0-058,
the trend is the same, though the reduction in C; is slightly smaller. At zero incidence, which is -
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only a few degrees below the wing stall, the C, value decreases more quickly with increasing lip
thickness right from the start ; the reduction in C, for I = 0- 166 in. is about 0-3 with C .= 0-03
and again slightly less for the higher C,. Since the largest lip thickness was only about one-third
the thickness of the turbulent boundary layer just ahead of the curved nose of the flap, lip
thickening probably had no significant effect on the boundary layer ahead of the separation point.
On the other hand, under still-air conditions, the jet thickness would only reach the value
/= 0-166 in. about 1 in. distance behind the exit, 7.e., more than 3 per cent chord downstream
of the separation point on the flap knee.

4.4. Effect of Local Slot Blockage—Fig. 14 gives a few results on the effect of local slot blockage
on the sectional lift coefficient, plotted as a function of the C, value for the aerofoil as a whole* ;
they refer to blowing through the large rear slot with « = 0 and 5 = 45 deg. A single block
(spacer) of half-inch width led to no significant reduction in the sectional lift increment obtained
at moderate C, values (== 0-03).  Moreover, the addition of three half-inch blocks each side of
the pressure holes, spaced so as to leave regular half-inch gaps, reduced the sectional lift co-
efficient less than 0-1 for C, > 0-05. Similar experiments with one-inch blocks, however,
increased the losses in sectional lift coefficient to 0-25 or more.

A more elaborate investigation of the effect of slot blockage on both the sectional lift and
overall wing lift coefficients will be possible by pressure-plotting and balance measurements now
being carried out on a 60 deg delta-wing model. :

5. Putching-Moment Results—TFig. 15 gives curves of pitching moment C,, about the quarter-
chord point plotted against lift C, for » = 30 and 45 deg, with blowing through the small rear
slot at constant C, and varying «, and vice versa. The C,, vs. C, curve for the plain aerofoil is
included for comparison, and is typical for thin aerofoils exhibiting both short and long
(expanding) separation bubbles through the incidence range’. The curve is reasonably straight
and the aerodynamic centre moves little away from the quarter-chord point below C, = 0-5
(« = 8 deg), while the stall is both gentle and stable (see Fig. 15). When the flap is deflected,
the curve is as usual moved bodily downwards to more negative C,, values, and tends to become
more non-linear. The stall occurs at a lower incidence (but higher lift) than for the plain aerofoil
and remains stable. When sufficient blowing is applied to prevent flow separation on the flap,
the C,, vs. C; curves (C, constant, « varying) are displaced to even more negative C,, values, but

become reasonably straight again below the stall; the stall occurs still earlier and becomes
unstable.

The C,, vs. €, curves at constant incidence, with C, varied, are in general straight and parallel.
For 5 =30 deg, they also pass through the corresponding points for the plain aerofoil
(n = C,=10). Theratio — 4C,/4C, of the increment in nose-down pitching moment to the lift
increment produced by flap deflection and blowing is therefore sensibly constant at about 0- 25,
so that the centre of pressure remains close to the half-chord point. Tor # = 45 deg, the value
of (— 4C,[AC,) is only 0-23 without blowing, but rises again to about 0-25 when blowing is
applied. These values are somewhat larger then 0-17, the result predicted by linearised theory,
but agree well with the results of German tests with subsonic blowing from the wing shroud over
the trailing-edge flap on a 9 per cent thick wing section'. The difference between experiment and
theory could partly be accounted for by the nose-separation characteristics of thin sections. -

. The pitching-moment curves for the large rear slot (Fig. 16) and the values of — 4C,,/4C, are
in general similar to those just discussed ; a difference occurs in the C,, vs. C; curves for the flap

deflected without blowing, over the negative incidence range. The curves for the mid-slot position
are again little changed fory = 30 and 45 deg (Fig. 17). Fory = 60 deg, the value of — 4 CalAC,
‘without blowing is only 0-2, but it again rises to about 0-25 with moderate amounts of blowing.

* This is as usual based on the measured mass flow fed to the aefofoil, the theoretical blowing velocity for isentropic
flow, and the boundary-layer control area S’ of the wing corresponding to the spanwise extent of the whole slot.  The

sectional C, value at the open areas of the slot is slightly higher, in the ratio of the old unblocked slot area to
the new slot area, . o
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6. Flow Characteristics and Pressure Distributions.—6.1. Development of Separated Flow
Regions.—For the plain aerofoil, tuft observations indicated smooth flow over the upper surface
of the aerofoil up to 9 deg incidence. Both the pressure distributions (Fig. 18) and china clay
observations confirmed that the laminar separation bubble was contained within the first 2 per
cent chord. As the incidence was raised beyond 9 deg, the tufts showed separation close to the
leading-edge with the position of turbulent reattachment moving steadily rearwards. At
incidences of 12 and 15 deg, the separation bubble extended back to about mid-chord and the
trailing-edge respectively.

For flap deflections of 30 deg or more, without blowing, the flow over the trailing-edge flap
was completely separated at all the aerofoil incidences tested. The behaviour of the separation
bubble on the aerofoil nose with variation of incidence was similar to that for the plain aerofoil,
except that the incidences at which the bubble began to expand or at which separated flow
extended right back to the trailing-edge were some 3, 4 and 5 deg less with 30, 45 and 60 deg
respectively. These decreases occurred because, at a given incidence, the adverse pressure
gradients over the aerofoil nose became steeper with the increased circulation arising from flap
deflection. It will be recalled from Section 4.2 that the stalling incidences (dC;/dx = 0) were
also reduced by roughly these amounts due to flap deflection.

