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SUMIARY

This work considers the measurement in flight of
the boundary layer characteristics of an untapered, untwisted,
45° swept back half wing of thin symmetrical section, mounted
vertically on top of the fuselage of an Anson liark I aircraft,

The primary aim was to study the transition mechan-
ism on swept back wings, and an account is presented of the
experiments so far performed with this object in view.
Attention is also given to the design, development and con-
struction of a suitable boundary layer traversing gear.

For an incidence range of 0° to 100, and Reynolds
numbers of L, h%5 5, 6, 7, and 8 million the static pressure
distributions were determined and also the locations of trans-
ition for both surfaces using the creeping surface pitot
technique,

For both upper and lower wing surfaces transition
was found to move tcwards the leading edge with increase of
either incidence or Reynolds number. This is in agreement
with the results obtained by Butler (ref.l).
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local stream velocity

free stream velocity
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relative air density -

kinematic viscosity .
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boundary layer Reynolds mumber for secondary
(transverse) flow based on transverse flow velocity
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1« Introduction

1e1e Purpose of Investigations

Some experimental investigations of the boundary
layer characteristics of a swept back wing have been per—
formed in flight at the College of Aeronautics, Cranfield,
The primary aim was to study the transition mechanism on
swept wings and, as such, included measurement of the
pressure distributions and the location of the transition 6
fronts at moderately high Reynolds mumbers (0,64 x10° - 1.28x10
per foot) using an Avro Anson ik,I (G-ATEC) aircraft as a test
vehicle,

In this rcport a brief survey of the experimental
work performed is presented together with a more detailed
account of a particular series of tests on an untapered,
untwisted half wing of 45° swecp, having a section intended
to represent the leading edge part of a high speed aerofoil
of 75in. chord, and a thickness to chord ratio of 8 per cent,
the chord being measured in the streamwise direction (see
parae 5.2, and Figs. 6 and 7)e This half wing was mounted
vertically on top of the Anson fuselage (Fig. 1).

It was intended to make a complete survey of the
flow in the boundary layer on this wing using a special
purpose traversing gear, but delays in the development of this
gear made it necessary to restrict the series of tests to
a measurenent of the pressure distributions and location of
the transition fronts on both upper and lower surfaces of the
half wing, Some of the features of the traversing gear are
however discussed in Bl.

From wind tumnel cbscrvations on a swept back wing
at the R.A.E., Butler (ref, 4) has shown that transition on
the lower surface moves forwerd with increase of incidence,
contrary to its behaviour on wings of zero sweep. This has
been attributed to the destabilising effect of wing sweep on
laminer flow first observed by Gray (ref. 11) and discussed
in ref, 12.

Although some indication of this effect is to be
found in the work of Erb and Taylor (ref. 2) it had not been
satisfactorily corroborated by flight experiment, To obtain
such a corroboration thus became the main aims of the
present work,

1.2« Range of Investigations

Load estimates based on the first measurements of
the pressure distributions on the half wing, indicated that
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the aircraft could be flown at maximum forward speed (145m.p.h.
TeAoSe at 7000ft) with the half wing at 100 incidence,*
Accordingly, the measurements of the pressure distributions
and behaviour of boundary layer transition were made for an
incidence range of 0 = 10° (upper and lower surfaces) and for
a Reynolds rumber range from 4 x 100 to 8 x 100 (0.6k x 106 -
1,28 x 100 per foot) based on the 'effective chord! of 75in.
of the half wing,

2, Previous Experimental Work on the Swept Wing as Fitted to
Anson G=-ATIC

2+1e General Survey

The current programme of measurements in flight on
swept back wings was initiated by Hemmey and Talbot (ref, 1)
end was continued by Erb and Taylor (ref. 2). Preliminery
work involved the establishment of a S.,P,E.C. curve for the
Anson using the trailing static technique and an exploration
of the static pressure field over the aircraft fuselage in
that region to be occupied by the swept back wings.

The S.P.E.C. curve esteblished for the Anson (G-ATEC)
is shown in Fig. 13. ©Small angles of sideslip (+ 4°) were
found to have no significant effect upon this curve,

lMeasurements by Erb and Taylor (ref. 2) of the
pressure field aebove the aircraf't fuselage in that region
occupied by the swept back wing were made using a tubular
steel pressure plotting mast of streamlined section, on which
were mounted four pitot and four static tubes in pairs as
shown in Fig. 8. It was found that the distribution of
total head was constant over the height range covered by the
mast (L.es from approximately 12in. to L4in, above the air-
craft fuselage), This uniformity of the flow field with
respect to the total head distribution indicates that no
energy losses are being incurred in this region and hence
the region of investigeotion is outside the boundary layer
on the aircraft and also free from any wakes or separated
flows,

lleasurements of the static pressure distribution
over the aircraft fuselage however, showed that the test
wing would occupy a region in which a small adverse pressure
gradient, dependent upon the aircraft forward speed, existed,

« Since the wing could only be rotated through l|.0 relative
to the fuselage axis, this required flight in steady sideslip
at 6° to obtain the 10° of incidence.
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The curves obtained by Erb and Taylor are not shown, but
curves are presented in Fig, 15 which show the distribution
of static pressure in terms of the positions of the static
teppings in the swept wing as fitted to the aircraft at
present, Since this field is reasonably uniform and quite
small in general, it is in order to assume that it may be
lincarly separated (i.c. by the principle of superposition)
from that due to the presence of a swept back wing model when
fitted to the aircraft, This need for separation of flows
really only manifests itself in the measurement of the dis-
tribution of pressure over the model wing under test, and
the field due to the aircroft may be regarded merely as a
serics of correction factors to apply to the model test
resultss As rcgerds the boundary layer investigation the
sltuation is different, for in this case the nature of the
whole flow field (due to both wing and aircraft) must be
taken into account, Fortunately the pressurc gradients due
to the aircraft are small enough to be neglected and so the
boundary layer on the model wing may be investigated, paying
no attention to the flow ficld over the aircraft,

