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Sumimary.—The development of special smooth wing constructions for laminar-flow aerofoils calls for a simple testing
technique to check the suitability of these new designs. In the method now used a short parallel length of wing bounded
by ribs is tested tnder uniform bending with torsion and internal pressure superimposed when necessary. A standard
specimen and standard testing technique are described. A review of the existing instruments for measuring surface
irregularities is included. ’ i

1. Introduction.—The satisfactory development of laminar-flow aerofoil sections, having
lower drag coefficients than previous sections, has led to the problems of designing and con-
structing wings fulfilling the requirements for surface smoothness both initially and under load.
Theoretical design data for smooth wings having the conventional spar and reinforced light alloy
sheet construction has already been published® and such wings are under development. To
check the suitability of such wings and others of less conventional construction tests are being
made on samples of these wings. ‘

The purpose of the tests is to examine the initial shape of the specimens, to see whether they
~ remain sufficiently smooth under light manoeuvring loads and to decide whether proof loading
produces enough permanent deformation to destroy their laminar flow properties. The object of
this report is to facilitate co-operation between the Royal Aircraft Establishment and firms
interested in the smooth wing tests and to encourage uniformity in the test methods. To make
the report complete information is included on the measurement of surface waviness.

Before going further it is necessary to summarize the present position regarding the require-
ments for smooth wings. Until a great deal more work has been done and the difficulties inherent
in smooth wing production have been at least partially solved, no official requirements can be
laid down. In the next section, however, an attempt has been made to formulate such require-
ments as a basis for experiment and discussion, '

2. Requirements for Smooth Wings.—2.1. Limiting Dimensions for Surface Distortion.—Surface
irregularities on the wing surface forward of the design position of the transition point may cause
turbulent flow and a resulting increase in the drag coefficient. The three major forms which these
irregularities take together with approximate values for their maximum permissible size if
transition is to be avoided are listed below :— :

(a) Buckles and Ridges.—The ratio of amplitude to wave length should not exceed 1 in 1,000
when measured in a chordwise direction and 3 in 1,000 when measured in a spanwise
direction.

*R.A.E. Report S.M.E. 3327—received 10th July, 1845.
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(b) Steps at Skin Joints.—The difference in level of the sheets at skin joints should not exceed
- 0-0005 in. ; this applies especially to spanwise joints. -
(c) Rivet and Screw Heads.—The protrusion or depression of these connections relative to the

skin level should not exceed 0-0005 in., whilst the sharp corner often found at the edge
of spot welds should not exceed 0-0002 in.

2.2. Smoothness under Load.—The operational conditions under which this smoothness must
be maintained may be summarized in the following three requirements:—
(a) The wing must be smooth initially. ' '
(b) The wing should remain smooth under light manoeuvring or gust loads up to a factor
of » = 1}g at maximum level speed or economical cruising speed, depending on the
operational use of the aircraft.

(c) Proof loading of the wing should not permanently distort the wing surface bejfond the
limiting amounts described above.

3. Choice of Specimen.—Suitable specimens for these investigations should be
(a) Suitable for wind tunnel, distortion and strength tests.
(b) As simple as possible. '
(c) Similar to each other to facilitate comparison of results.

It is therefore desirable that if possible a standard specimen be provided made to the
dimensions recommended below. '

3.1. Aerofoil Section.—When it is required merely to obtain design information on a specific
type of smooth wing construction it is recommended that an aerofoil section belonging either -
to the NACA 65 or 66 series with a £/c ratio of 15 or 18 per cent. be used. However, if information
is required on a design of smooth wing intended for a particular aircraft, it is preferable that the
specimen should have the actiial aerofoil section. to be used. -

3.2. Plan Shape of Specimen.—Having in mind the need for a simple test rig, the choice of
shape lies between a parallel specimen tested under uniform bending and a tapered specimen
tested as a cantilever with a single up-load at the end of an outrigger. These two types of test
are illustrated in Fig. 1. The parallel specimen represents in all cases a narrow chordwise element
of wing (whether the wing is tapered or not), over which there is no appreciable change of bending
moment or shear force. When tested under uniform bending it becomes an improved type of
panel-test in which'suction loads and rib anchorages can be represented. For test purposes, this
type of specimen has numerous technical advantages over & tapered specimen.. On the other
hand it has been argued that as part of the object of making these specimens is to try out manu-
facturing processes for smooth wings, which are obviously more complex with tapered wings,
any specimen used for test should be tapered. This point is appreciated, but it has to be balanced
against the undesirable consequence that a special test rig has to be built for each specimen.

