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Summary.-This report describes a detailed experimental investigation into the structural features of a 6-ft chord
wing specimen having thick skin reinforced by spanwise corrugations. The tests included surface distortion, proof
and ultimate tests on the specimen and compression tests on two panels. A short length of parallel specimen was used
with a simplified test rig built for the purpose.

These tests showed that for this specimen, provided the wing can be made smooth in the first place, it will not be
adversely affected by loads imposed in service. The major portion of the surface distortion in flight will be due to the
aerodynamic suction; the effect of direct and shear stresses being negligible.

In the ultimate tests failure was due to elastic instability of the skin and corrugations at a compressive stress of
11·1 tjsq in. This compares favourably with the compressive stress at failure of the panels, which, when corrected
for the shear stress present in the wing, reduces to 11·3 tjsq in.

1. Introduction.-Following the successful development of laminar-flow wing sections has
come the structural problem of designing and making an aircraft wing suitable for these sections.
In the first place this involves the manufacture of a wing which, when completed, is sufficiently
smooth to maintain laminar flow back to the position of minimum pressure. A wing of this
type must also maintain its smooth surface when subject to the loads arising during ordinary
gusts and mild manoeuvres while the aircraft it is supporting flies at maximum level or cruising
speeds. Further, after a severe manoeuvre no permanent skin distortions must remain that
would distract from the wing's laminar-flow properties at maximum level or cruising speeds.

Some types of construction are likely to prove more suitable for smooth wings than others,
and an extensive programme of tests has been planned on specimens of the various types of
construction to determine their suitability as smooth wings. The present report deals with a
specimen having a thick skin reinforced with spanwise corrugations. There are several advantages
in this type of construction from the smooth wing aspect. The corrugations provide an almost
continuous stiffening support for the skin, added to which the combination of both is able to
take the bending and shear loads with a reasonable degree of efficiency.

The specimen referred to was a 6-ft chord parallel section of a wing and was submitted for
loading tests after it had been tested in the wind tunnel at the National Physical Laboratory.
The tests were made to determine whether the wing satisfied the conditions required of a laminar
flow wing as outlined above. The wind-tunnel tests made at the N.P.L. are reported in Ref. I.

For convenience this report is divided into three parts as follows :-
Part I Description of Specimen, Experimental Investigation and Summary of Results.
Part II Comments on the Aerodynamic Efficiency of the Wing.
Part III Comments on the Structural Features of the Wing.

* RAE. Report S.M.E. 3291, received 23rd July, 1945.
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PART I

Description of Specimen, Experimental Investigation and Summary of Results

2. Description of Specimen.--The original wind-tunnel specimen was a 5-ft long length of
parallel specimen of 6-ft chord having a NACA 66-2-216 aerofoil section, that is an aero foil
having a 16 per cent. thickness-chord ratio and a 2 per cent. camber with the maximum suction
occurring at the 60 per cent. chord position. The specimen used for the loading tests comprised
that part of the wind-tunnel specimen forward of the rear web at the 60 per cent. chord position.
This was suitably adapted for the loading tests. Details of the construction and method of
manufacture of the complete specimen and of the modifications necessary to make it suitable
for test are given in the following three sections.

2.1. Type of Construction.-A cross-section of the wing showing details of the construction is
given in Fig. 1. The wing comprised a corrugated load-carrying box section to which were
secured leading and trailing-edge portions. The box section extended from the 5 to the 60 per
cent. chord position and was made up of corrugated top and bottom panels joined by thin dural
webs reinforced with stiffeners. Ribs were spaced at IS-in pitch and were made up from two
preformed channel sections joined on the chord line of the section. The corrugations were
originally attached to the skin by No.4 Parker-Kalon self-tapping screws 3jl6-in long at 3-in
pitch inserted internally. These were of such a length that the ends did not protrude above the
skin surface and the resulting holes were filled with a suitable filler. When it was decided to
make loading tests on the wing as well as wind-tunnel tests, one externally driven No.6 Parker
Kalon self-tapping screw was inserted between each of the internally inserted screws. These
screws were of such a length that they passed right through the skin and the corrugations. Further
screws had to be inserted during the course of the tests owing to failure of the internally inserted
screws. Details of these are given in section 5.4. The leading edge, which had no ribs, was formed
from 18 s.w.g. dural.

The material of construction used was dural to Specification D.T.D. 390. The trailing edge
was a dummy structure provided for the wind-tunnel tests and not intended to be representative
of a trailing edge that might be used on an aircraft.