Vhen the flow field above the aircraft fuselage
was explored, no measuremcnts were made to ascertain whether
the dircetional choracteristics of the flow vere being affccted
to any significant extent by changing flight configurations
of the aircraft (e.g. variations in forward specd) ., It was
assumed that any departures of flow direction from the
fuselage axis would be amall irrespective of changes
occurring in aircraft incidence so that the angle of sweep
of the model wing remained sensibly constant at 45°.

We may however note that the measurement of the flow
directional characteristics over the fuselage of an aircraft
doecs not present any serious difficulty when a pressure
pkﬁﬁngmmtoftmaﬁ@cumdhmw:mzwﬁlﬁﬂeshweymw
meters may be fitted to the mast in place of, or together
with the pitot and static tubes. These yovmeters may be
arronged to determine the flow directions in the pitching
and yawing planes as required, Tor an account of the tech-
niques involved the rcader is referred to ref. 9 which
considers in some detail the characteristics of the flow field
over the mid upper fuselage of an Avro Lancaster (P.A.L74) on
which aircraft a large scale model swept back half wing is
being mounted for the purpose of extending the present scries
of investigations of the three dimensional bougdﬂry layer to6
high Reynolds numbers (i.c. up to Re = 22 x 10° or 2,03 x 10
per foot),

Purther work by Hemney and Talbot ond by Erb and
Taylor included measurcments of the pressurc distributions
and location of the transition fronts for small r%nges of 6
incidence and for Reynolds numbers of from 5 x 10° to 8 x 107,
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Transition measurements showed the usual forward
movenent of transition with incidence on the wing upper
surface, and also gave an indication of a forward movement of
transition with increase of incidence on the lower surface,
This latter was contrary to that which was expected at the
time and was attributed to an apparent deterioration of the
wing surface, Some profile drag measurements were also
attempted using the wake traverse method, a 'rake! of pitot
and static tubes being positioned dovmstream of the mid semi
span of the half wing, No results were quoted but the method
is to be tried more extensively in future experiments,

202+ Develomment of Test Techniques

During these experiments, attention was given to
the development of suitable techniques for making the required
meagurements, in particular with regard to boundary layer
transitions With regard to the location of transition,
several methods were tried and these are briefly discussed
as follows,

24241+ Location of Boundary Layer Transition

Threce methods of locating transition fronts have
been considereds

(i) Boundary layer noise,
(ii) Chemical sublimation,
(iii) Surface pitot technique.

(1) The noise technique for determining the region of
transition to turbulence in the boundary layer has been used
with success (for example ref. 4) in wind tunnel experiments
where the external noise level is in general small compared
with that which exists in flight. It appeared, however, to
be essential that some form of meter presentation would be
neccssary to offset the effects of a fairly high noise level
in the aircraft cobin if satisfactory measurements were to be
made in flight, Attempts to present the boundary layer noise
via an amplifying unit on to eitler a Cathode Ray tube or a
galvanometer failed, and whilst this was without doubt due to
the lack of suitable equipment, the method was not tried in
flight,

(ii) The second method was initially tried using a
mixture of 5 per cent acenapthene in petroleum ether. Other
chemicals were also tried but the method was found to be
rather uncertain and sn accurate interpretation of the
patterns formed, difficult, Lack of success with this sub-
limation technique may be attributed to the time delay
occurring between the application of the chemicals to the
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wing surface, the take off, climb and flight at test altitude,
and the descent and landing, for whilst the formation of the
patterns could be observed in flight, measurements could only
be made with the airecraft on the ground, In view of this
lack of success together with the long flight times required
for the formation of the patterns on thc wing, the method was
abandoned.,

The creeping surface pitot technique due to Professor
Sir B.M, Jones was found to yeild satisfactory results and has
since been used with success in the series of tests to be
described,

3« lNote on the Location of Transition in the Three Dimensional
Boundary Lover

3e1s The Flow Direction near to the Surface of a Swept
Back wing ot Low Incidence

Because the flow in the boundary layer on a swept
back wing is three dimensional the problem of moking measure=
ments by means of pressure probes is much more difficult then
that for the two dimensional case. In particular the changes
of flow direction which are known to occur within the boundary
layer itself moke it difficult to mcasure and present the
boundary layer velocity profiles in a form readily ammensble
to interpretation, 5

The amount of experimental evidence available re-
lating to both the laminar and turbulent boundary layers on
swept wings in general is very small, and as far as is known
no definite techniques of measurement or of presentation of
results have, as yet, been established, It is thercfore
cvident that any boundary layer measurements made at this
stage will be of some value, not necessarily on a quantative
basis, but for their qualitative value, insofar as they will
serve as a guide to the aims of further research,

From available experimental evidence (refs. 6 and 14)
on the flow patterns near to the surface of a swept wing it
appears that fer low incidences the changes of flow direction
in the boundary layer are not too severe between the leading
edge and the position of the moximum thickness. As the
troiling edge is approached the change in flow direction at
the wing surface becomes more and more pronounced and even at
moderate incidences (i.e, incidences below that at which part
span vortices are formed) the flow in the boundary layer at
the trailing edge moy be purely spanwise., Such a condition
is brought about by the loss of momentum due to viscosity
experienced by a particle in the boundary loyer during its
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passage over the wing surface and its associlated tendency to
flow along a path offering a less adverse pressure gradient,

It does therefore appear that at small inecidences
(¢ = 0° = 10° say) boundary layer measurements may be performed
in the usual way on a swept wing provided that they are
restricted to a region which is not too close to the leading
edge (where the initial curvature of the streamlines just out-
side the boundary layer is large) and which does not extend
downstream of the position of maximum thicknessga.