With moderate amounts of blowing, the nose bubble began to expand at incidences up to
2 deg earlier than without blowing, depending on the flap deflection.” When the C, value was
increased much more, say by 0-1 to produce supercirculation, this incidence was reduced further
by up to 2 deg. However, the incidence at which the nose bubble extended back to the flap knee
seemed hardly affected by blowing, in contrast to the reduction of stalling incidence caused by
moderate amounts of blowing (see Section 4.2). Widening the slot had little upstream influence
on the development of the nose bubble, nor had forward movement of the slot position apart
from reducing the C, value needed to control the flow separation on the flap.

6.2. Pressure Distributions.—The variation of pressure distribution with incidence for the plain
aerofoil is shown in Fig. 18. As the incidence is raised beyond 10 deg, the region of fairly constant
pressure over the front of the laminar separation bubble at the aerofoil nose extends steadily
rearwards, while the maximum suction (— C,) falls instead of rising with incidence. The value
of — C, at the wing trailing-edge simultaneously rises (lower pressure, higher velocity), owing
to thickening of the turbulent boundary-layer at the trailing-edge, followed eventually by complete
separation.

Some representative pressure distributions to illustrate the effect of flap deflection and blowing
are given in Fig. 19a for « = 0 and # = 45 deg, with various rates of blowing through the small
rear slot. Without blowing, the peak suction developed on the flap is only small (— C, = 1-3)
and is located right at the beginning of the curved-flap knee (hole 16 in Fig. 4). There is a slight
Tecovery of pressure over the knee, but thereafter the value of — C, remains constant and positive
indicating completely separated flow over the rest of the flap. As the blowing momentum
increases from zero, the peak suction on the flap knee increases and is located slightly further
rearward, while the extent of the constant pressure (separated flow) region decreases. Simul-
taneously the peak suction at the aerofoil nose also rises above the value — C, — 1-7 achieved
without blowing, but to a much smaller degree than that at the flap knee, partly because there
is no form of boundary-layer control to prevent separation at the aerofoil nose, and partly because
the aerofoil is strictly not two-dimensional, so that three-dimensional downwash effects reduce
the nose peak at mid-span. For example, with C, = 0-029, the values of the peak suctions at
the flap knee and aerofoil nose respectively are — C, = 7-4 and 3-6. The peak on the flap
has then moved back about half-way round the curved knee (hole 18). There is no constant
pressure region on the flap upper surface, and — C, = — 0-3 at the trailing-edge, thus implying
that separation is completely prevented on the flap. When the C, value is increased further to
0-51, so that supercirculation above that corresponding to attached flow is produced, the values
of — C, rise only to 8-2 and 4-3 at the flap knee and aerofoil nose respectively, while at the
trailing-edge — C, falls only to — 0-85. Fig. 19b shows a similar range of pressure distributions
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for blowing through the large mid-slot at zero wing incidence. In this case small undulations
appeared in the pressure recovery from the minimum on the flap knee to the trailing-edge pressure
when the C, values were large enough to produce supercirculation.

In order to provide some idea of the variation of the pressure distribution with incidence and
flap angle as well as blowing (without recourse to numerous graphs), the peak suctions measured
at the aerofoil nose and the flap knee have been plotted against « in Figs. 20 and 21, together
with the trailing-edge pressure, for # = 30, 45 and 60 deg with blowing through the large mid-slot. .
The incidence at which the largest nose peak suction is reached (Fig. 20) is practically the same
as that at which the nose bubble begins to expand (see Section 6.1). For a fixed C,, the peak
suction on the flap knee and the trailing-edge pressure (Fig. 21), remain fairly constant as the
incidence is first increased, but eventually the flap peak suction begins to fall rapidly. Simul-
taneously the trailing-edge pressure diverges from its small constant value (— C, negative)
towards its value without blowing (— C, positive), though this change is somewhat delayed at
high blowing pressures corresponding to supercirculation. Comparison of the curves in Figs. 20
and 21 suggests that blowing over the flap becomes less effective as the sepeuatlon bubble on
the aerofoil nose expands.

6.3. C, Values to Prevent Flow Separation on F lap.—The minimum amount of blowing needed
to produce attached flow over the flap is difficult to estimate precisely because observations were
not made at enough C, values over the lower end of the range*. Because the flow over the flap
is usually highly turbulent, a better indication of attached flow than tuft studies is probably the
development of a small positive trailing-edge pressure (— C, negative) accompanied by a large
peak suction at the flap knee, as discussed in Section 6.2. This is further illustrated by Fig. 22
where the variation of the flap peak suction and the trailing-edge pressure with C, is plotted at
constant incidence.

For the small rear slot, the C, values needed to ensure attached flow on the flap with » = 30 and
45 deg did not exceed 0-02 at small or negative incidences. However, as already commented
in Section 6.2, the value increased appreciably with incidence once the separation bubble at the
aerofoil nose began to expand, 7.e., when the thickness of the turbulent boundary layer just
ahead of the blowing slot rapidly increased. For example, the required C, value was more than
doubled when « increased from 0 to 5 deg, ¢.e., when the nose bubble spread back to 20 per cent
chord. With » = 60 deg, a C, value of 0-15 was needed even at a = 0 deg.