2.2 Method of Jl,lanufacture.-The first process in the manufacture of the specimen was to
build up the top and bottom skin panels complete with corrugations. The outer skin of each
panel was first rolled to profile dimensions on a three-roller bending machine in which the position
of the third roller was cam-operated to give the desired shape (Fig. 2a). The skin so formed was
then clamped in an accurately made jig complete with the corrugated strips previously rolled from
flat strip. The type of jig used is illustrated in Fig. 2b. This removes any discrepancies in the
skin profile which could not be removed by rolling. It should be noted that the arrangement of
the corrugations in the jig was such that relative slip could occur, thus permitting the skin to
take up its correct shape. With this assembly still in the jig the corrugations were then screwed
to the skin and the rib diaphragms screwed to the corrugations, using shims if necessary between
the diaphragm flanges and the corrugations. After all the diaphragms had been secured to the
panels the assembly was removed from the jig, as the rib diaphragms then served to hold the
panels to the shapes of the jig surfaces in which they had been built up.

The two skin sub-assemblies were then joined together by the attachment bolts passing through
their common flanges, and the front and rear webs assembled. The leading edge was rolled
to the correct curvature and shape and then assembled onto the wing. The construction of the
trailing-edge portion then followed, but as this part of the wing was a dummy structure the
method of manufacture will not be described in detail here.
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2.3. Modifications to Specimen for Test.-For the purpose of these tests the trailing edge was
removed from the specimen, as the smoothness of this part of the wing under load is not critical,
since it is aft of the estimated transition point. The specimen was then reinforced at each end
and fitted with loading attachments to enable internal pressure, bending and torsion loads to be
applied. An outline drawing showing the modified specimen and the end attachments is given
in Fig. 3. It will be seen that the general scheme of modification was to reinforce the ends of the
specimen by diffuser plates, to fit end bulkheads for the application of torsion and sealing of the
specimen and vertical beams for the application of bending load. These were secured to the
specimen by cast iron attachment brackets bolted to these fittings and to the specimen. Suitable
connections were provided in the rear web for fitting air pressure supply and measuring lines.

3. Range of Investigation.-After modification of the wing and before any loading was applied,
measurements were made of the initial shape of the specimen. Then followed a number of tests
on the end conditions of the specimen to ensure that end planes of the specimen remained plane
under load. From these tests it was possible to determine the best position for the loading point
in a fore-and-aft direction. A badly located loading point would have lead to severe distortion
and twisting of the end bulkheads which, in turn, would have resulted in part of the specimen
taking more than its representative share of the bending moment. The three major series of
tests detailed below were then made.

Series A Distortion tests to determine the amount of distortion of the wing surface
which would occur in flight under a normal acceleration of n = 2g.

Series B Proof tests to determine the load required to produce permanent distortions
large enough to affect the aerodynamic efficiency of the wing.

Series C Ultimate test to determine the failing load of the specimen.

After the completion of these tests compression tests were made on two panel specimens, one
cut from the top surface and the other from the bottom surface of the wing.

3.1. Loading Conditions.-The wing section was designed to an ultimate factor of 6 with a
wing loading of 40 lb/sq ft, the appropriate data required for design purposes being obtained
fro~ estimates prepared for a complete aircraft with a similar wing structure to that of the
specimen.

The design loads at factor n = Ig were as follows.
Bending moment = 222,000 lb in.
Torsion = 41,250 lb in (Test torsion' = 82,500 lb in).

Owing to the method of test both these loads had to be modified to make the test as representa
tive as possible. The method of applying the bending load (see section 4.1) was such as to produce
a tension load in the bottom surface less than the compression load in the top surface. Hence
as the compression surface was the critical surface as far as buckling and distortion were con
cerned the loading was adjusted so that the compression in the top surface at factor n = Ig was
equal to the load arising from the application of the unit factored bending moment acting alone.
The torsion load was increased to the test value given above to produce a higher shear stress
in the skin than would arise from the torsion alone. In this way allowance was made for the
shear stress in the top skin near the webs arising from the vertical shear loads.

Two test cases were used for the loading, in both of which the bending and torsion loads at
factor 1 were the same as those given above and increased uniformly with factor. The difference
between the cases was determined by the internal pressure loading as described below.

Gust Case.-This case represented an increase in normal acceleration from 1 to 2g occurring
at the maximum level speed of 330 m.p.h. (E.A.S.) and arising from a change of incidence due to
a gust. It will be seen from Fig. 4 that the change of maximum pressure coefficient from
- 0·59 at CL = 0,141, which corresponds to Vmax. level, to - 0·64 at CL = 0·282 which
corresponds to a factor of 2g at the same speed, is small. The resulting pressure change is from
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164 lbjsq ft to 178 lbjsq ft, and hence for test purposes the internal pressure was kept constant
above unit factor at 170 lb/sq ft. The reason for the difference between the top and bottom
surface pressure coefficients at O·6c not doubling when the lift coefficient is doubled is that even
at zero lift there is a large difference in pressure at these two points. This is further illustrated
by the pressure distributions corresponding to n = Ig and n = 2g shown in Fig. 5. in which
a comparison between the true and the test chordwise pressure distribution is also shown.
It should be remarked that the gust velocity normal to the flight path required to give the change
in lift coefficient described above is 13·5 ft/sec. This is approximately half the specified stressing
maximum laid down in Ref. 2, Chapter 203.