542, The Use of the Creeping Pitot Head and the Surface
Fitot Tube for Boundary Layer licasurenents including
the Tocation of Transition

Provided that measurements are to be restricted to
a region as defined aebove, the creeping pitot head and the
surface pitot tube may be used in a study of the boundary
layer on a swept wing, traverses along the chord in a direction
parallsl to the free stream being made in a similar manner to
those for an ungwept wing (ref. 15).

Although the information obtained from such traverses
will be of a qualitative rather than quantative nature, much
can however be learned in this way of the bchaviocur of the
boundary layer, For cxample the growth of the boundary layer
thickness can be measured very simply, and transition to
turbulence indicated by the changing characteristics of the
streamwise velocity profile,

The use of the surface pitot tube for the location
of the transition fronts is also permissible, the transition
front being indicated by a reduction in total head as the
tube enters the laminar boundary layer in its traverse along
the wing chord towsards the leading edge.

The destabilising effect of wing sweep on laminar
flow causing as it ddes a fairly rapid movement of the trans-
ition front with increase of Reynoclds number from initial
values below the critical (R. crit) to values sbove, together
with gimiler movements of the front with increasec of incidence
over a fairly small range (@ = 0° - 10° say) permits an
investigation of the behaviour of the transition fronts to be
made using the surface pitot techniquec without encountering
unfavourable effects due to changes of flow direction in the
boundary laycr. Although the reading given by & very small
pitot tube on thec surface of a swept wing may cxperience a
variation, duec to changes in flow dircction at the wing
surface, with its movement along the wing chord, this variation
will be reasonably continuous and by no means as well defined
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as that due to changes in the characteristics of the flow as

is found in the laminar and turbulent boundary layers. It

is however obvious that the most relisble measurements can

be made when the flow characteristics approximate to the two
dimensional case, that is as the incidence tends to zero (a—300),
and the measurements are restricted to regions in which the flow
directional changes are not secvere,

We are thereforec in a position to make useful
qualitative observations on the behaviour of the three
dinensional boundary layer on a swept wing by means of tech-
niques wihich are well established in their application to the
two dimensional boundary layer and which may be readily applied
in flight,

4. Develomment of Boundary Layer Traversing Gear

Lele The General Scheme

For an accuratc and complete boundary layer investi-
gation it is desirable to measure the flow velocity and
direction through the boundary layer at all positions on the
wing surface. For this a device is required that will permit
an exploring pressure head to be traversed in a direction
normal to the wing surface, to be yawed to line up with the
flow direction, and which in addition has freedom of travel
in the chordwise and spanwise sense. As no boundary laycr
traversing gear satisfying these requirements was availsble
for use in flight it was decided to attempt the development
of a suitable test rig, The scheme evolved was briefly as
followss

A supporting structure was designed to be built
into the fusclage of the aircraft in the manner indicated in
Fige 3a« This consisted basically of two steel tubes of
streamlined secction attached to the aircraft fuselage on the
starboard side to form a carriagewsy for the traversing gear,
These tubes were parallel to cach other and inclined at 459 to
the fuseclage axis, passing upwards through the roof of the
aircraft and extending as far as the tip of the half wing. The
forward tube was positioned almost in line with the trailing
edge and approximately 15in. from the centre line of the swept
wing, whilst the rear tibe was at a distance of approximately
L3in, aft of this, Bracing menmbers were attached to the tips
of the above two struts and to the aircraft fueelage as
indicated in Fig, 3a.

A suitable carriage, mounting the traversing gear s
was designed so that it could be moved up and dovn the
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supporting structure and fixed at any desired spanwise position
of the swept wing, by means of clamping bolts. The actual
traversing head is not shown in Fig. 3a but its mechanism was
designed along similar lines to one which has been in use for
some time at the N,P.L. (ref. 13). Provision was made for this
head to possess all the required degrees of freedom over the
region of interest on the swept wing, control being accomplished
through flexible drives leading into the aircraft fuselage,

The traversing head was fitted with a three tube
yowmeter of the Conrad type as shown in Fig. 3be.

a2, The Tracking liechanism

As stated above, the traversing head was designed
so that it could be moved to any position on the wing surface,
This was so, to the exclusion of regions close to the leading
cdge (i.es x/c, < 5 per cent) and regions af't of the maximum
thickness of the swept wing. The mechanism devised for
permitting the head to track over the wing surface and to
retain the characteristics required for traversing the boundary
layer is described briefly as follows.

The actual traversing head was mounted on a slender
tripod support and commected to the reach arm (fig. 3a) through
an inclined hinge as indicated in Fig. 3c. Since the swept
wing mounted on the aircraft was untapered and untwisted then
the front two legs of the tripod will be on the same wing
surface generator for any chosen position, and moreover,
provided the wing surface curvature is small, traverse through
the boundary layer can be made with a probe whose axes of yaw
and vertical movement coincide with this generating line,
satisfying the conditions specified in L4.1.

