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SUMMARY

This paper constitutes a report on one phase of an investigation
sponsored by the National Advisory Committee for Aeronautics at the
California Institute of Technology, namely, the determination of the
alloweble loads in wing nose-sections under the action of combined
loading corditions, As intimated by the title, the material presented
here has been 1imit¢d to the case of pure torsion only, this choice being
dictated by the present state of the experimental program and the in=
terpretation of its results,

The experimental program itself consisted of the testing of specimens
made up of two semi-elliptical (or semi-circular) segments of sheet
supported and clamped at the ends of the minor axis of the ellipse, thus
simulating two wing nose-sections mounted to a common spar and tested as
a single unit. As a result of the tésting of these specimens with varying
ellipticity, sheet thickness, and length, suffiéient experimental data was
obtained to establish rational design cur%es for both the buckling and
ultimte feilure of semi-elliptical eylinders under torsion,

Since the<typg of specimens used only approximated the shape of an
actuél wing nose-section, it was necessary to devise a means of relating
the two structures, in order that the criteria presented in this paper
could be used for actual design practice.

Since a limited amount of torsion tests on actual wing assemblies
was available to this author, it was used to check the validity of both
ﬁhe geometric relation devised between the two types of structures as

mentioned above amd the actual design criteria developed from the
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experimental results, The agreement obtained was quite good, thus
substantiating the usefulness and reliability of the results presented
in this paper, |

In the light of the above results, it is believed that the experi-
mental portion of the investigation has been satisfactorily completed,
with the possible exception of determining the affect of stiffeners upon
the strength of the cylinders under discussion., However, since this
represents an entirely different field of study, it is beyond the scope
of this present investigation and must be relegated to the future.

Attempts were made to develop a theoretical verification of the
results obtained, but due to the complexities of the problem, they met
with little success for the present, Therefore, this task also remains -
as one to be completed as a part of any future work which may be under-

taken,
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I. INTRODUCTION

One of the outstanding problems facing the structural engineer of
today is the saving of weight in the design of the component parts of the
modern airplane. Due to the lack of adequate information in certain
branches of this field, the National Advisory Committee for Aeronautics
has undertaken several research projects to provide the designer with
specific data, in order that he may be better equipped to cove with the
problem at hand. This paper constitutes a report on a part of one of these
investigations sponsored by the N,A.C.A, at the California Institute of
Technology, namely, the determination of the allowable loads in wing nose-
sections under the action of combined loading conditioms.

It was-found, at the time of the conception of this project, that the
leading~edge portions of the more commonly used airfoil profiles could be
approximated by semi-elliptical segments. From an experimental point of
view, thié gave rise to the possibility of the use of elliptical cylinders
as a laboratory ﬁeans of obtaining the desired results, the test cylinders
being so designed as‘to reproduce the proper boundary restraints upon the
thin metal covering of the section.

As a result of this decisiom, the physical parameters of the investiga-
tion became as follows:

1) The degree of ellipticity, i.e., the ratio of the semi-major
and minor axes of the ellipse;

2) The length of the test cylinder, expressed in terms of a
suitable dimensionless parameter;

3) The thickness of the sheet covering, expressed in terms of a

suitable dimensionless parameter;



4)

The influence of longitudinal stiffening elements,

In view of the aims of this program, it was decided to emphasize the

experimental side of the project with the hope that the results obtained

could be substantiated by theoretical considerations. In order to obtain

the complete history of semi-elliptical cylinders under combined bending,

vertical shear, and torsional loads, and to further facilitate any theo-

retical studies, it was deemed desirable to determine the affect of each

of these loadings, singly and upon each other, before proceeding to the

final configuration. Therefore, the following loading conditioms were

decided upon for investigation:

1)
2)
3)
4)
5)

Pure torsion,

Pure bending,

Bending plus torsion,
Bending plus vertical shear,

Bending plus vertical shear plus torsion, the bending and

shear forces being applied in the plane of the minor axis.

As intimated previously, this paper will be concermed only with the

discussion of the case of pure torsion, this choice being dictated by the

present state of the experimental program and the interpretation of its

resultse.



1T, EXPERIMENTAL TECHNIQUE

Material and Material Tests-

As a result of a study of the materials used in the present day
construction of aireraft, 245-T aluminum alloy was chosen for the purpose
of the experimental investigation. This material wes obtained in nominal
sheet thicknesses rapging from ,010 in, to .040 in, Despite the large
deviations from the nominal dimensions of the sheet supplied during the
course of the research program, the individual sheets themselves were
reasonably uwniform. |

With this in mind, random samples were selected from the various ship-
ments of material in an effort to obtain representative properties of the
actual metal alloy used in the construction of the test specimens. The
testing of these samples was limited to that of tension onlyr since the
most important property desired was that of the modulus of elasticity ()
which can be assumed to be the same in tension and compression.

These tests were conducted in a standard Riehle testing machine
having e maximum rated capacity of 3000 pounds. Unit strain measurements
were made by means of Huggenberger extensometers with a magnification of
approximately 300 times. Typical tensile stress-strain curves are presented
in Fig. 1 and a complete summary of test results is given in Table I, from
which Fig. 2 has been plotted. The scatter of experimental points in this
latter figure may be attribﬁted to variations in the material itself and to
the limitations imposed upon the attainable accuracy by the experimental

procedure used.