Proof Case.----This case was specially chosen to be reasonably representative and to give a
normal type of load deflection graph, for easy interpretation,instead of the peculiar shape obtained
with the gust case load (see Fig. 15) due to the discontinuity in the load factor-pressure curve.
As the maximum velocity coefficient and hence the maximum pressure coefficient changes with
CL as indicated for this aerofoil in Fig. 4 it was decided that the proof case must be based on a
constant lift coefficient

A constant lift coefficient of 0·47 was therefore chosen, as precise data existed for this value of
CL , and a larger value would correspond to a very non-uniform pressure distribution across the
working section of the type shown in Fig. S'for CL ' 1· 2, which could not have been represented
on test. Any decrease in this coefficient would have required speeds in excess of the permissible
diving speed at the proof load. The chosen CL of 0·47 corresponds to a speed of 182 m.p.h.
(E.A.S.) at factor 1 and a pressure of 60 lbjsq in, which corresponds to a maximum pressure
coefficient of - 0·70. The resulting speed at the design proof load of O·7S X 6g = 4· Sg is
yl4' 5 X 182 = 386 m.p.h. (E.A.S.) which is less than the estimated diving speed of 430 m.p.h.
(1,3 V max.). Hence the case represents a reasonable flight loading at all factors.

Chordwise pressure distribution diagrams for this case are given in Fig. 5.

3.2. Distortion and Deflection Measurements.-The various measurements taken both initially
and during the course of the tests are indicated below; a description of the appropriate apparatus
is given in Section 4.2. Details of the particular measurements taken in each test are given in
section 3.3.

(a) Profile gauge measurements at chordwise sections 1 to 7 on top and bottom surfaces.
(b) Curvature gauge measurements near chordwise sections 2, 4 and 6 on top and bottom

surfaces. .

(c) Traverse gauge measurements at corrugation crests 2 and 14 and troughs 3 and 15.
(d) , Step' Measurements of the difference in level of the two skins at the leading-edge skin

joint on the top surface at eight sections along the span.
(e) Dial board measurement of the distortion of the skin at the crests and troughs of corru

gations relative to the front and rear webs at chordwise sections A, Band C.
(f) Deflection measurements of the bending and twist of the specimen over the test length.

(g) Measurements of the horizontal closure between the end bulkheads.

The location of the various sections and the position of the' crest' and' trough' of corru
gations are illustrated in Fig. 6.

3.3. Test Programme.-Details of the test programme are given in the following table. In
some of the tests certain loads were omitted. These omissions are noted in the remarks column
under 'Loading Conditions'.

After completion of the tests listed in the table, material control tests were made by Materials
Department, Royal Aircraft Establishment, on specimens cut from the skin and corrugations of
the compression surface.
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Test Loading Conditions Measurements

Series I Title No. Case Factor I Remarks Standard (see
section 3.2)

Initial Shape Measure- - - No load .. . . . . (a) Profile
ments. (b) Curvature

(c) Traverse
(d) , Step'

Measurements of End Special 2 Bending and pressure only. (g) Horizontal closure
Conditions.

--- -----
A Distortion up to 2g. 1.100 Pressure only. (e) Dial board measure-

11.300 Pressure and bending only. ments.
111.100 Gust .. 2 Pressure and torsion only.
IV.lOO Pre.ssure, bending and tor-

SIOn.
-----

B Proof Tests .. ·. V.lOO 3·5 (e) Dial board measure-
V.200 3·5 Pressure, bending and tor- merits.
V.300 Proof .. 3·5 SIOn. (f) Deflection measure-
VAOO 4 ments.
V.500 5 *
---

C Ultimate Test · . VI.1OO Proof .. 5·85 Bending and torsion only. (n Deflection. measure-
(Failure) ments

--- -
Panel Tests .. · . Direct Compression . . . . . . . . Overall compression.

.-
* Traverse gauge measurements were made over certain parts of the wing after buckling.