L.3. The Construction of the Traversing Gear

The construction of the traversing gear has been
performed in the Flight Laboratory Workshops at the College
of Acronauntics under the direction of Ir, Martin, Unfortunately
duc to the many design complications, this constructional work
was not completed in timc for the present series of tests.
A current scries of experiments using the traversing gear in
a slightly modified form have however yielded most promising
results to date,



-1 3=

5. The Experimental Equipment

5¢1¢ The Adroraft

The experimental work was performed using an Avro
Anson ik.I aircraft (G.AIFC) which had been specially adapted
- to accomodate the necessary equipment by the staff of the
Flight Department at the College of Acronautics, Diagrams
showing the general layout of the equipment in this aircraft
may be seen in Figs, 2 and 3.

5¢2¢ The Swept Back Half Wing

The experimental investigations were made on an un-
tapered untwicted swept back half wing of 48in. chord, 45in.semi
span, symnetrical section, and of 45° sweepback (see Figs. 6
and 7). The streamwise section of this half wing was
intended to be effectively representative of an 8 per cent
thickness to chord ratio, 75in. chord high speed acrofoil,
the representation being achieved by gecmetrically constructing
the wing section (as in Fig. 7) of two semi ellipses, each of
minor exis 6in., and of major axis 60in. and 36in. for the
forward and rear parts of the section respectively, The
leading edge of the half wing was detachsble and did not form
pert of the forward ellipse, It had o nose radius of 0.15in,
and was faired into the elliptic section.

The half wing was constructed in wood, birch ply
being used for the skin, ribs, spars, etc., and spruce for the
leading and trailing edge reinforcing beams. The tip and
leading edge were of mahogany and the wing surface was carefully
finished and polished to a high gloss.

For the purpose of attaching the wing to the Anson
fuselage, the wing root cnd of the main spar was extended in
the form of a tubular pivot., This pivot fitted into a
clamping block mounted on a fuselage frame and alignment of
the wing with the fuselage axis was made peossible by means
of bolts passing through a locating plate mounted on the air-
craft fuselage and into the swept wing near its leading edge.
When in position, the span of the half wing was vertical and
in the plane of symmetry of the aircraft, By rotation about
this pivot the incidence of the half wing could be varied to
the extent of + 4°,

To reduce the effects of aircraf't fuselage boundary
layer interference, the wing was fitted with a wide boundary
layer fence positioned as showm in Fig, 6. This boundary
layer fence was not large enough for constructional considera-
tions to constitute a reflection plate., Chordwise rows of
static pressure tappings were built into the wing at three
spanwise stations. There were thirteen tappings in each
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row and their positions along the span and chord of the wing
are given in table I and fig, 6., The leads from these static
pressure tappings were passed through the bore of the mounting
pivot, and so into the aircraft fuseloge to the manomcter,

5¢35« The lMancmeter and Recording Apparatus

A forty tube manometer was installed in the aircraft
as indicated in Fig. 2, together with a simple 'U' tube manometer
comnected to the pitot stetic system of the aircraft.

Static and dynamic pressures as required were dis-
played on the multitube menometer and the indicated free
strecom dynamic head on the 'U' tube, the readings being
recorded using on F-24 camera, Depending upon the range of
pressures to be measured, two different menometric fluids
were used as required, These weres

Carbon Tetrachloride (specific gravity = 1,599) and
Methylated Spirits (specific gravity = 0.83)

5elte The Differentiacl Yawmeter

A spherical differential yavmeter was fitted to the
nose of the aircraft (see Figs. 2 end 4) and connected to a
differential pressure gauge (reading in O.1in. of water) on
the pilot's instrument panel. This provided an accurate
means of determining the angle of sideslip in flight, (e.g.
at 125 Mmepehe TeheSe flight in steady sideslip at 2° required
a reading of 0,91in. on the dial).

5e5e ' Surface Pitot, Surface Static and Creeper Head Tubes

Surface pitot, surface static, and creeper heads were
constructed of 1 m.m. outside dismeter hypodermic steel tubing,
and were as shown in Figs. 9, 10, and 11, The ends of the
surface pitot tubes were flattened to give orifice dimensions
as shown in Figs. 10 and 12, so that when in position on the
wing, total head readings approximately 0,008in, from the wing
surface could be obtained.

The crecper head positions were marked on the wing
by blowing chalk dust through small holes drilled at approp=
riate places in a plywood template which fitted on to the
surface of the wing and located on both the wing leading edge
and the boundary layer fence,

The creeper heads etc. were attached to the wing
surface with cellotape, and pressures to be recorded were
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fed to the manometer by means of rubber valve tubing.

6« Description of Tests

€Eele Calibration of the Differentisl Yawmeter

Before being fitted to #he nose of the aircraft, the
spherical differential yawmeter was calibrated in the College
of Aeronautics No. 2 Blower Tumnel, The calibration was
mede in terms of the differential pressure coefficient corres-
ponding to various angles of yaw, and the curve obtained is
shown in Fig, 1.4,

6e2e Incidence Setting of the Half Wing

The incidence setting of the half wing colild be varied
in two wayse For angles of incidence betweén + 4°, the half
wing could be rotated about an oxis normal to the line of
flight and the aircraft flown at zero sideslip. For greater
engles of incidence the aircraft could be yawed through an
angle of up to 6° and flown in steady sideslip. Thus inci-
dences in the range + 10° could be obtained as desired.
Incidences greater than + 10° were not practical partly due to
the difficulty of maintaining steady flight at greater angles
of sideslip and because of design considerations on the air-
craft structure, and partly because of the effects of sidewash
over the aircraft fuselage.