Forward movement of the slot did not lead to much improvement in the C, values for 4 = 30
and 45 deg. However, for n = 60 deg, the C, values required at incidences of 2 deg and below
were not more than 0-04 with the mid-slot, a large improvement indeed. As the incidence was
raised above 2 deg, and the nose bubble expanded, the C, for » = 60 deg with blowing through
the mid-slot steadily increased to the large value needed with the rear slot.

In general, the blowing momentum required at zero incidence to prevent flow separation on
the flap was slightly lower than that required to produce the linear theoretical lift increment
AC,, due to flap deflection with blowing. This is to be expected since the linear theory tends
to overestimate the lift increment for unseparated flow at large flap angles (see Section 4.1).

7. General Conclusions—The blowing momentum coefficient proved to be a reasonably
satisfactory parameter for correlating the lift increments obtained with the two slot widths
(w,fc = 0-0002 and 0-00033), over the normal practical range of C, (0 to 0-15) and pressure
ratio (pp/pe = 1 to 5). This agrees with the David-Taylor Model-Basin supersonic blowing
results®. -

Blowing through the rear slot, located at the intersection of the round nose of the flap and the
straight upper surface of the wedge-shaped trailing edge, was quite effective for flap angles up
to 45 deg, but not for = 60 deg. Movement of the slot forward to about half-way round the

* The C, values required were much lower than originally envisaged.

1 The correlatlon of earlier German subsonic blowing results! on a C, basis was far from satisfactory but was never--
theless superior to correlation in terms of Cy.

10



flap knee when n = 60 deg, ¢.¢., roughly at the peak suction for attached flow, led to a remarkable
improvement with » = 60 deg, and a slight improvement with » = 45 deg. Tests are in hand
with another slot position further forward still, primarily to investigate the effectiveness of
blowing at flap angles of 90 deg and beyond, but also to simulate blowing from the shroud with
7 = 60 deg.

The C, values needed to give the lift increment 4C, , predicted by linear theory for unseparated
flow', as defined by equation (1), were 0-014, 0-028 and 0-07 when 5 = 30, 45 and 60 deg
respectively, with the aerofoil at zero incidence and blowing at the mid-slot position. The
corresponding values needed to ensure attached flow on the flap were slightly lower, as expected.
These C, requirements are considerably less than those of earlier two-dimensional tests"®. How-
ever, a considerable part of the reduction may well be associated with the low effective aspect
ratio (lift-incidence curve slope) of the present quasi two-dimensional model, as well as with
the improvements in blowing techniques.

The increments in maximum lift due to flap deflection with blowing were only about two-thirds
" the corresponding lift increments at zero incidence, because of the reduction in stalling angle.
With high rates of blowing, however, the stalling angle tended to increase again and the lift-curve
slope began to rise above that for the unflapped aerofoil. The separation bubble on the aerofoil
nose began to expand when the incidence reached only a few degrees and simultaneously the
blowing momentum needed to prevent flow separation on the flap tended to rise.

An increase in the ratio of slot lip thickness to slot width, from below unity to a normal full-scale
value (say 3), caused only a small reduction in the lift increment due to blowing, but higher
ratios seem undesirable. A single spacer up to half-inch wide had a negligible effect on the sectional
lift coefficient in the vicinity. Moreover, the reduction of sectional lift from the addition of a
further three spacers on each side, half-inch wide and with regular half-inch gaps between, was
less than that due to the presence of a single spacer one-inch wide.

The chordwise position of the centre of pressure moved steadily rearward with both flap
deflection and blowing. The ratio — AC,,/AC, due to flap deflection without blowing was 0-25
for n = 30 deg, but fell to 0-2 when = 60 deg.” However, with blowing, the ratio quickly rose
again to 0-25 at all flap angles.

The pressure distributions discussed in Section 6.2 illustrate the variation of chordwise loading
on the aerofoil with incidence, flap angle and blowing. Moreover, the values of the pressure
minima on the aerofoil nose and the flap knee, together with the tra111ng edge pressure, give a
useful indication of the development and suppression (by blowing) of the separated flow regions.
Boundary-layer explorations on the upper surface of the flap and some wake-drag measurements
will be reported separately.

From a purely practical standpoint, the present experiments clearly demonstrate that a
satisfactory spanwise distribution of blowing slot velocity can be achieved with the simplest
cylindrical duct, provided the duct velocity is not much greater than say one-tenth the slot
velocity. For supersonic blowing, the loss in pressure down such a duct is relatively insignificant’
compared with the mean duct pressure. The analysis of lift results shows that, at least for
low aspect-ratio wings, much smaller C, values than hitherto envisaged are required to ensure
that the flap gives the theoretical lift increment at low wing incidences. However, it is obvious
that the benefits of such powerful trailing-edge flaps cannot be enjoyed to the full on thin wings,
unless boundary-layer control is simultaneously applied at the wing nose, so that positive wing
incidence still remains an effective and usable method of producing lift. For this reason, experi-
ments with blowing at the wing nose are being carried out in conjunction with the further work
on trailing-edge flap blowing and on jet flaps.