4. Method of Test.-4.1. Loading Rig.-For purposes of test, the specimen complete with the
attachments described in section 2.3 was mounted horizontally in the test frame. The starboard
end (Fig. 7) was supported on single pin joints at the fore-and-aft ends of the end bulkhead, the
pins being arranged chordwise with coaxial centre-lines. These served the double purpose of
supporting the weight of the specimen at this end and anchoring this end of the specimen against
the torsion loads, the application of which is described below. The weight of the other end of the
specimen was counterbalanced by two dead-weighted shot bag cradles attached to the ends of
two cables running from the bulkhead members and over pulleys to the carriers. Fig. 7 is a
diagram showing the specimen and loading rig, described below, and Fig. 8 is a photograph of
the specimen rigged ready for test.

The internal pressure was applied by a compressed air supply coupled to the wing through a
reducer valve comprising a large drum with a controlled leak valve. The resulting internal pressure
was measured by means of a mercury U-tube manometer attached to a pressure point on the rear
web.

The bending load was applied by means of a mechanical straining gear acting through a
( nutcracker' arrangement of two levers. The load was measured by a S-ton spring balance
fitted into the open end of the nut-crackers.

The torsion load was applied by the application of up-and-down loads to the fore-and-aft
ends of the bulkhead at the port end of the specimen. These loads were applied through two
skewed levers pulled together at the ends remote from the specimen by a turnbuckle. The
resulting load was measured by a hanging weigher. The weight of this, together with the weight
of the overhanging lengths of the beams were counterbalanced by shot bags on the end of a cable
attached at its other end to the top beam above the weigher.

In all the tests the appropriate loads were applied in increments up to the value given in the
table of section 3.3.
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4.2. Description of Measuring Apparatus.-A photograph showing the various instruments
used for measurements of the initial shape of the specimen and the surface distortions under
load is shown in Fig. 9. The profile gauge was made from steel plate to fit the true aero foil section,
the profile edges of the gauge being cut to the dimensions aimed at by the firm in making the
specimen. Inspection of the gauge after manufacture indicated that the ordinates were all
within the limits 0 to + 0·005 in. of the specified values. The gauge was fitted on the specimen
and the gap between the gauge and the wing surface measured by means of wedge or feeler gauges.
The curvature gauge comprised a grooved bar, two pedestal blocks and a dial gauge which in
dicated the amount by which the wing surface was offset from a flat surface between the two
pedestal blocks. At the chordwise section concerned readings of this gauge were taken as it
was moved along the section an inch at a time, the gauge feet being set at 2-in. centres. The
traverse gauge consisted of a dial gauge on a mounting block arranged to slide along a graduated
straight edge supported on two feet at one end and a single foot at the other.

The dial board comprised a special board supported in pedestal blocks at the front and rear
webs and mounting a number of dial gauges arranged to measure the distortion of the top wing
surface normal to itself at the crest and trough of each corrugation. Both Figs. 8 and 9 show
this board in position on the wing.

The bow or bending deflection at the front and rear webs and the twist of the specimen was
measured by six vertical dial gauges mounted on the floor and connected to the webs at the
positions shown in Fig. 6. The measurements of the horizontal closure between the end bulk
heads were made using dial gauges at various chordwise locations. The final measurements,
on which the remarks of section 5.2 were based, were taken at the cast iron attachment brackets
above and below the specimen.

4.3. Method of Testing Panels.-The two panels were tested in a vertical compression testing
machine using the method described in Ref. 5.

5. Summary of Results.--The results of the tests are summarized under the same title headings
as are used in the table of section 3.3 and are given below.

5.1. Initial Shape Measurements.-Fig. 10 shows in diagrammatic form the results of the
measurements made with the profile gauge. The results of the measurements made with the
curvature gauge are reproduced for the upper surface in Fig. 11, which shows the readings of
the dial gauge plotted against the chordwise position of the gauge. No attempt has been made
to correct the results to give a true curvature in terms of a radius, as the latest tendency is to
compare wing smoothness on the basis of the curvature gauge readings when the feet are set
2 in apart Spanwise waves between corrugations of the order of 0·003 in on 2 in were measured
using the traverse gauge. Along the centre-lines of the screws at the crests of corrugations, waves
of the order of 0·010 in on 3 in were measured, the waves bulging inwards between internally
driven screws. These measurements also indicated that the majority of the externally driven
screws either protruded above the skin or were sunk below the skin by some small amount, the
average difference in level between the skin and the screw heads being about ± 0·0015 in.
The filling over the internally driven screws protruded above the skin in nearly all cases. The
average amount of protrusion being about 0·0025 in. Further measurements indicated that the
, step' at the leading-edge skin joint on the top surface averaged 0-002 in. with peak values of
o·006 in. Examination of the bottom surface joint indicated a much better joint from this point
of view.