To determine the zero incidence setting, three pairs
of surface static tubes were attached to the half wing on
opposite sides and connected to the manometer. The pressure
differential across each pair of tubes was balanced in flight
by yawing the aircraft, and reading on the differential pressure
gauge on the pilot's instrument panel was noted, At all speeds
throughout the required range this reading was found to be the
same and very nearly equal to zero, This reading was therefore
teken as the datum for zero incidence of the half wing, :

Using the yawmeter calibration curve (Fig. 1k4), a
table was prepared for use by the pilot, giving the differential
yawmeter pressure gauge readings corresponding to angles of
yvaw betwecn + 6%, The pilot was able to fly to an accuracy
of within O.1in, water on this gauge and therefore the
incidence of the wing could be accurately set (within approx-
imately + 1/4° at 85 nmepeshe I.A,8,) to any value in the range
of + 109,
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643¢ Choice of Test Altitude and Adrspeeds

Since smooth atmospheric conditions can generally
be expected at heights greater than approximately 5000f't, it
was decided that a suitable test pressure altitude (I.CeholNe)
was 7000{t. Provision was also made for testing at either
5000ft, or 9000ft. if weather conditions were unsuitsble at
7000ft, It was however found possible to perform all tests
at the same height (i.c. 7000fte)

Tt was decided to meke the investigations at
Reynolds numbers (based on, the 'effective wing chord?!) of
by L4e5y 5y 6, 7 and 8 x 106, and for the Anson G=AIFC aircraft,
at a pressure height of 7000f%, these Reynolds mumbers require
indicated airspeeds of 65, 75, 85, 105, 125, and 145 mepeh.
respectively. At the low end of the speed range (at 65 m.pehe)
the aircraft was flown with a flap setting of 20° in order to
kecp the angle of incidence (adrcraft) as low as possibles The
effect of flaps on the pressure field over the aircraft fuselage
is quite small as moy be seen in Fig. 15.

6ole MVeasurement of Static Pressure Distributions on the
Half WE' o8

With the stotic pressure tappings in the half wihg
connected to the multitube menometer, a series of flights were
made to determine the static pressure distributions over the
half wing., Pressure distributions were recorded photographically
for each of the test Reynolds numbers and for incidences of
0%, 29, 4°, 6°, 8°, and 10°, upper and lower surfaces.

The F-2l cbserver camera films were read and the

readings reduced to yield the non dimensional pressure dis=
tribution coefficients.

6¢5s Location of Transition

A thorough exploration of the boundary layer on the
half wing was made using the creeping surface pitot, and
creeper head techniques, to locate transition at the various
test incidencecs and Reynolds rmmbers.

The crecpers were positioned at spanwise stations
as indicated in Fig, 6, and traversed in the streamwise
direction, commencing at the position of the maximum thickness
(40 per cent of 'effective chord') and moving forward in
intervals of 5 per cent of the 'effective chord's Since the
surface pitot tubes used had thin flattened ends it was possible
to explore the thin boundary layer regions near the leading
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edge, thus permitting the troverse to be made up to the 5
per cent 'effective chord? position,

Flights were made and £ilm records obtained of the
creeper head readings during the traverses for each of the
test Reynolds mumbers and for both upper and lower surfaces
of the wing at incidences of 0°, 2%, 4°, 60, 8°, and 10°,

From the film records, plots were made of the
variation of total head in the boundary layer near to the wing
svrface (assuming the changes in flow direction to be small)
both along the chord for constant Reynolds mumber and incidence -
and for different Reynolds mubers at constant chordwise
position and incidence, Representative curves nay be seen
in Figs, 27, 28 and 29,

Creeper head readings were reduced to yield the

boundary layer velocity profiles and here also representative
curves may be seen in Figs, 22, 23, 24 and 25,

6e6e Pilot's Hondling Comments for Anson G-ATFC

No difficulty in the handling of the aircraft was
experienced by the pilots for all test conditions of speed
and sideslip, and = note on the techniques involved is given
in Appendix IIT,

7+ Presentation of Results

The measured pressure and 1ift distributions over
the swept back half wing corrected for fuselage interference
effects are presented in Figs, 16 - 21, and the positicus of
transition for each test Reynolds number and incidence as
determined from the creeper traverses are shown in Figs. 30 - 40,

Same typical plots of total head near to the wing
surface are showm in Figs, 27 = 29 and show clearly the rise
in total head which is associated with boundary layer transition
from laminar to turbulent flow,

The variotion of transition position with Reynolds
mumber and incidence is plotted in Figss 41 and 42, As the
chordwise position of transition was found te vary along the
Span, the nid semi span positions of transition have been used
in constructing the latter figs. The mid semi span position
was chosen in order to present results opproxinately independent
of tip and root effects,

A selection of the boundary layer velocity profiles as
neesured with the creeper heads is presented in Figs, 22 - 25,
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8e Results ond Discussion

A Stotic Pressure and Lift Distributions

The static pressure distributions over the half wing
when plotted in coefficient form uncorrected for the pressure
forld over the fuselage showed a marked variation with Reynolds
moer, 1t was assumed however, that the principle of super-
poroiiion could be applied and that the true static pressure
dis‘ributions over the wing alone could be obtained merely by
subtracting the static pressure field due to the fuselage from
the static pressure field as measurcd on the wing in flight.
When this was done the distributions for the various Reynolds
mubers collapscd virtually on to each other, The expcerimental
points shown in Figs, 16 =~ 18 are mean values for the Reynolds
number range considered,

The pressure fields actually affecting the flow in
the boundary layer on the half wing as mounted on the Anson
fuselnage will arise fram both the pressure ficlds over the wing
itself and that duc to the aircraft fuselage, In this respect
it may be noted that due to the field over the fuselage, a small
adversc pressure gradient exists in the region occupied by the
half ving (fig. 15).