*Approximate compression properties may be obtained if desired by use of
Table I-1 of reference 1,



Inspection of Fig. 2 indicates that the modulus of elasticity (E)
is substantially independent of the direction of loading relative to the
sheet grain, and has an average value of 10.3 x 108 lbs./Bq. in. The
ultimate tensile stress (ou) is slightly less across the grain than with
the grain, while the difference in the defined yield stress (o,,« 0.2%
permanent set in the initial gauge length) is more marked. The apparent
variation of the ultimate stress with sheet thickness cannot, at the
present time, be fﬁlly explained. However, the average values and varia-
tions of tensile properties with grain direction are in agreement with
previously published results, e.g., see references 1 and 2, While of
general interest, these variations are of secondary importance to the
basic research project at hand, since buckling and failure of the test
cylinders occur at stresses considerably below those of the defined yield

point .

Test Specimens-

The specimens consisted of two semi-clliptical (or semi-circular)
segments of sheet supported and clamped at the ends of the minor axis of
the ellipse, thus simulating two wing nose-sections mounted to a common
spar and tested as a single unit., It was, at first, thought possible to
use a Wagner type spar as a means of providing the required beam support,
and to subtract the affect of this spar in order to determine the net
load carrying properties of the curved sheet alone. After several tests
had been completed wder different loading conditions, it was decided that
the presence of a spar having relatively large bending and shear rigidities
made it very difficult to obtain accurate and reliable results of the net

strength of the sheet covering.



Therefore, it was decided to replace the Wagner type spar by the
system of vertical spacer blocks illustrated in Fig. 3. The spacer
blocks were joined by a series of rather loose links in such a manner
that relative motion in all directions was possible. This completely
eliminated the difficulty of shear rigidities and reduced the problem of
the bending rigidity to a minimum. In order to prevent the sheet cover-
ing from buckling between the spacer blocks, coverplates were placed
above and below the junctions of the two semi-elliptical sections of
sheet. The thickness of these coverplates was so chosen that they would
have a slightly higher buckling load than that of the curved sheets., It
can be readily seen that this means of support would contribute only
negligibly to the shear strengths of the specimen, and would carry a
definite, calculable amount of bending moment. These facts were borne
out very satisfactorily in experimental tests conducted for just such a
purpose.

At the ends of the specimen were one-inch thick steel plates (cf.
Fig. 3) having the cross-section of the desired ellipticity, with the
addition of a two-inch rectangular center-section to which was attached

the above mentioned support systems These end~-plates served a two-fold

1) They held the ends of the sheet covering to the correct
contour;
2) They provided a convenient means of attaching the specimen
to the testing machines,
With regard to the first item, the sheet was held firmly to the end-plates
by 1/4 in. bolts which screwed into tapped holes, and were spaced one-inch

apart around the circumference of the specimen. For specimens where the



failing stresses were quite high, steel bands having the shape of the
end-nlates were nlaced between the bolt heads and the sheet to distribute
the bearing loads of the bolts and to prevent "inter-bolt" bduckling.

In carrying out the details of the actual assembly orocedure of the

"soft~spots” or wrinkles in

specimens, considerable care was taken to avoid
the sheet covering, and to insure that each spnecimen was as accurately
formed as vossible. There were several unavoidable instances when compliance
with the above conditions was not obtained; and, therefore, the validity

and consistency of the results of such tests was critically considered and
discarded when deemed necessary.

211 of *the snecimens tested had a depth (equal to twice the length of
the semi-minor axis) of anoproximately six-inches, the degree of ellivticity
being obtained by variation in the length of the semi-major axis. The
ellipbicities were 1.0, 2.0, and 3.0, while the length of the specimens
r@nged from 1.0 in. to 34.0 in, These variations, in conjunction with the
three basic nominal sheet thiclmesses tested, .Cl0 in., .0l6 in., and .C2C
in., reduced the nrogram at hand to a systemntic ilnvestigation of the affect

of the geomebry of the test snmecimens under the loading conditions selected

for study.

Test Apvaratus and Tegt’n" Procedure=-

A few of the early torsion tests were conducted in the bending-torsion
mechine which is fully described in references 3 and 4., In view of the fact
thet these specimens contained the “lagner beam support system, further

discussion is deemed unnecessary.
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The remainder and greater part of the pure torsion tests were
conducted in a standard Olsen testing machine, illustrated in Fig. 4,
and having a maximum rated capacity of 50,000 in.~lbs. As evident from
this figure, a detachable loading jig consisting of a length of H-beam
and a section of steel shafting was used to transmit the torsional moment
from the jaws of the testing machine to the end-plates of the test specimen.
During the testing period, angular deflection measurements were taken over
a portion of the length of the specimen, so chosen as to eliminate the
affect of the rigid end conditions at the end-plates. These measurements
were made for the following two purposes:

1) To obtain a means of corroborating the buckling load deter-
mined by visual observations;