5.2. Tests on End Conditions.-Plots of the compression of the specimen at the neutral plane
against chord for load factor 2 with bending load only applied, showed that for all practical
purposes the end bulkheads remained plane as far as bending about a vertical axis was concerned.
Graphs of the angular movement of the ends of the specimen about a chord line plotted against
chord indicated that there was a twist between the ends of the bulkheads about a chord line
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which increased as the loading point moved forward. From the two sets of graphs mentioned
above the graphs of Figs. 12 and 13 were obtained. These graphs show the angular deflection of
the end bulkheads in a horizontal plane and the mean twist of the bulkheads, plotted against
the chordwise position of the loading point. It will be appreciated that as these two graphs do
not cut the chord axis at the same point it would not have been possible to fulfil the ideal con
dition that there should be no drag bending, and the vertical bending moment should be distri
buted so as to result in a uniform angular straining of the specimen at all points along the chord.
This latter condition is the more important, as the stresses resulting from the vertical bending are
much greater than the stresses from the compression and drag bending. The condition would
have been fulfilled if it had been possible to load at position B (Fig. 13) when there would have
been no twist of the end bulkheads and hence the bending would have been correctly distributed.
However, the rig design was such that this was impracticable. It was therefore decided to use,
for the remaining tests, Position 1.at 27 ·14 in aft of the leading edge, as this was the original
position chosen for loading before these tests could be made and was also the most convenient
from the rigging aspect.

5.3. Distortion Measurements up to a Factor n = 2g.-The results of the distortion measure
ments made with the dial board are given in Figs. 14 to 16 presented in three different ways
to facilitate analysis.. The change in wave amplitude, determined as the difference between the
deflection of the skin at the trough of each corrugation and the deflection at the pairs of adjacent
crests, was plotted against load factor. From these curves the maximum value of the wave
amplitude for each of the chordwise sections was determined: this, plotted against chord, is shown
in Fig. 14. It should be noted here that these results are calculated from the difference of two
large quantities and cannot be expected to be accurate to more than ± 0·001 in. Figs. 15 and
16 show load deflection graphs for Corrugation Crests 6, 12 and 18, and curves of corrugation
crest deflections against chord respectively for test IV.lOO; the deflections being relative to the
front and rear webs at the sections concerned. These two are typical of similar graphs which
were much the same for all the Series A tests.

SA. Proof Tests.-For the purpose of these tests the wave sizes, given in Ref. 3, of 1 in 1,000
chordwise and 3 in 1,000 spanwise were taken as critical from an aerodynamic point of view.
Hence, if after a proof loading there was a permanent set in the wave amplitude between corru
gation crests of more than 0·0036 in. the' proof load' of the specimen would be considered to have
been reached.

During the course of the tests a number of minor failures occurred which were repaired between
tests. In Test V.lOO at a factor of 3·5 a chordwise ridge formed between externally driven
screws forward of the rear web. This was found in Test V.200 to be due to failure of the internally
driven skin attachment screws by pulling out of the skin. A spanwise traverse of the buckle at
factor 3·5 and zero load indicated a permanent wave of 5 in 1,000 spanwise. In spite of this
exceeding the critical value test work was continued in order to obtain as much information as
possible. An attempt was therefore made to repair this damage by inserting external screws
to replace the failed self-tapping screws. This met with little success and further similar buckles
occurred at a factor of 3·5 in Test V.300. Consequently all the internally driven screws in the
upper surface of the specimen were reinforced by two No.6 Parker-Kalon hardened self-tapping
screws, type 26, of length O·5 in, located to either side of the internal screws and! in apart.
This reduced the maximum screw pitch spanwise from I! in to 1t in. A further minor failure
occurred at factor 4 in Test VAOO due to fracture of the screws attaching the D-nose to the front
web. Extra screws were inserted. After none of these tests did the permanent set in the wave
amplitude exceed the critical value except in the region of the first chordwise buckle. I twas
not until after Test V.500, in which the load was taken to factor 5, that the set in wave amplitude
exceeded the critical value. After this test the set was 0·0095 in between corrugation crests at
one position and 0·0036 in in many other places.

The shapes of the graphs of corrugation crest deflection against chord, at factors greater than about
3, were very irregular, a typical example being reproduced in Fig. 17 for factor 5 in Test V.5OD.

Graphs of the bend offset and the twist of the specimen over the test length for Tests VAOO and
V.500 showed slight signs of yielding of the specimen above factor 3·5 to 4· O.
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5.5. Ultimate Test.-At a factor of 4 in this test distinct waviness of the surface was apparent,
chiefly concentrated round the screwheads. As the load was increased this waving developed
until at a factor of 5 there was considerable' inter-rivet' buckling between the screws forward
of the rear web, and there were indications of screws failing. This buckling increased in severity
until finally at a factor of 5·85 the specimen failed by an instability failure of the skin and cor
rugations at the position where the initial damage had occurred in Test V.lOO. As the specimen
failed to take further load the test was stopped. Fig. 19 shows a view of the failure and Fig. 18
graphs of the bend offset and torsional deflection of the specimen over the test length.