The measured values of pressure coefficient at the
maximum thickness positions are much larger (in the negative
sense) than would be expected on the full chord wing, indicating
that an 'effective section' with a faired trailing ecdge as is
considered here by no means simulates the flow conditions which
would prevail on the full chord wing. Furthermore, pressure
recovery occurs over a small distance due to the short trailing
edge length and hence the boundary layer flow over the rear
port of the wing as used herec will be subject to a nuch greater
adverse pressure gradient on the upper surface than it would
be on the full chord wing, with a conventional trailing edge ¥
and we cen thus expect to obtain smaller regions of laminar flow.

With a treiling edge of elliptic section the wing
at low incidence (i.e. @ -3 0°) moy tend to shed an unstable
wolce similer to a Korman vortex street. Such o motion would
be expected to influence the stability of the stagnation point
at the leading cdge of the wing and hence result in a modifica=
tion of the distribution of pressure and growth of the boundary
layer over the section. No cvidence of such an effect was
however noticed in either the measurements of the pressure

# Considered in the absence of sweep instobility at low
incidence.
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distributions or in the exploration of the boundary layer,

lMore recent measurements of the static pressure
distributions over the wing, using the traversing gear
discussed in para. 4, are in good agreement with those shown
in Figse 16 - 18 with the exception of the upper surface
distribution at the wing tip for on incidence a = 109, The
reasons for this particular discrepancy are not at present
understood.

For these measurements the pressure coefficients
were calculated from the measured values of velocity and static
pressure just outside and through the boundary layer respectively,

The measurcd distributions of lift (Figs. 19 - 21)
exhibit the usual propertics characteristic of a swept back
wing (such as discussed in ref, 10)e For example, the forward
movement of the centre of pressure near the tip and rearward
movcment near the root with increase of ineidence mey be noted,

8e2e Tronsition Measuremcnts

a) Upper Surfaces

Tt is scen from Fige 41 that tronsition on the
upper surface moves forward with incrcase of either incidence
or Reynolds muwber, as is generally thc case for zero sweepback,

When the incidence on a swept back wing is increcased
the pasition of transition is affected by two factorss (refe 4)

gi) the static pressure gradient
ii) sweep instability

The latter is instability of the lominar boundary layer, due

to the effects of the curvature of the streamline in producing
an unsteble tronsverse velocity profile and occurs at a 'eritical
Reynolds nurber' as defined by Owen and Randall (ref. 12), For
small amgles of incidence this effect is small omd of little
significance, but for a wing swept boack at 45° there is a
strong possibility of sweep instability occurring and this
factor probably accounts for the rapid forward movements of

the transition fronts at certain values of Rsynglds number

and incidence (e.ge Fige 41, @ = 0, Re = 7 x 10® and @ = 4O

Re = 4 x 106) |

The movement of the transition front at ¢ = 0° is of
interests It can be seen that as the Reynolds number reaches
Re = 7 x 106 the trensition front comences to move forward
quite rapidly becaming positioned at 15 per cent chord for
Re = 8 x 10%, and in this configuration there is less laminar
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flow than for incidences of 2° and -'.;.0 at the same Reynolds
mmbcre Such a movement of the front shows good qualitative
agreement with the colculations of Owen and Randall (ref. 12),
the effect being due to the decrecase in xmax caused by the

increased velocity gradient on the wing and reduction in
boundary layer thickness which initially occurs as the incidence
is raised from a = 0°,

b) Iower Surface.

Tor the lower surface Fige. 41, the curves also show
a very definite forward movement of tronsition with increase
of Reynolds number and incidence, Evidently in this case the
influcnce of the favoursble pressure gradient is more than
counterbalanced by the effect of sweep instability. Results
cxhibiting similar properties have been cbtained in a somewhat
more orderly mammer by Butler (ref. L)

Owen end Remdall (refe 12) have shown that for the
lower surfece of a swept back wing, increase of incidence has
o scrious destobilising cffect on the laminer boundery layer,
and at certain critical Reymolds musbers transition mey be
cxpected to move ropidly towsrds the leading edge. This
effect is illustrated in Fig, 42 where on increasing the
incidonce fram 0° to 4O at & Reynolds mumber of 4 x 106, the
extent of lamincr flow is reduced by some 20 per cent in terms
of the 'effective wing chord', A comparison of Figs. 30 = 42
(upper and lowcr surfaces) shows that in gameral much less
laminar flow was obtained on the lower surface of the wing and
ot o Reynolds mmber of 8 x 109, and incidence a = 10°, trans-
ition is virtually at the leading cdge.