8. Acknowledgements—The computational and graphical work associated with the reduction
of observations was carried out by Miss E. M. Love and Miss L. M. Esson. Miss A. K. Kernaghan
assisted with some of the experimental work. The model was designed by Mr. N. Marcus and
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LIST OF SYMBOLS
Speed of sound
Slope of lift-incidence curve
adC,|de
Throat area of blowing slot
Aerofoil chord
Flap chord

Lift and pitching-moment coefficients (about %-chord) obtained by
chordwise integration of surface static pressures measured at the
mid-span station ~ '

Increments in C; and C,, due to combined flap deflection and blowing
Datum lift increment given by linearised theory '
@, . A .7m; See Section 4.1

Blowing-quantity coefficient

M|p,U,S’

Blowing-momentum coefficient

Muv;[4p,U2S’

Surface static-pressure coefficient

(& — Po)[3pUs*

1 — (Hy — P) /30Uy

Thickness of slot upper lip

Mass flow (slugs/sec) of blowing air fed to model

Surface static pressure

Main-stream static pressure, total head, density, velocity, and tempera-
ture

Blowing duct (stagnation) pressure, density and temperature
Main-stream Reynolds number

Uglv

Universal gas constant

Wing plan-form area corresponding to spanwise extent of boundary-
layer control

Blowing velocity assuming isentropic expansion from the duct to
main-stream pressure (see Section 3.3)

Slot throat width; w,/c = 4,/S’ for uniform unblocked slot on a two-
dimensional model

Chordwise distance aft of aerofoil leading edge

Aerofoil incidence

No-lift angle

Ratio of specific heats = 1-4 for air

Angle defining slot position on flap knee (see Fig. 3)

Trailing-edge flap angle relative to aerofoil chord-line
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Standard Table fo? Blowing Pavameters

TABLE 1

PD i Ed B
Po ap U, Co Cu
1-0 0 0 0 -0
1-1 0-3665 4094 0-00168 0-0138
1-2 0-5038 5-627 0-00237 0-0267
1-3 0-6009 6-712 0-00289 0-0388
1-4 - 0-6770 7-562 0-00333 0-0504
1-5 0-7396 8-261 0-00371 0-0613
1:6 0-7927 8-854 000405 0-0717
1-7 0-8387 9.368 000436 0-0817
1-8 0-8792 . 9821 000465 0-0913
1-9 0-9153 10:224. 0-00491 0-1005
2-0 0-9478 10- 587 0-00517 0-1095 -
2-2 1-0042 . 11-217 0- 00569 0-1276
2-4 1-0519 11-750 0-00621 0-1458
2.6 1-0930 12-208 000672 0-1641
28 1-1288 12-609 0-00724 0-1826
3.0 1-1606 12-964 0-00776 0-2011
3.2 1-1890 13-281 000827 0-2198
3:4 1-2146 13-567 000879 0-2385
36 1:2379 13-827 0-00931 02574
3-8 1-2592 14-065 0-00983 0-2764
4-0 1-2788 14-284 0-01034 0-2955
4-5 1-3216 14-762 0-01164 0-3435
5-0 1-3576 15-164 0-01293 0-3921
5-5 1-3885 15-509 0-01422 0-4411
6-0 1-4154 15-810 001551 0-4905
65 1-4391 16-075 0-01681 0-5403
7-0 1-4603 16-311 0-01810 0-5905
75 1-4793 16-524 0-01939 0-6409
80 1-4966 16-717 “0-02069 0-6916

The asterisk denotes that the values are appropriate to the following reference conditions:

To scale to other conditions, we write:

where

Uy

- _ 100 a4,

© =T, 1117

- 100

ay?

Tn 1/2
(To) » T

(445

» = T, (111724 x 10-*

U B Com= FyCgty, Cu= FCp
— T D’ e Feva [ g

_ 100 a4,
U, 1117

7,
T,

)1/2

(4:/S7)
4 % 1074

14

U, = 100 ft/sec, ay = 1117 ftfsec, T, = T,; also 4,/S’ = 4 x 10~* for the values of Cp* and C,*.



F16. 1. Trailing-edge flap blowing model.

2222222 IIIIIIIIIIIIIIIVIIIYY
I
|

/) |
[ > |
4 5 / Il 1 |

Air flow in tunnel AI ol |F |

—_— ; elro oi ap aft 7fE

1 ! |

! |
I/ ” ; :
Safet :
valveg :
LI5 pressure Y
controller Globe 77777277, CLELOL LT L7

valves Orifice
ﬁ plates
a 1 ™
2" 1.D. rubber hose
5
| o
RL4 RL6 i R
reducing valve reducing valve I= 1.0 calibration pipes
80 p.s.i. )
350 £o 100 p.s.i 0 to 60 p-s.i.
Fic. 2.

Arrangement of trailing-edge flap blowing model and external ducting.
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Cross - section

Fic. 3. Blowing duct and slot construction.
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F16. 4. Static-pressure hole positions on wing nose and trailing-edge flap.

16

Tie-rods : every 2in.



e mE=Z T 15
/
I-25 12:5
10 10
3
Qp
075 7_5
yL
UO FV
05 - 5
2
Foolo a L;)
v U, 7 T,
025 = | when UO=IODﬂ:/sec,ao=m7ﬂ:/5ec Jas
and T,=T, §
Q [ I | 0
0 I-5 2-0 25 30 35 40 4-5 5:0 5.5 60
‘ PD/PO

F1G. 5. Theoretical variation of blowing velocity with blowing pressure ratio.

17



81

25

225

20

175

075}

05

0-25

I
T(AC,,, 7=60)
-t
s
v
- (AC, .. 7:45")
4
Q
Q
L4
A0 p,
Ly
a
e |(AC, ., 7=30")
Small rear-slt
Symbol | 7 °
a=0°] o 30
D— o 45
I 60
C =-0-02 for
a=7 =C/“ =0
0 0-05 010 015 0-20 025 0-30
Cp

F1G. 6a. Variation of flap lift increment with momentum
coefficient and flap angle at 0 deg incidence.