Examination of the failure after test indicated that the ridges of the chordwise skin and corruga
tion buckles were parallel but offset from one another. This is illustrated by the photograph of
Fig. 20 of the small panel cut from the specimen in the region of failure. It was found that the
7 4 B.A. i-in. long screws inserted during the proof tests had all pulled out of the corrugation
crests. None of the Parker-Kalen type 26 screws, inserted later in the proof tests, had failed.

Control tests on the material of the skin and corrugations were made by the Materials Depart
ment, R.A.E., and the results were as follows.

Material from Material from Skin Specification Minimum
Corrugation DTD.390

-

Limit of Proportionality .. · . · . 9·0 t/sq in 9·5 t/sq in -
0·1 per cent Proof Stress · . · . 19·3

"
20·4

"
15 t/ sq in

Maximum Stress .. . . · . · . 27·7
"

27·0
"

25
"Modulus of Elasticity E X 10 -6 lb/in2 .. 9·8 10·2 -

Elongation of 2 in. per cent · . · . 23 19 15

5.6 Results of Panel Tests.-On the first panel, which was cut from an undamaged part of the
top surface, slight buckling of the centre panel became apparent at a mean stress of 3 tjsq in,
but this was not permanent until a stress of 11 tjsq in. was reached. Final failure occurred at a
stress of 12· 2 tjsq in. by severe buckling of the skin followed by local buckling of the corrugations
along a line across the panel. The load vs deflection graph for this panel was straight up to a
stress of 9· 5 tjsq in.

The second panel was cut from the bottom surface of the specimen and had only the internal
and external screws at 1· 5-in pitch attaching the skin to the corrugations. Load was applied
until the skin buckled away from one row of internally driven screws. This occurred at a stress
of 5· 2 tjsq in. The panel was then repaired in the same way as the top surface of the wing had
been repaired after initial failure in Test V.lOO, using one line of short 4 B.A. screws in tapped
holes. In this way it was hoped to reproduce the type of failure which had occurred on the wing
where these screws had pulled away from the corrugations. However this was not successful,
and final failure occurred by a ridging of the skin and corrugation flanges on a line away from
these screws, none of which pulled out. The ultimate stress reached was 11· 7 tjsq in, whilst
the load deflection graphs were straight up to a stress of 9· 8 tjsq in.

A discussion of the panel test results and a comparison between the ultimate stresses reached
in the wing test and in the panel tests are given in section 9.2.
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PART II

Comments on the Aerodynamic Efficiency of the Wing

6. Aerodynamic Efficiency of the Wing after Manufacture.-6.1. Discussion of Wind-tunnel
Tests.-The wind-tunnel tests made on the specimen at the National Physical Laboratory,
indicate that at Reynolds numbers up to about 5·5 X 106 extensive laminar boundary layers
and low drag coefficients were obtained with this specimen. At higher Reynolds numbers there
was an appreciable increase in drag coefficient attributed to the increased effect of the tunnel
turbulence. Hence the true behaviour of the aerofoil at higher Reynolds numbers has not been
determined by direct aerodynamic measurement. As, however, the Reynolds number of this
section at 10,000 ft at its design maximum level speed of 330 m.p.h. E.A.S. is 18 X 106

, it is
necessary to find some estimate of its efficiency at this number. This can only be done by a
consideration of the smoothness:of the specimen in the light of the available information on this
subject.

6.2. Comments on the Initial Shape.-Regarding the general deviation in shape illustrated by
the full and broken lines shown on the full-scale section in Fig. 10, this amounts to a very slight
change in camber of the aerofoil. Such a change might affect the lift and pitching-moment
curves for the wing but these do not concern us here. The effect on the drag coefficient is con
sidered to be negligible.

Turning next to the local buckling or ridging of the specimen, the ideal limits for the amplitude
wave length ratio of spanwise and chordwise ridges are 1 in 1,000 and 3 in 1,000 respectively.
Spanwise buckles of wave lengths greater than 6 in can be assessed from the profile gauge
measurements with a fair degree of accuracy. It will be seen from Fig. 10 that on the top surface
there is an indentation of about 6 in 1,000 with its centre at corrugation trough number 1. An
indentation almost as severe occurs on the lower surface in a similar position. Both these are
also indicated by the discontinuous change in the curvature gauge readings around this region
(Fig. 11) where the width of the band enclosing curvature gauge readings exceeds the ideal limit
used so far of 0·005 in (for a 2-in setting of the gauge feet). These and the traverse gauge measure
ments indicate that the wing was not quite as smooth as would be liked. The 6 in 1,000 indenta
tion is not so serious as it would appear, as its length chordwise was 9 in and it was well faired
in with the rest of the surface.