The effective section of the wing considercd in these
expcriments was of 8 per cent thickness to chord ratio, the
chord being measured parallel to the line of flight, Measuring
the chord normal to the leading edge the ratio becomes
t/c 4 = 13 per cent, and estimating the criticel Reynolds

6

muiber for zero incidence yields a value R crit £%.9,3 x 107,
which is higher than that obscrved in the experiments,

Considering the actucl wing section used (i.ce
taking the dimensions of the chord as 48in,) we haves

£ s

Oty
c cos\

for which the corresponding value of the critical Reynolds
number is
6
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This value for Rcri* is in good agrecrnent with the
= L
results observed by cxperiment, No estination of RCTit have

been made for the wing at incidence due to the approximations
involved in determining the values of CL associated with the
incidences considered., However the fact that a forward move-
nent of tronsition does occur on the lower surface of 2 swept

back wing with increase of incidence and Reynolds number over
o critical range is quite conclusive,

8¢3s The Boundary Layer Velocity Profiles

Although the number of experimental points used to
define the boundary layer velocity profiles is quite small,
the curves obtained show quite well the distinction between
the distributions for laminar and turbulent flow. For the
leminer boundary layer an interesting comparison is made of the
observed growth of the boundery layer from the leading edge of
the wing at the mid semi span station as given by the creeper
head measurenents, with+te calculated growths for both the flat
Plate and on ellipse of a/b = 4 using the Pohlhausen solution.
(The values shown for the boundery layer thickness were those
measured at U/ﬁo = 0499). This comparison shows the

measured boundary layer thicknesses %o be in fairly good agree-
ment with two dimensional theory at the incidences considered
(iees a = 00, 20),

Figse 24 and 25 which show the growth of the boundary
layer thickness with incidence and Reynclds mumber at constant
chordwise position, clearly indicate thot the effect of incidence
on the growth of the boundary layer is of greater significance
than that of Reynolds number for the ronges considercd, This
is in accordance with the observed behaviour of the transition
fronts on the half wing,

8elte Bubbles of Separation

As explained by Kuchemann (ref., 3) the pronounced
suction pecks nesr to the leading cdge on serofoils of moderate
thickness to chord retio (e.g. t/c = 0.09) may cause the laminar
boundary leyer to separate and reattach in the turbulent state
downstresm forming bubbles of separations The static pressure
over that part of the aerofoil covered by such a bubble (i.e.
the region inside the bubble) will be nearly constant ond
hence the presence of the bubble is indicated by regions of
constant Cp in the static pressure distribution curves,

Surface pitot traverses of +the boundary layer should also
indicate the presence of such bubbles by the detection of
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regions of greatly reduced total head,

If the bubble i= of the 'short' type its length in
the characteristic direction is extremely small (i.e. of the
order of 0,006 of the wing chord) and its presence therefore
cammot be detected from pressure distributions determined using
relatively widely spaced static tappings as were used in the
case of the half wing under consideration. A 'long' bubble
may however extend over as much as 30 per cent of the wing
chord and is therefore more easily detected.

For the ranges of incidence and Reynolds numbers
considered there was no evidence to show the presence of either
a long or short bubble of separation on the half wing,.

-

9. Conclusions

1) The method of perflorming tests on a swept back half
wing in flight as discussed have so far proved to be entircly
satisfactory, and no difficulty in the handling of the aircraft
was expericnced by the pilots for all test conditions of speed
and sideslip,

Pressure distribution and boundary layer measurements
have been made in flight on a s pt back Ealf wing for a
Reynolds number range of L4 x 1O - § x 10, and an incidence
range of a = 09 - 100,

2) The static pressure distributions over the half
wing at each of the three spanwise stations when corrected for
fuselage interfcrence effects were found to be independent of
Reynolds number for values of incidence in the range 0° to 10°,

3) in 'effective! section with a faired trailing edge
as used during the tests does not simulate the flow conditions
which would prevail over the full chord wing., Larger (ncgative)
values of the pressure cocfficient are cobtained in the region
of the maximum thickness position and pressure recovery occurs
over a small distance due to the short trailing edge length,
Considered in the cbsence of sweep instebility this effect
can be expected to result in smellcr regions of laminar flow
being obtained at low incidence.

L) . The use of the creeper technique has been found
adequate for boundary layer exploration in flight. 1In
particular the use of surface pitot tubcs with flattened ends
(giving orifice dimensions of approximately 0,040in x 0,005in,
for locating the position of transition has been found most
satisfactory, and the tubes were small enough to be traversed
forward to the 5 per cent off chord position.
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5) On the upper surfacc of the holf wing, transition
was observed to move forward with increasc of both incidence
and Reynolds number, This is due to a combination of adverse
static pressure gradient and sweep Jinstebility. It has been
found that the critical Reynolds number is reached earlier at
zero incidence than for a = 29, transition for the zero incidence
case moving repidly forward from the 30 per cent chord position
as the Reynolds number reaches a value of 7 x 106 becaoming
positioned at the 15 per cent chord position at a Reymolds
number of 8 x 10°%  Such a movement is in good qualitative
agreement with the calculations due to Owen and Randall (ref. 12).

6) For the lower surface there is also a very definite
movement of transition with increase of both incidence and
Reynolds mumber, Here it appears that the influence of the
favoursble pressure gradient is more than counterbalanced by
the effects of sweep instebility, In general, much less
leminar flow was obtained on the lower surfacc of the wing and
at a Reynolds number of 8 x 10°, and incidence a = 109,
transition was virtually at the leading edge.

