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SUMARY

A series of pressure digtributions cver a NACA.O0015 wing with a
forward mgunted » chord split flap are presented. The results, obfained
by Clarke® in 1946, have not previously bteen published.

Two baslc types of pressure distribution are identified; and
these are associated with fully detached flow behind the flap, and
with reattachment of the flow to the wing surface. An intermediate
type ~ corresponding, it is suggested, to reatitaclment in the neighbour-
hocd of the wing trailing edge - is also identified.

The physical nature of the flow behind a flap is considered, and
some ideas on the mechaniasm of weattachment are suggested.
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1 Introduction

Force measurements on wings with forward mounted split flaps have
shown marked nop-linearities in the trim changes resulting fram
increasing flap deflection. This has been attributed to a reattachment
of the flow over the flaps to the wing surface, at the smaller flap
angles, and Helford and Leathers! found scme confimation of this from
tuf'v observations.

This note presents a number of pressure distributions over wing-
filap canbirations vwhich illustrate two basic types of flow, and appear
to confim that flow reattackment can occur., The results were obfained
by Clarke® in the High Speed Tunnel in 1945, in the coursec of an
investigation of the effccts of lach NMumber on the action of dive-recovery
flaps. The low speed results have not previously been published.

Pressure distributions, for a Mach Number of 0.3, at mid-span of
a part-span flap mounted on a NACA.O015 wing spanning the tumnel, have
been extracted from Clarke's results., The tests were made at two angles
of incidence, two flap angles, and throe chordwise positions of the flap.

Two basic types of pressure distribution are identified - one
resulting in a marked 1ift Increment, and the other in & small 1ift
increment, These two basic fypos are subscquently associated with
detached and reattached flows, respectively.

The physical nature of the flow is considered, at length, in
Section 5, where 1% is suggested that turbulent mixing behind a flap
must always result in closure of the boundary sireamlines, either on
the wing surface, or scmewhere downstream of the wing trailing odge.
It is argued that continuity of mass flow can only be attained in this
TR o

2 Experimental details

The essential details of the model have been extracted from Ref.1,
az follows:-

The wing was of 15 inch chord NACA.O0015 section, mounted wertically,
spanning the working section.

The flap had a chord of £ inch (% wing chord}, and extended over
the middle 3 feet of the span.

Pressures were measured, at a section midway along the flap, at
ten holes on each side of the wing. DPressures were also measured at
three points on the front surface, and one on the back, of the flap.

3 Repults presented

The pressure distributions presented are those obtaixé;ed by Claxke
at a Mach Number of 0.3, and a Reynolds Number of 1.4 x 109,

The tests covered tio angles of inoidence, of & = 0° and 4° ;
twio flap sngles, ¢ = 20° and 40° ; and three chordwise posiftions of

the flap, ? = 0,2 , 0.3 and 0.4 .

The pressure distributions for the cases set out in Table I are
plotted in Figs.1 - 11,

-3



Incidence Flap Angle Flap Position
a ¢ xp/c
o° -
0.2
20°
o 0.4
0
0.2
40° 0.3
0.4
o° -
0.2
. 20° -
A 0.4
100 0.2
Db

The pressure distributions* have been integrated to determine
1ift coefficients, Cj, , and pitching mament coeff'icients about the
quarter chord point, Cyr / . These valuesg are given on the apprupriate

o/ .

figures, and are also plotted against incidence in Fig.12.

The pitching .noment coefficients were also determined about an
axis through the £lap hinge. These are plotted as pitching moment
%
increments, ﬂCMx s against flap position, 'EF_ s in Fag.,13. Lift
i
increments, ACp , due to the flap are also plotted against flap position
in Fig.153.

L Discugsion

The pressure distributions, plotted in Figs.1 - 11, fall into two
main groups:-

(I) those in which the pressure remains sensibly constant on the
under surface of the wing behind the flap (see Pigs.3, &4, 6, 11) and
(I1) those in which there is a merked pressure recovery behind the
flap (sce Figs.2, 5, 8, 10).

X
One pressure distribution - that for the 40° flap , at -c;f- = 0,2 and

& = 1+O s showh in Fig,9 = appears to be of an intermediate type. It shows
a considerable pressure recovery, but a less pronounced one than the
members of group IT.

» The pressures on the flaps themselves have not been included in the
pressure diagramsg, but are included in the integratved 1ift and pitching
mament coefficients.
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b1 Group I

The pressure distributions exhibited by the members of this group
are of the type usually associated with fiaps near the trailing edge.
A large increase of pressure on the under surface is caused ahead of
the flap, This is followed by & considerable drop in pressure over
the flap, the pressure subsequently remaining sensibly constant. In
order to adjust itself to the much reduced trailing edge pressure that
results, the pressure falls over the entire upper surface.