The ideal to be aimed at with protrusions, like filling over the screws, has not been fixed very
definitely as yet, but the maximum height should not exceed 0·0005 in. About 40 per cent
of the screws inserted internally had a filling over them which protruded by about 0·002 in.
Hence, as a protruding head affects a wedge-shaped area behind it with a 20 deg apex these
protrusions would quite possibly disturb the laminar flow at the higher Reynolds numbers.
No comments are made on the effect of the externally inserted screws. These were not intended
to be 'smooth' as they were inserted after the wind-tunnel tests The step at the leading-edge
skin joint also averaged 0·002 in compared with the ideal value of something between 0·0002
and 0·0005 in. Hence the same remarks apply to this as to the screw protrusions.

7. Ability of Wing to Resist Flight Loads.-7.1. Distortion up to 2g.-The remarks to be made
in this and the next section will be based on the assumption that the distortion tests were made
on a perfectly smooth specimen. In other words any distortions occurring during testing will
not be added to those already present initially as would occur in practice. In this way it will be
possible to discriminate between the suitability of the type of construction from the viewpoint
of ease of manufacture to the required smoothness and its ability to resist distortion under
service conditions.
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From the wave amplitude summary graph of Fig. 14 it will be seen that only near the rear
web and at corrugation trough number 11 in the pressure test did the amplitude exceed the
critical value of 0·0036 in (1/1,000 X 3·6, distance between corrugation crests). As transition
would occur at the rear spar in any case due to the adverse pressure gradient there, these results
are good. The specimen should satisfy the condition that it must remain smooth at its maximum
level speed with small manoeuvring and gust accelerations superimposed. Further it is of
interest to note from the graphs of Fig. 14 and still further supported by the graphs of Fig. 15,
that if the specimen is satisfactory in maximum level flight at n = 19, then provided the speed
does not increase the smoothness will remain much the same as the factor increases to 2g.

7.2. Proof Loadings.~With the wing in the condition as received for loading tests the proof
load factor would only be 3·5 or 58 per cent. of the design ultimate factor, as the internally
inserted screws failed at this load and there was excessive permenent buckling. Upon repairing
the wing by decreasing the effective screw pitch from 1·5 in (or 3 in considering the internally
inserted screws ineffective) to 1·125 in this factor was increased to 5·2. This is nearly 90 per cent
of the design ultimate factor which is the proof load percentage normally used in strength tests.

It will be appreciated that the screws used·for the repairs are not satisfactory from the smooth
ness aspect as they need careful countersinking and filling flush with the skin. These were only
used to expedite the repair work. It IS understood that for future smooth wing work the firm
propose to use countersunk rivets with the heads ground flush with the skin. Provided these are
placed at about l-in pitch they should be satisfactory.

Further comments on the proof factor achieved will be found in Part III under structural
efficiency.

PART III

Comments on the Structural Features of the Wing

8. Skin Distortions under Load"~8.1. Local Distortion between Corntgations.~The local distor- .
tion of the skin between corrugations is of primary importance and therefore warrants careful
consideration. The graphs of wave amplitude of Fig. 14 show features of particular significance
which are summarized below :~

(a) The superposition of the bending and torsion loads, applied separately or together, on the
pressure loading has a small effect on the maximum wave amplitude. It will be seen from Fig. 14
that in general the increase is from about 0·0010 in to about 0·0013 in, except in the region of
the front and rear webs. A large increase would not be expected, as the compression and shear
stresses at 2g loading are well below the buckling stresses.

(b) Over the majority of the wing, after the Ig loading has been reached the wave amplitude
tends to remain constant or if anything to decrease. This can be explained by the remarks
made above in (a) combined with the fact that above Ig loading the pressure, the primary cause
of these deflections, remains constant.

(c) At the corrugation trough adjacent to the rear web the wave amplitude is in all cases.
negative except for Station B on the rib centre-line. This would suggest that where the web is
unsupported by rib or stiffener it transmits a fixing moment to the adjacent portion of the skin
through the web flange. This would account for the negative wave-amplitude, corresponding to
inward buckling, and also for the fact that in the combined pressure, bending and torsion test,
when the web buckling was most severe, the wave amplitude reached its highest negative value
at this position. It should be noted that this effect would be unlikely to occur on a complete
wing as there would be no normal pressure on the web.
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For a comparison of the wave amplitude with theory the skin between corrugations may be
considered as having clamped edges, and elementary beam theory may be used. The central
deflection of such a beam under a uniformly distributed load may be expressed as

Pp
h = 0·0315

Et3
'

where p = normal pressure,

L = width between supports,

t = plate thickness.