250

225
i
200 /"/ f
o]
75 A (€, 7=60 )
[»]
50 5
C
L °ﬂ/
125 4\/)‘"
.4./_(ACU.3 n=45")
-00
Small rear-slot
Symbol 7°
o
075 a:_‘"? o 45
/ A 80
00
1\‘6 {C,_ro‘is for ]
. @ =-10°% 7=C,,=0
05D T
o]
025
e
] D-05 010 (LR E C,u 020 025

0 30

F1c. 6b. Variation of flap lift increment with momentum

coefficient and flap angle at — 10 deg incidence.



(3883L)

030

25 - T T
—e—s Oy
: (Ac ., =60)
i
- L
‘: /7/
N
20 /«7\/
7“—- (AC, ., n=45° //
75
| o—
” = /
o
K25 ‘ /A:—<—— (ac =30°)
- 3 e 7
© ¢ .
0
Large_rear-siot
Symbol | 7°
- ol o 30
0 19 a —O o 45
A €0
[C,_:-o-oz for ]
05 a=7=Cu=0
025
o L
0 0:05 010 015 0-20 025
Cu
Fic. 7a. Variation of flap lift increment with momentum

coefficient and flap angle at 0 deg incidence.

250
225
2:00
o
175 o T (ag, 9=60))
A [4)
50 _
| o~ Large rear-slob
/ ngbol 710
. " a=-00] o 30
L . o 45
Ce—f(BC, . 7-45%) A 50
G [CL=—0-59 for ]
a =-105 p=Cy =0
1-00 / R =
075 0=
0° %D"'D‘
A
1\
-]
: ’(,00 < (ACLb’ 77:30 )
0-50 L\
[
025
I
0
0 0-05 0-i0 015 Cp 0-20 025

030

F16. 7b. Variation of flap lift increment with momentum

coefficient and flap angle at - 10 deg incidence.



0G

&0
25 e . 250
. ©
74“(ACL&, 7=60°)
Q
’rAe -D/
2:25 / M 228
. c>/ .
Fe
20 — . 2:00 /
s
P
A\
- (AC g, 7 =45")
& (BC . 7=60")
175 175
Lo
. 150 N
15 - 'Y P
0,
CL
125 - s 125
arge mid-sio
. T . — (8,1, 7=
A Symbol | 7°
o a=0" | o 45° 1-00
a | s0° [ Large_mid- slob
[CL=—0~02 for ] | Sumbelf 7°
075 w=7=Cu=0 . 075 a=0l o 45
7 , s 60
C_=-069 for
o
a= -0, 9=Cy=0
05 05
025 025
0 0
0 005 0-l0 015 020 025 030 0 005 010 0158 ¢, 0720 025 0-30
Cu M -
FiG. 8a. Variation of flap lift increment with momentum " Fic. 8b. Variation of flap lift increment with momentum

coefficient and flap angle at 0 deg incidence. coefficient and flap angle at — 10 deg incidence.



(c8saL)

IS

2:50

Small rear-slot 230

Symbol} Cy /j-/q-\—?\
) =30 0 f\
225 =301 692 - 225 P f :
' X
/’f./“if\\:\\ ™ | Small rear-slot

xXpa

0-085

200 200
¢ + Symbol| Cp
P —r— //- - :
1-75 ‘ za 175 7].1450 4 (0028
/ . o Jo.0s2
X /—' x |o-08
/ / v lo-27
50 - o [o0173] .

S
Ix Sz | /
125 54

- /| . o, .
IR P

V - ) pe =
- / — 050 /

025 /] \ /]

(@
R
x \
%0
o]
n -—
[us v
N
Q
&
\\O

025

o .
v - . 0
10 S 0 S ° 1Q 15 20 =10 -5 b' 5 «® 10 15 20

Fic. 9a. Variation of lift with incidence at constant C » for F1c. 9b. Variation of lift with incidence at constant C,, for
1 = 30 deg. ‘ _ . 1 = 45 deg.



44

250
Large rear-siot

2-25
Symbol} Cp
- ) 0
n=39 2 |o0s0
x | o072

2-00,

T
Y % Ve
/

K
AN
N

050 / 7=Cu=
025 / /
0 4
Jo s 0 5 . 10 13 20

Fic. 10a. Variation of lift with incidence at constant C,, for
. n = 30 deg.

2.50

225

2:00

1-50

0:75

0-50

025

0

@

(_Jﬂ‘
/ N
A Large rear-slot

//0 Symbol | Cu

Y L I

=] 0058

v 0-1§6
/7’_\

/ / 77= C,u=0

230 -5 d 5 o 10 15 20

F1c. 10b. Variation of lift with incidence at constant C, for

7 = 45 deg.



250 ' ’ l 250

large mid -slot

225 Symbol| Cu 2.5
=30°| o 0
7 + {o-018
b 0-037
X 0-082

2:00

/
|/

/

2:007

75

ya

1-80 1-50

125 :
X 4 .
La id-sl
o - Y Tl
’ m AL
oY

1-00

n=45°( © o]
- + [|o-018
s |o0-037
[n] 0-053
2
e /F—\' v 0.3 /V\'

075 ' 4 /

0-50 /

0 fvo
-10 -5 o¥ 5 10 15 20 % -5 od 5 . 10 15 20
a

0-50 : // 7=C=0 ||

ao

F16. I1a. Variation of lift with incidence at constant C o for F1c. 11b.  Variation of Lift with incidence at constant C 1 for
7 = 30 deg. 7 = 45 deg.