It is therefore recommended that a parallel specimen be used and, to suit the appropriate
National Physical Laboratory Wind Tunnel, it should have a 6-ft. chord and a length of 8 ft. to 10 ft.
Such a specimen may be considered as representing part of a medium aircraft wing near the tip
-or as a scale model of a section of a large aircraft wing. It may be desirable in certain cases,
such as very large aircraft, to make a larger specimen for distortion and strength tests as a check
on manufacturing methods. ‘

This report is concerned mainly with the 6—ff. 'chor'd pa’rallel—sﬁce type of specimen tested under -
uniform- bending moment.

4. Preparation of Specimen.—For the structural distortion tests, the specimen with all necessary
end fittings has to be prepared in such a manner as to ensure correct distribution of the applied

loads. The majority of additional fittings can only be assembled to the specimen after completion
of the aerodynamic tests at the N.P.L.

4.1. _P7fessm'e Commections.—The aerodynamic suction experienced by a Wing' in flight is
simulated in these tests by internal pressure. This necessitates complete.sealing of the specimen
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to prevent air leakage during test. This sealing is achieved by filling all rivet and screw holes,
skin joints and similar discontinuities with some suitable filling during construction. To make
the ends of the specimen airtight thin rubber-sealing strips should be provided between the end
sections and the end bulkheads (see section 4.2 below). Where cellular or corrugated construction
is used suitably disposed holes must be drilled to ensure the pressure is effective over the skin
itself. The necessary pressure connections should include one inlet and two outlets for measuring
purposes. :

4.2. Bending Futtings—To distribute the bending moment applied to the specimen suitable
- fittings and reinforcement must be provided at both ends of the specimen. As it is essential that
during the application of load the end planes of the specimen remain plane, a stiff bulkhead
should be.provided at each end, and the ends should be reinforced adjacent to the bulkheads
by doubler plates at least as thick as the underlying skin. Figs. 2 to 4 show various types of
end fittings designed for use with different smooth wing constructions.

4.3. Torsion Fittings.—For the application of torsion four extra brackets are required fitted
- to extensions at the fore-and-aft end of each bulkhead, to incorporate horizontal chordwise pins.
Examples of these brackets and lugs are shown in Figs. 2 to 4.

5. Method of Test—5.1. Pressure Loads—The most convenient method for applying the
internal pressure, used to simulate the aerodynamic suction, is by using the compressed air supply:
usually available in a laboratory but reduced in pressure by a large drum with a hand controlled
leak valve. Ifa pump isused the delivery must be large, as a considerable volume is needed owing
to the presence of many small leaks and to minor failures during tests. The applied pressure
should be measured by two mercury U-tube manometers, the second manometer being a check
gauge to assist the operator should the other fail at a critical moment.

5.2. Bending Loads.—The method of applying the bending load to a parallel slice type of
specimen is illustrated in Fig. 5, which should be studied in conjunction with the photograph
of Fig. 6. Vertical stanchions—three or four at either end have been found a suitable number—
should be bolted to the end bulkheads at the bottom and connected by a cross beam or beams
at the top. The horizontal load is applied either directly by a turnbuckle or by a nutcracker
device, illustrated in the figure, the open ends being pulled together by a spider* and the resulting
load measured by a spring balance. The ideal chordwise position of the loading point is that
which results in the end planes remaining plane. This can be assured by using stiff end bulkheads
and by some preliminary tests, using an arrangement of dial gauges 51m11ar to that shown in
Fig. 7 to determine the best pos1t10n of loading point.