7) The growth of the boundary layer thickness (measured
at U/UO = 0,99) on the wing at low incidence as determined

from the velocity profiles for the mid semi span station showed
fairly good agreement with two dimensional theory (Pohlhousen).
It appears however than the effect of incidence on the growth
of the boundary layer is of greater significance than that of
Roynolds number for the ranges considered., This is in
accoraance with the observed behaviour of the transition fronts
on the half wing,
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IPPENDIX T

Determination of Test Heights and Spceds

It is required to determine a series of test specds at a
chosen pressure height, to give Reynolds mumbers (based on the
effective wing chord of 75in,) of k4, 4%, 5, 6, 7, and 8 x 10°,

/L test pressure height of 7,000ft. is chosen for convenience,

Altimeter pressure error correction

The altimeter error correction duc to the static pressure
error is given byt ;
h - S-P.E.C. x vr f"t.
b x o

where S,P.E.C, and Vf arc in m.p.h, In the worst case this

is less than 50ft, and hence the altimcter error correction was
neglected,

Test Speeds (Indicated) T.A.S.

£t on TCAN pressure height of 7,000ft, we haves

v 14855 x 10°% £4%/sec.

I

Jo = 0,900,

Reynolds nurmbers of 4, 4f, 5, 6, 7 and 8 x 10° correspond
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at 7,000 £t. to forward flight true air speedsof respectivelys

) 6
v)+ - L x 1.855 JCZ{-‘IO - 118,8 VG o 178.3
6025 x 10
v}_{__‘} = 155.6 V.? = 208-0
V5 = 14845 Vg = 237.5 ft/sec,

These correspond to equivalent airspeeds ofg
viLF = 7340, ViA% = 82.1, vi5 =51.2, V,p = 109.5, vi7 = 12745

Vig

1

11{“5.8 m.P‘h.
Using the pressure error correction curves given by (ref. 1)
the airspeeds Vr' corresponding to the above equivalent air-

speeds may be estimated to an accuracy of the order of + 0.5 mepoh,
If the instrument errors are neglected then the required flight
speeds becomc$

T.heSe = 65, 75, 85, 105, 125, and 145 m.peh. respectively.
Due to wecather conditions it is sometimes impossible to
carry out tests at the chosen altitude but still possible to
perform the tests at higher or lower altitudes, Therefore
the flight speeds required to give the same Reynolds numbers
at two other altitudes were calculated, The values cbtained
by a similar process to that described above, are$
At 5,000 ft,
TuheSe = 62, 72, 825, 103}, 1235, and 143 m.p.h, respectively.
At 9,000 ft.

TeheSe = 66, 77, 87, 108, 128, and 149 m.p.h. respectively.
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APPENDIX  TIT

II.1 Static pressure distribution

The value of CP from elementary aerofoil theory

is defined as:

o A p
i = = o +1U2
2P 2P

where: p

Py

1

static pressure on the aerofoil

i

free stream static pressure
%anf = free stream dynamic head
&P:P"P.‘

Uncorrected values of A p and %fon were obtained directly

from the observor camera film (cf the multitube manometer). These
values were corrected for S,P.E.C, and divided, their quotient
being corrected for the fuselage pressure field, to give the true

value eof CP'

11,2 Transition measurements

The surface pitot readings

ZEH% = surface creeper total head
- free stream static head

were obtained directly from the manometer (via the F-24 film).

As only the change in total head was of interest, no correction
for S.P.E.C. was necessary, Some representative total head plots
are shewn in Pigs, 27 - 29 and the position of transition was
defined to be the end of the total head rise, this being generally
the most clearly marked,
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APPENDIX TTIT

PITOTS' HANDLING TECHNIQUE

by Sqd.Ldr, I.A. Robertson,
Senior Pilot,
Department of Flight,
College of Aeronautics,

The Effect of the experimental wing on the handling of G-ATFC

The wing set at zero incidence has no noticeable
effect on the handling of the aircraft, With the wing set at
plus or minus four degrees incidence there is 2 small direc-
tional effect which can be trimmed out, using approximately
one sixth of the rudder tab movement availsble in each
direction.

There are no other noticeable effects on the handling
of the aircraft,

The technigue for flying at small angles of yoaw

FPlying acourately at a fixed height and speed on
a constant heading in a steady sideslip at first appears
somewhat difficult, but by using the usual instruments for
height and airspeed and a combination of the differential
pressure yawmeter, the artificial horizon and the directional
indicator for sideslip one can fly quite steadily at small
angles of yaw,

The technique consists of trimming the aircraft to
fly straight and level at the required airspeed, applying a
small amount of rudder and then applyihg sufficient aileron
to keep the heading constant.e In the condition of steady
flight the yaw is indicated on the Differential Pressure
Gouge and this value can be altered by adjusting the amounts
of rudder and aileron applied to give the required degree of
YeWe

After quite short experience the associating of the
yawmeter necdle with the control columm movement necessary
for correction of sideslip is natural and flying in smooth
air to an indicated 1/10in, of water on the yawmeter is
possible,
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The Location of the Static Pressure Tappings in the Half Wing

Mumber of Distance From The % Effective
Hole Ieading Edge. Ins, Chord
1 0,00 0
2 0.75 1
- 1450 2
I 3.00 L
5 4.50 6
6 6.00 8
7 750 10
8 11425 15
9 15400 20
10 18.75 25
11 22,50 30
12 28,50 38
13 30,00 40
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The positions of transition on the Swept Back Half Wing
percentages of the effective wing chord and

expressed as
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FIG. 4 THE SPHERICAL DIFFERENTIAL YAWMETER

FIG. 5 THE PRESSURE PLOTTING MAST
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