250 —

225

2 DDW

175

¥C

075
050

02%

A

Symbol| Cu
[ 0
ol & |0-037
=60 g |o-053
x |o-082

v 0131 /‘r\‘

Large mid-slot \l

/s
7=Cy=0

10

Fic. 1lc.

-5

0 15 20

Variation of lift with incidence at constant C,, for

7 = 60 deg.

2:50

225

2.00

’(\//60 \\“&.DE_
‘(;9
,ﬂ\o“/ @V‘J\o ;
@
°°
Nl
o
o0
74

1-25

AC

1-00

Large mid-slot
Small rear-slot
Large rear-slot

Large mid-slot

Small rear-siot
Large rear-slot

Large mid-siot
050 T
Cppp ™ 085 for
n= C/u_= 0
025
0 015 020 025
Cu

0-30

Fie. 12. Variation of 4C;,,, with C, at constant flap angle.



GG

|

4

250
Large rear-slot
2.25 Symbolj Cu
n=45"[ A |0-030
o | 0-058
2:00
Cl-—\
R C/L=O 054
T—a
175 \\\
A— : —
M\~c _ /e
# “0030'\ "\
160 \ \
sy
1-25
L \o_\
.
o0 *\__ C#=003 .70\_
\
\‘K
075 :
Slot lip thickness 2 0-006 in.+ Porvic thickness
Slot width =0-012in,
0-50
025
. Slot lip thickness /slot width
] 4 6 8 o 12
I I [ [ | I
0-050 0.075 0-100 0-125 0-150

0.025
Porvic thickness (in) added to lip

F16. 13, Variation of C, with increase in slot lip thickness.

25

225

//—9”—
- -
2- gl 1+ -
0 /// Hf‘ov/
xé 97
” s,
Y
iy &)
1175 ’ V.
U4 7/
2
I, 1
1 ol
Iy
-5 L
!
/ o ﬁ .
! ,":| " Large rear-slot -
Iy
r25 X1 Ai? : [a=0° ] 7745 |
77 g
1]+ .
CL /,’,fg Line of
2 pressure holes
-0 Symbol i /slot width —
mmX=- ' 0-012 in.
a 1
A )
p7sl S
’% | '5
—p=-n [
i
+ -
]
05— WA (S SRR e e——]
ke b ke
I
025
0
0 0-05 [ 0-15 C,u 0-2 025 03

Fic. 14. Variation of lift with slot blockage.



D"?f’*
-025
Cm
(% chord)
...50 _\20 ~\0° \211
Small rear-slot
-050
Symbel Cu
= ag®] © 0
=" a |o0-029
% 0-085
-075
[o] 025 0-50 0-75 .00 c 125 50 1-75 2-00 225 2:50
L
Fic. 15a. Variation of pitching moment with lift at constant C, for 4 = 30 deg.
0 0° 20 1 ;a‘
-10° -5
025} #= Spoe——T—°<]
cn, \\\\ \\\‘\\
(% chord) x{ﬁ
L A
Small rear - slot j} :
-050 Symbol] Cp :}[ S
o] [¢] 0 oz \\J ) a0
n=45 a 0-028 — =
o }o-052 o |0
x | o008
v |o127
¢ Jo-173
_0.7:
0 025 0-50 075 100 C 125 150 175 2-00 225 250
[

F1c. 15b. Variation of pitching moment with lift at constant C, for n = 45 deg.

26



Large _rear-slot

-0-50
ngbol Cp_
n= 30’ o 0
5 }0-030
% [0.072
-075
0 025 050 075 1-00 125 ¢ 180 175 200 2:25 250
Fi16. 16a. . Variation of pitching moment with lift at.constant C, for » = 30 deg.
e . .
o 2° 5
-1 o 90 5
C,=0f0e——ag > -2
L ~ SN S S
-025 ~ _ ~, - N \x
Cm \\\\
(% chord)
Large rear slot
-0-50
Symbol | Cu
) 0
n=45 a 0.030
o 0-058
v G-1t6
-075
0 025 6-50 0-75 1-00 125 (¢, 150 175 2:00 225 2:50

Fic 16b. Variation of pitching moment with lift at constant C, for n = 45 deg.

27



250

0° 50 70 10" 12° )
2 5 7 7=Cy=0
I5°.
20" ,
7 10
LN
-10° -7° -5° -2 o % L sh
= -_QA\_\C\__LOQH\ < ~J - >~
0251 Cu=0 Pa TN s N B e =i
. ~ - ~ ~ -
\\\ \\\ \\\ \\\\\\\ :ﬁ/\f\ \/+\ Iy
Iy ~ ~ ~ S ol >~ > >
(' Chomd) 0-0!80:7?7\#&4\ S, Y ‘Qyﬂ‘\\ /’S‘o\~10o
= chor <] 3 T ~ ~7
) oos; sov; T~ S ~ /"‘,\
. " . ~ o
a=:IO° o \_79 \--5~° "w—\—.:x“__)<.~ o 5
4 =% N | ?
Large mid-slok
-0-50 I
Symbol| Cp
o © 0
=201 + oo
A 0037
X 0082
D75
0 025 050 075 1-00 2 ¢, 150 175 200 225
F16. 17a.  Variation of pitching moment with lift at constant C,, for = 30 deg.
O Y T TP
Mo 2° 50 75 ¢ 120 n:c,:uo
5%
202,
rd
o
—'on -7 _5\0 —20 on
~p- =0 o0 D
025 Cu=0 SN S B =
N ~ ~o ~
o o ~d
~ ~ ~
~ - \\ ~
Cm ~ ~ -
~ Y
(7; chord) ~
o-otal ™
Large mid -~slot 07037 —no
i Symbol] Cu
o 0
—a4c°| + 0-0!18
Vﬁ A Q-037
a 0-053
v 013
—-0:75 ~ 1
o) 025 050 075 100 [-25 C, 50 75 200 225
F1c. 17b.  Variation of pitching moment with lift at constant C, for % = 45 deg.
p g p g