If the specimen is of the heavy spar type, it may be desirable to apply the load more dlrectly
to the spars by bolting vertical beams to the spar extensions and retaining the end bulkheads for
distributing some of the load into the interspar skin.

5.3. Torsion Loads.—These are applied by up-and-down loads at either end of one of the
bulkheads, the other bulkhead being pin-jointed to the supporting framework to provide the
necessary Vertical reactions while allowing the end plane to rotate about this joint to take up
distortions arising from the applied bendlng load. A method of applying the up-and-down torsion
loads is illustrated in Figs. 5 and 6.

5.4. Simplification of Rig.—If sufficient information can be obtained by the application of
bending and pressure only, it is not necessary to provide the supporting framework otherwise
necessitated by the torsion loading gear. The specimen could then be supported on rollers, the
application of bending and pressure loads being through a self-contained rig. This is especially
useful with large specimens, when the provision of sultable supporting and torsion rigs is a
major problem. :

*Spider : this is the term used for a straining gear comprising a long screwed bar fitted with a nut, having capstan-
arms for ease of rotation, bearing against a collar or trunnion block. ‘
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6. Test Programme and Loading Conditions.—The following series of tests is made on each
specimen after completion of the wind tunnel tests.

(1) Measurements of initial shape.
(2) Elastic distortion tests. _

" (3) Proof or permanent distortion tests.
(4) Ultimate test.

As it is not possible to represent correct conditions of end stress and pressure on upper and lower
surfaces at the same time it is usual to make the top surface conditions fully representative, and
to make all measurements, except the initial shape measurements, on this surface, as this is usually
the most critically loaded surface from a skin distortion aspect.

- The test programme listed above is described in the following sections. The test measurements
required are also described, but details of suitable measuring instruments are left to section 7.

6.1. Measurements of Initial Shape—Information is first required on whether the type of
construction and method of manufacture are suitable for the production of smooth wings. These
measurements should be made on both surfaces forward of the transition point and should include
measurements of the surface waviness, rivet, screw or spot weld protrusions and steps at skin
joints, using the appropriate instruments.

6.2. Elastic Distortion Tests up to a Factor n = 1Lg.—These tests are made to ensure that the
wing surface remains smooth under light manoeuvring or gust loads at either the maximum
level speed or the cruising speed, according to the aircraft type. The test loads should be
calculated on these assumptions and the applied internal pressure should correspond to the peak
suction on the top surface at the appropriate speed (Fig. 8). It will be found that the pressure
varies very slightly above 1g loading owing to the large initial suction at zero lift. This is
illustrated by the graphs of Fig. 9. The gust case loading is best illustrated by line C in Fig. 10,
a rationalized stressing diagram for a typical aircraft.

To provide sufficient information it is recommended that tests be made up to 11g under
(a) Pressure only.
(b) Pressure and bending.
(c) Pressure and torsion.
(d) Pressure, torsion and bending.
Measurements of surface distortion should be made.

6.3. Proof Load Tests.—Tests are next required to determine the load which produces enough
permanent distortion to destroy the aerodynamic efficiency of the wing. The test case should
be chosen to give the most severe permanent buckling of the skin. As the pressure has a stabilising
effect on the skin the tests would normally be made under the centre of pressure forward condition.
This gives the lowest pressures over the part of the wing aft of the 5 to 10 per cent. chord position,
as illustrated by the pressure variation graph of Fig. 10, and would therefore ensure that over
the least curved part of the surface the pressure would be a minimum and that in the majority
of wings appreciable torsion would be present. The uniform pressure used should correspond
to the minimum over the test part of the chord as illustrated in Fig. 8.