L.2 Groug IT

The members of this group exhibit a gquite different type of
pressure distribution., Ahead of the flap it remains of the same fom
as for group I, tut the level of pressure is reduced. Behind the flap,
however, there is only a small range of relatively constant pressure,
and 'bh:.s is followed by & rapid, and considerable, pressurc recovexy.
The rapid yvecovery is then followed by & more gradual recovery of
pressure to the trailing edge, this final recovery belng of the same
order of magnitude as that obtained on the wing without a flap.

In all cases the pressvre recovered at the trailing edge is
closely that obtained on the plain wing. Hence, the upper surfaoce
distribution requires little adjustment, and is generally very close
to that on the plain wing.

43 The intemediate type

The pressure distritution shown in Fig.9 appears to be of an
intermediate type. It exhibits a larger mange of constant pressure
behind the flap, and the subsequent pressure recovery — though marked -
ig less rapid then those cceurring in the group II flows. The rate of
prossure recovery also continues essentially unchangsd up to the wing
tran.ling cdge ~ and the trailing edge presswre lies betwecn those
occurring in the group I and group II flows at the same incidence.

Thus there is some fall of upper surface pressure campared with the
plain wing.

hoi The effect on 1ift and pitching mcment

The 1ift coeffioients and pitching mament coefficierts rfor the
different configurations are plotied against ancidence in Fig.12., The
pitching moment, in that figure, is referrved to an axis through the
quarter chord point.

It is clear that the two main types of pressure distribution
result in widely different values of Cp . The group LI flows produce
Jif't coefficients very close to the corresponding plain wing values,
vhereas the group I flows show marked inereases of 1ift. The 11ift
slope showrs 1ittle c}mge, provided that the flow remains of the same

sic type. There is a marked loss of 1ift slope for the L0° flap at
0.2 chord fram the leading cdge - corresponding to a change of flow
fram group I at zero incidence to intermcdiate at L°.

The effect on the pitching moment 1z less marked. Here again,
however, 1t appears thet the slope of the curves is not much affected
provided that the flow type does not change. The 40~ flap at 0.2 chord
appears to produco a noticecable increase of slope compared with the
other cascs.

The camparisons are hased on mean slopes over the range o° to 1;-0
incidence =~ gince they depend on only two points for each curve.

~5-



The effects of the two different types of flow are, perhaps, more
clecrly seen in Fig.13, where lift increment, AC; , and pifching moment
increment, ACMx s are plotted against flap position. The pitching

T

nanent 1s here referred to an axis through the flap hinge linc, sc thot
differcnees in the 1lif't distribution in the neighbourbocd of the flaps
might show up more clearly.

The small 1ift increment of the group IT flows, compared vith the
large increment of the group I flows, is very clear.

The pitching moment increment shows the same trend in all cases,
viz. an increase with backward movement of the flap. This is due to
the fact that there is a build-up of 1lift ahead of the flap, in all
cases, feollowed by a loss of 1ift bchind the flap - or, aft least, by a
much reduced increase.

As the flap moves back along the wing, the build-up of 1ift ahead
of the flap takes place over a greater length of chord, resulting in an
increase of mament about the flap hinge line, The pressure distributions
show this to be more marked in the group I flows, hence the greater rate
of increasc shown for the 40° flap at 0° incidence in Fiz,13.

The actual level of the pitching moment increments appears to
depend more on the flap angle than on the type of flow, the 40° flaps
showing noticeably higher increments than are caused by the 20° flaps.
It would seem, therefore, that the distribution of 1ift on either side
of the flap 18 less affected by the type of flow than is the overall
1ift., There is same effect, however, as dndicated by the fact that
the pitching mament increment for the 40 flap at 0,2 chord and at 4°
incildence (the intermediate flow type), is greater than for the corres-
ponding flap at 0@ inecidence, vhereas the reverse is true for all the
other flaps showing the same flow type at each incidence.

If, however, the pitching mcment be referred to some other axis
in the wing, the pitching moment inorement curves will change their
form. For the groun IT flows, because of the small 1ift increment, this
change of form will be smell. The group I flows, however, will show a
marked change of form of the ACy ourves, because of the large valucs
of AOL ~ the position of the flap relative to the pitching mament axis
being the controlling factor.

5 A vhysical model of the flow

It is suggested that pressure recoveries of the order observed in
the group IT flows can only be associated with a reattackment of the flow
to the wing surface at same point behind the flap. It is clear that, if
reattachment occurs, thore must be a local expansion of the main stream
Just before reattachment, and a pressure recovery must occur. That the
cbserved pressure recovery is relatively large implies that the expansion
is rapid.