28

250



0‘ B A Y la
T 5° 7° 0 12° eC =
0" 2 . 7 Clu 0
15
205/ »
s
o7
o §..0 ~ ,6’\
-IO° -7° -5° _20\01“_ 2\ T~ P >~d
—0-25 C =O LY I £ Fo? < ~
T S~ Sol T o ~< © \h
~ N ~ o \.\ SO \\\ x = - .
S ‘\\ \\\ ~ \~\ \\\ ‘M\\\\ N
c ~ \\ \\ ~ N N ~ ~ Yy %V\
m . ~ N ~ ~ ~ ~2\ Ji0°
(lchord) ~ b PN S o N > ~ e \\\\
4 Large mid -slot N N ~ ™~ ~ ~
Large_mid = siob ~ S e ~ o S So ~o x\\
~ ~
Symbol] Cu S L >~ - 0~ RN >~ 77
050 P 5 ~. SO Sa ~ \\ ~{ K‘\
77=(;0° A |0037 I~ T RN TN ~ \ \ < .
| o |oo0s3 S o 1o o~ <« N ~ “
x |0-082 0037 et NN L N 3 |
v |03t 0083 g~ -« {\/ ~
0-082 el R ~ ~ :x‘ S0
~ oo —x s LA
03 I AT
> e ~ a2 ~
a="l0 -7° "5 -2°
-0-75 : |
0 0-25 @50 075 1-00 125 C. 150 75 200 2:25 2-50 275
Fic. 17c. Variation of pitching moment with lift at constant C, for 5 = 60 deg.
5
4
ﬂ Small rear- slok
3
Symbol | @®
-CP ° [
o 010 0-20 030 0-40 0-70 080 0-90 00

0-50 x/c 0-60

Fic. 18. Variation of pressure distribution with incidence for plain aerofoil.

99



90

B0 i\
Small rear-slot
70
Symbol Cu
) 0 1
n=45"|  + | 0014
60— a | 0029 2
o | o 0s
50
-CP
40
30

0 oo 020 030 . 040 050 060 070 0-80 0 90 100

F16. 19a. Variation of pressure distribution with C, for # = 45 deg and small rear slot.

30



Large mid-slot

7245

Symbol | Cyy
o 0
+ {0018
A |oo037
a 0053

—r

—

| ]

O

] | J '
o Fom—————1
g :\;%0\
y, *]‘ \ . -
0 010 0"20 0 30 040 0 50 .'I./C 060 070 0-80 0 90 |1 00

F1c. 19b. Variation of pressure distribution with C, for # = 45 deg‘ and large mid-slot.

31-



8 Large mid-slot
ngbol Cu
o o 0
7=30 0018
gk A 0-037
\ X 00872
Ny ’\x . Aerofoil :
‘ } nose
4 At i
—CP . &
' Large mid-slob
2 ‘ R ngbol C/u
] o 0
c X\ T s ooy
o . \ s e
i e o ~ <
k== f===4 TR Aerofoil
nose
-Io -5 - 0 5 o 0 15 20 4 N
8 Cp
‘ Large mid-slot .
% Symbol | Cy 5 y;
. 4 ) ) -
‘ N 7245 + | oo / ‘
6 A 0-037 o o
v 0131 - e S AR . N
/ 0 \ Ao
Aerofoil N U W ==
4 nose : S » [
_CP -2 -
-10 -5 Q 5 go [0 5 20
2 . L. ;
F1c. 20c. Variation of peak suction measured on aerofoil
nose and of trailing-edge pressure.
0
-2
-ip -5 0 5 o 10 15 20

Fics. 20a and 20b. Variation of peak suction measured on
W aerofoil nose and of trailing-edge pressure.



ge

8
I -0+ 082 x X ——X. LargE mid - sfot
Ek"——-x"’"(”_ \ g2 L L )
% L1 x\x Symbol Cu
a nee o o] 0
6 \ IID \ =2 0-0i8
0037 \ a 0037
- X 0-082
0018 - t —t \\ \
Pl T~
Y
SN
“c, \;
O\
2 AN
L,

Cu=o| .
D it ® etk ———0—,—
0 T.E

-
1
]
]
I
'y
i
& d
1
]
1]
-
i
1
1
!
W
y

e L l::::-‘_.:_;-:-—:- E;T_:'-i: ZTTRe
=2 L -
=10 -5 0 5 10 18 20
a
Fi6. 21a. Variation of peak suction measured on flap knee

and of trailing-edge pressure.

-2

Large mid-slot

Symbol Cu

) [
5| . 0-018
A 0:037
o3l - v 0-131

CP— ” ’
Flap knee \\

\L\A_
4\-’_
or
LR Yapmgueys , 2= = h
e A
O }ac—‘.:sz‘ﬂ:‘:‘::zg'.::q----T’

;

-10 -5 0 5 5, 10 15

20

Fic. 21b.  Variation of peak suction measured on flap knee
and of trailing-edge pressure.