A series of tests under the chosen loading conditions should be made, each test being taken a
unit factor higher than the previous test until at zero load there is a permanent set in the skin.
in excess of that permitted. Measurements of the vertical deflection of the spars should be made
in these tests as well as measurements of skin distortion.
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8.4. Ultimate Test.—The choice of loading case for this test depends largely on-the design
information required by the firm. It is usual during this test to omit the internal pressure as a
safety precaution, and only the vertical deflections of the spars are measured. -

6.5. Adjusiment of Applied Bending and Torsion Loads:—The method of test described in
section -4 produces a direct compression load as well as a bending moment, and hence the
compression in the top surface is greater than the tension in the bottom surface. The magnitude
of the load at the top of the vertical arms should therefore be adjusted accordingly. :

In the case of specimens of box construction the method of test does not reproduce the shear
stress distribution arising from the vertical shear loads. Omission of this vertical shear results
in a lower shear stress in the skin near the webs. Consequently the applied torsion load should
be increased above the calculated value to make up for this omission approximately.

7. Measuring Instruments used vn Smooth Wing Tests.—7.1. General Remarks.—The measure-
ment of surface waviness and other irregularities in the skin of smooth wings may not be restricted
to one instrument. A brief description of the various instruments, their application, and notes on
possible future developments of particular types, are given at the end of this section.

The number of wing sections at which measurements should be made depends on the type of
instrument and the surface finish. Enough initial shape measurements should be made to enable
a good average picture of the state of the surface to be obtained. In the distortion and proof
tests the measurements should be made on at least the three sections comprising a central rib
and half a rib pitch to either side.

7.2. Notes on Measuring Instruments—(a) The Profile Gauge.—This gauge is intended for
comparing the overall shape of the specimen aerofoil section with the true section as given by the
aerofoil ordinates. It is unsuitable for detecting spanwise ridges of very small amplitude and
wave length owing to the difficulties of manufacture to very fine limits.

The features of the gauge are illustrated in Figs. 11 and 12. It is used in conjunction with wedge
or feeler gauges for measuring the gap between the wing and the gauge edge. (The gauge illus-
trated in Fig. 11 was designed for use on a wing from which the trailing edge had been detached.)

(b) The Traverse Gauge.—A photograph of this gauge is shown in Fig. 11, which illustrates its
general design features. Its use is almost entirely limited to spanwise measurements, as chord-
wise traverses are almost impossible to interpret, owing to the rapid variation of the gauge reading
due to the surface curvature masking any slight waviness present. It is, however, useful for
measuring the step at spanwise skin joints, as illustrated by Fig. 12b.

(c) The Curvature Gauge.—A gauge of this type is illustrated in Fig. 11 in sufficient detalil to
show its main features. The present recommendations regarding the application of this gauge
to smooth wing measurements may be summarized as follows. The feet should be set 2 in.
apart and the dial gauge midway between them. The gauge so adjusted should then be traversed
chordwise across the wing at a number of sections, readings being recorded at suitable intervals.
A graph of the results will be of the form shown in Fig. 14 and the wing is smooth enough if the
width of the *“ curvature gauge correlation band ’, enclosing all the results, is not greater than -
0-004 in. This is further illustrated on the graph of Fig. 14. Work is proceeding on the applica-
tion of this instrument and an auto-recording type is also under development.

(d) The Dial Board.—The dial board is of use where the type and extent of buckling can be
predicted with a reasonable degree of accuracy. This instrument mounts a number of dials on a
rigid board, suitably supported on the wing, locating the dials at the estimated positions of the
crests and troughs of any buckling which may occur. A dial board used on some tests on a
smooth wing of corrugated construction is shown in Fig. 11. The supporting blocks and fittings,
which may be positioned at a number of sections along the wings, should provide for positive
location of the board in all directions without préventing any distortion of the wing under load.

5



(e) Chequer Board Reflections.—In its present form this method is only suitable for locating
small distortions which are not discernible to the unaided eye. Some tests of the miethod for the
quantitative analysis of surface waviness are described in Refs. 3, 4 and 5. Before the method
can be applied to the location of buckles, the surface of the specimen has to be polished to some-
thing like mirror finish. A chequer board, of one of the types shown in Fig. 13, is held in a span-
wise direction in a plane normal to the wing surface and traversed to and fro. The reflection of
the ‘board in the wing is observed by eye and even slight buckling shows up well. Buckles so
found may then be measured by either a traverse gauge or a curvature gauge.

REFERENCES
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F1G. 11. Smooth wing measuring instruments
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