The boundary layer separates from the trailing edge of the flap
and becames & free layer of vorticity. The air contained hetween this
free vorticity layer and the wing surface must, for continuity of mass
flow, be stationary rclative to the wing. It need, however, only be
stationary in the mean - it may have a highly disturbed motion about
this mean, but no not downstream mass flow, Vorticity will spread
vowards the wing surface, by the proocess of turbulent diffusion,
entraining air in the 'stationary' region and imparting downstream
momentum to i, Air nearer the surface will have to acquire upstream
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momentum, therefore, in order to maintain the state of no net flow
domstream within the 'stationary® region. As more and more air in

the 'sbtationary' region becomes re-energised by the turbulent diffusion,
the return flovr nearer the surface must also increase, and ve might
expect a Lorced vortex to be formed between the separated flow and che
wing surface, and the separatod boundary streamline to returm to the
surface.

Tith this model of the flow there is, of course, no reason why
reattackment should ocour on the wing surface. If it does not, the
procesg of turbulent diffusion will continue, downsiream of the wring
trailing edge, from the vorticity layers discharged fram both wing
surfaces. Again, hovever, because of the inward transport of dovn-
stream mcementum, the 'stationary' region must close in order that the
continuity condition be satisfied.

It should be emphasised that these considerations aprly wo the
mean motion, The true flow might be highly unsteady about this mean,
and a considerable interchange of air between the main flow and the
'stationary' region might teke place. It is suggested, however, that
the mean effect on the potential flow outside of the boundary layer and
wake must corrcspond to the oxistence of a 'stationary' bubble of air
which closes elther on the wing surface or somewhers dovmstream of the
trailing edge. In other words, there must be a marked reduction in
walke thickness somewhere behind the flap.

It would seem that the wake behind any bluff body must always
close ~ in the sense that the separation streamlines must came together
again at same point -~ otherwize the inward transport of momentun would
give rise to an increasc of mass flow behind the body, and the continuity
condition would be violated. Thus the wake behind a bluff body can be
considered as camposed of two parts:i~ (a) a volume of air which remains
'stetionary! relative to the body, and (b) that part of the wake which
Tlows away dowmstrear, The boundary between the two regions of the wake
would not be well defined because of turbulent mixing, which alsc ensures
that the 'stationary' part must close, The high degree of mixing oclose
benind the body night also be expected to couse much more mainstreom air
to be centraincd into that part of the wake which flows aviay downstream
than would occur on & streamline body.

The classical conception of Helitholtz flows =~ free streamlines
bounding a dead-air region extenduing to infinity -~ would secn to be
physically unrealistic. A free streamline treatment which allows the
stresmlines ¢ close - e.g. Woods) - might, however, be expected to give
nore realistic results, especially if the pressure recovery before
reattaciment can be inserted.

The different kinds of pressure distribution observed can best be
explained, perhaps, in terms of the constraint applied by the wing
surface behind the flap on the main stream. Immediately behind the
flap trailing cdsc it seems clear that the wing surface can have little
or ne effcet on the main flow so that, in this region, we might expect
the pressure to romain relatively constent. The presencc of a pressurc
gradient on the wing surface must imply, presumably, that the wing is
again contrelling the flowv. Thus we might expect the presence of the
wing to cause a merled pressure change before reattachment, and subse-
guently to constrainthe flow in rmch the same way as it does without a
flep.,

If reatbtachment occurs well arff of the trailing edge the wing can
hardly control the flow wvery rmch - hence the relatively constant presswure
in defached flows « but if it occurs only & short distance behind the
trailing edge, the effect of the wing will agnin be apparent. This
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would account for the pressure recovery observed in the so-called
intermediate flow - and also for the fact that there is no marked
change of pressure gradient before the trailing edpge is reached.

The above model assumes a steady two-dimensional mean flow. In
the real case, however, we might expect the motion to be highly unsteady
and essentially three-dimensional., The unsteadiness can, perhaps, be
regarded as an osclllation of the *bubble' size and shape. It scems,
therefore, that tho steady model might give a simple physical piloture
of the nature of the motion.

Nor does it seem that three-dimensional effects need necessarily
alter the suggested mechanism of reattactment. We might expect, anyway,
that the motion in the region of intense mixing behind the flap will
always be essentially three-dimensional ~ giving rise to a complicated
vortex pattern far different from the simple forced vortex suggested.
The effeet, however, will still be the same. With a threc-dimensional
flap the 1mard spread of furbulence from the ends might be expected to
reinforce the above process, and so to cause reattachuent closer to the
flap. Reattaohment ill also occur closer to the flap the nearer to its
ends.

6 Cenclusions

Pressure distributions over a wing with a forward mounted flap are
of tvwo main types, identified hy:-

Group I, a relatively constant pressure on the under surface of
the wirg, behind the flap, and a marked increase in overall 1ift,

and Group II, a rapid pressurc racovery behand the flap, and very
little inercase in laft.

A transitiomal type is also possible.

It is argued that turbulent mixing behind a flap, and the conse-
quent lrward transport of downstream momentum, rust, fran considerations
of contimuity, result in closure of the boundary streamlines. The
group 7 flows are associated with clesure well aft of the wing trailing
edge; the group IT flows with closure on the wing surface; and the
transitional flows with closure in the neighbourhood of the trailing
edge.
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