76 1M (28S5L)

M 8Sf9 LM

NIVEIHE LVIYD NI AQULNIYd

18
Gy 013
" LMT,,-‘:\\
v
0:053
41 _
' 0037 Large mid-slot
Symbol | C,
o 0
| Flap knee 7:_@0 . 37
12t |
| o 0-053
. a v 0131
'[Oglzr~
| \
8
| 3
; \
4
; ~
2 —
e » T
TR .
30: =
Qi i of
=J0 5 0 5 o’ 10 15 20

Fic, 21c. Variation of peak suction measured on flap knee

and of trailing-edge pressure.

6 T
_e—0o " Flap knee
o 1 o |
_opola—0
s /B 2] =30
i/ | oot Aerofoil nose
2 if KV/”M
i ;?/
o _
M b e m = =2 Bt = B F T,—a,hng Bdge
|Large rear-slot
- ; Symbol | «
0 005 Cy 010 015 020 ° 0°
o= Flap knee I -10°
1 /X:;*
/
8 g & -
7]=45°

3
\o\

Lo Aerofoil nose

4l
-C
Pl
2
\
o I .
B2t O Omm b m b m b ps TrailiNG edge
-2
] 005 010 015 0-20 025
Cp

030

Fic. 22. Variation of peak suctions and trailing-edge
pressure with C, at constant incidence.




R. & M.

No. 30¢

Pubhcatlons of the |
Aeronautlcal Research Counc1l

ANNUAL TECHNICAL REPORTS OF THE AERONAUTICAL
RESEARCH COUNCIL (BOUND VOLUMES)

1939 Vol. I. Aerodynamics General, Performance, Airscrews, Engines. = 5os. (525.).
Vol. II. Stability and Control, Flutter and Vibration, Instruments, Structures, Seaplanes, etc.
63s. (65s.)
1940 Aero and Hydrodynamics, Aerofoils, Airscrews, Engines, Flutter, Icing, Stablhty and Control,
Structures, and a’ ‘miscellaneous section. gor. (52s.)

194.1 Aerc and Hydrodynamics, Aérofoils, Airscrews, Engmes, Flutter, Stabxhty and Control,
Structures.  63s. (655.)

1942 Vol. L Aero and Hydrodynaniics, Aerofoils, Airscrews, Engmes 755, (775) -
Vol. II. Noise, Parachutes, Stability and Control, Structures, Vibration, Wind Tunnels.
47s. 6d. (49s. 64.)

1943 Vol. 1. Aerodynamics, Aerofoils, Airscrews. 8os. (82s) .
. Vol. 1I. Engines, Flutter, Materials, Parachutes, Performance, Stability and Control, Structures.
: 90s. (92s. 94.)
1944 Vol. 1. Aero and Hydrodynamics, Aerofoils, A1rcraft Alrscrews, Controls 84s. (86; 64.)
Vol. II. Flutter and Vibratioh, Materials, Miscellaneous, Navigation, Parachutes, Performance,
Plates and  Panels, Stability, Structures, Test Equipment, Wind Tunnels.
84s. (86s. 6zz’)
1945 Vol. I. Aero and Hydrodynamics, Aerofoils. 1305 (1325. g4.)
Vol. II. Aircraft, Airscrews, Controls. 1305 (1325 9d.)

Vol. IT1. Flutter and Vibration, Instruments, Miscellaneous, Parachutes, Plates and Panels, .

Propulsion. 130s. (1325, 64.) ‘
Vol. TV. Stability, Structures, Wind Tunnels, Wmd Tunnel Techruque 1305. (1324, 64.)

Annual Reports of the Aeronautical Research Council—
1937 25 (25, 24) 1938 15, 64. (15. 84) - 1939-48 35, (35. §4)

Index to all Reports and Memoranda published in the Annual
Technical Reports, and separately—
April, 1950 - - - - . R.&M. 2600 25 6d. (2s. Ioa'.)

Author. Index to all Reports and Memoranda of the Aeronautical
Research Council—

190og—January, 1954 B ) R: & M. No. 2576 15}. (13s. 84))
Indexes to the Technical Reports of the Aeronautical Research
Council—

December 1, 1936——]une 30, 1939 R. & M. No. 1850 15 34. (15, 54.)
July 1, 1939——]une 30, 1045 R. & M. No. 1950  1s. (14, 24.)
July 1, 1945—]June 30, 1946 R. & M. No. 2050 15. (15. 24.)
July 1, 1946—December 31, 1946 R. & M. No. 2150  15. 34. (15. §47)
January 1, 1947-—]June 30, 1947 R. M. No. 2250 15, 34. (15. 54))

Council—
Between Nos. 2251-2349

No. 2350, 1s. 9d. (15, 11d.)
Between Nos. 23512449

R. & M.

R. & M. No. 2450 2s. (21, 2d)
Between Nos. 2451-2549 R. & M. No. 2550 25, 64. (25. 104.)
Between Nos. 25512649 - R.& M. No. 2650 25.'6d. (2s. 104.)
Between Nos. 26512749 R. & M. No. 2750 2s5. 6d. (25. 10d.)

Prices in brackets include postage

HER MAJESTY’S STATIONERY OFFICE

Yotk House, Kingsway, London W.C.23 423 Oxford Street, London W.r; 13a Castle Street, Edinburgh 23
39 King Street, Manchester 2; 2 Edmund Street, Birmingham 3; 1og St. Mary Street, Cardiff ; Tower Lane, Bristol 15
80 Chichester Street, Belfast, o through any bookseller.

&
&
&
&
'Published Reports and Memoranda of the Aeronautical Research
&
&
&
&

- 8.0, Code No, 233087

R. & M. No. 30