Now, for a pressure of 170 lbjsq ft, the pressure at n = Ig, the above formula gives a value
for h of 0·0013 in compared with a measured value of 0·001 in at this pressure in Test 1.100
(pressure only). In Fig. 14 it will be seen that the wave-amplitude was some 30 per cent. greater
in the tests with bending or torsion applied as well as pressure than in the test under pressure
only.

Graphs of wave amplitude, not reproduced in this report, show that this varies quite widely
between the various corrugations and chordwise between the various sections. It is quite probable
that this is due to the effect of the internal stresses induced in the skin when the specimen was
made. The bending stress in the skin under a normal pressure of 170 lb/sq ft is only O:5 t/sq in.
This is well within the order of stress which may be present initially.

8.2. General Distortion of Skin and Corrugations.-The general distortion of the top skin panel
between the front and rear webs is illustrated by the graphs of Fig. 16. It is difficult to explain
the curious' dip' or minimum in these graphs, especially as it was apparent even in the tests
under pressure only.

9. Comparison of the Failing Load with Theory.-9.1. I nitial Failure in Proof Tests .-In
Test V.100 the failure was due to inter-rivet buckling on a pitch of 3 in due to the internally
inserted screws being virtually ineffective. Based on the section modulus of the wing, considering
the skin fully effective, the stress at the factor of 3'5g was 6·64 t/sq in. Stressed-skin data sheet
02.01.10 gives an inter-rivet buckling stress of 7· 4 t/sq in. for a rivet pitch of 3 in. The slightly
higher value given by the data sheets may be explained by the fact that inter-rivet buckling
stress is very sensitive to the distance between the rows of rivets. This is apparently not allowed
for in the data sheets. In the wing the rows were very close together, compared with normal
practice. .

9.2. Ultimate Failure.-Practically all the design data available on the strength of corrugated
construction is based on empirical rules deduced from panel tests. The ultimate strength of the
wing, will therefore be compared with the results of the tests on the panels cut from the wing
itself.

Using simple bending theory and assuming the top skin of the wing as being fully effective,
the stresses in the top surface of the wing at failure were:-

Compression stress = 11· 1 t/sq in
Torsion stress = 2· 43 t/sq in

The mean failing stress of the panels, 12·0 t/sq in, was corrected to allow for the presence of
shear stress by using a similar expression to that deduced in R. & M. 19654 for initial buckling
under combined shear and compression. Instead of using the buckling stresses in the formula

(4)



the ultimate stresses were used giving

a ( 't )2- + - -1
ault 7:ul t - •

(5)

where 7: = the shear stress in panel,

7:ul t = ultimate shear stress for panel when the compressive stress is zero (taken
as 10 t/sq in, the initial buckling load for simply supported edge
condition) ,

(J = the ultimate compressive stress for the panel when the shear stress is 7:,

ault = the ultimate compressive stress when the shear stress is zero (taken as
12·0 t/sq in).

This gave a corrected compression failing stress for the panels of 11·3 t/sq in. which compares
very well with the compression stress in the wing at failure of 11·1 t/sq in.

It is of interest to compare the stress at which inter-rivet buckling occurred in the ultimate
test with the value given by the stressed-skin data sheets. On the wing the inter-rivet buckling
was not definite in form until a factor of 5 was reached, when the compressive stress was
9·5 t/sq in. based on the full area modulus. The stressed skin data sheets give for a rivet pitch
of 1·125 in an inter-rivet buckling stress of 12· 2 t/sq in.

9.3. Reduction oj Ultimate Load [or Material Properties.-From the results of the control tests
given in Section 5.5 it will be seen that the 0·1 per cent proof stresses of the skin and corrugation
material were 29 to 36 per cent above specification. Conventionally speaking, therefore, the
ultimate factor of the wing should be divided by 1· 3 to give the ultimate factor of a wing with
material on the minimum specification limits.

10. Conclusions.-The chief difficulty in the production of a smooth wing having thick skin
reinforced with corrugations would, from the work reported here, appear to be that of making
the wing sufficiently smooth in the first instance, Provided this difficulty can be overcome the
wing should remain smooth under the loading imposed in service.

From the design aspect the waving between corrugations can be calculated with sufficient
accuracy from the formula

PLI!
h = 0·0315

Et3
'

and considering only the pressure loading, the increase due to bending and torsion not being
appreciable. The strength can be estimated by comparison with panel tests. The panel test
results should be compared with the compression stress obtained from simple bending theory,
assuming the top skin fully effective. Should the shear stress in the skin be large the panel stress
result should be further corrected by a formula of the type

a (7:)2-+ - =1
a ult 7:ult ,
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FIG.8. Front View of Specimen in Test Frame.
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FIG. 20. End View of Panel Cut from Top Surface of Specimen .
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