2) To obtain the effective shear modulus to be used in deflection
calculations,

The individual sets of deflection data were fairly reliable and con=-
sistent in themselves, and proved to be quite adequate in fulfilling their
first purpose. However, when considered as a whole, the results obtained
on the effective shear modulus scattered very badly and followed no particu-
lar trend, with the result that the second purpose of the measurements could
not be satisfactorily achieved. From these two seemingly contradictory
facts, it may be concluded that the results of the measurements made were
of qualitative value only, the quantitative value having been obscured by
eccentricities and inaccuracies in the assembly of the test specimens and
in the measuring device itself. For the sake of completeness, sample curves
of the angular deflection measurements are presented in Fig. 5, and will be

discussed further in the next section of this paper.
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III. DISCUSSICN OF EXPERIMENTAL RESULTS

In carrying out the method of attack proposed in the previous section,
the study of semi-circular and semi-elliptical cylindefs under pure torsion
provided a convenient starting point, since a thorough study, both theoretical
and experimental, has been made of circular* cylinders under the same loading
(cf; reference 3 ),

As a result of this previous investigation, a good deal of qualitative
rationalizations can be made in an effort to evaluate the reliability and use-
fulness of the test data of the project umder discussion, The simplest example
of this is the consideration of the buckling and ultimate loads for semi=
circular cylinders under torsiom., Since, for this particular case, the radius
of curvature is everywhere equal, it can be concluded that the specimen should
buckle into diagonal waves around its entire circumference simultaneously,
and, at the same time, regch its ultimate strength.

From observations made during the testing procedure and fram the data
of Table II, these "predictions" are reasonably substantiated, The few excep-
tions which do exist can be attributed to the presence of slight initial
eccentricities and imperfections in the test specimens, which effect the
buckling loads but not the ultimate loads., This same point was made in
references 3 and 6 concerning circular cylinders.

Turning now to the semi-elliptical cylinders, it is immediately obvious
that an entirely different situation exists than in the semi-circular
cylinders. As one proceeds around the circumference of a specimen, the
radius of curvature varies between a maximum value at the ends of the minor

axis and a minimum value at the ends of the major axis, the magnitude of

*In reading this section great care must be used in detecting references to
and differences between semi- and complete cylinders, in order to fully under-

stand the material presented.
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these limits depending on the ellipticity and the depth of the cross=-section,
Thus, it may be expected that the specimen would first buckle.in the regions
of maximum radius of curvature, and under further inerease in load would
expand these buckles diagonally towards the nose, At the same time, as each
section of the circumference reached its critical load, depending on the
local radius of curvature, new éhear buckles would appear and propagate
slowly, Due to the fact that the minimum radius of eurvature is located at
the nose of the specimen, this nose portion would resist buckling in such a
manner as to act as a stiffener, Consequently, a diagonal tension field
would be formed in the remaining portions of the specimen., Under further
increase of the applied load, the combined forces due to the induced tension
field and the direct torsional loading would soon reach sufficient magnitude
to cause the collapse of the relatively stiff nose and therefore bring about
the ecomplete failure of the cylinder,

Thus, it is seen that for semi-elliptioai cylinders the buckling and
ultimate loads are two separate and distinet points in their loading history,
and that the difference in the values of these two critieal points would
increase with increasing ellipticity. It is apparent that this latter state-
ment must be true when one considers the relative values of the maximum
and minimum radii of curvature as a function of the ellipticity ratio,

Satisfactory compliance with the above statements can be fully established
by inspection of Tables III and IV, in addition to actual physical observations
made during the testing of the specimens in conjunction with Fig., 5. Here
agein, the affect of the initial irregularities become apparent as will be
pointed out later in this report. Some of the above conclusions are made
in reference 5 relative to elliptical cylinders.

In order to express the two critical torsional loads in terms of suitable

stresses, use has been made of Batho's equation for thin-walled closed sections,



This equation states that ¥=My/2At, where v is the average torsional shear
stress corresponding to the torsional moment, Mg, across the thickness of the
thin-walled covering, t, and A is the total area enclosed within this covering.
As was pointed out in reference 5, this method of computing the stresses is
perfectly valid up to the point of buckling, Beyond this point the equation
gives a fictitious average value of the shearing stress which, at failure, is
analogous to the modulus of rupture in beam practice, and must be kept in mind
as such,

In presenting the quantitative experimental results of this phase of the
research program, use has been made of the parametersy advocated in referenées
3 and 5 as a convenient initial stage in the developments to follow, For the
ultimate strength of semi-circular cylinders under torsion the theoretical
parameters of reference 3 have been used, and the results are presented in
Table II and Fig. 6, A study of the experimental points in this figure, in
conjumetion with the corresponding tabular results, verifies the previous
statement that buckling prior to failure has no noticeable affect upon the
ultimate stress oarried by the specimens., For the sake of comparisomn, a
curve which has been faired through the collection of experimental points
given in reference 3 in included in Figv. 6. Also added to this same figure
is a plotted curve of Donnell's theoretical equation for short and moderately
long oircular cylinders with clamped ends, Poisson's ratio, P having been

assumed approximately equal to 0.3, The resulting equation is

2 2 L5
el | 5.06+\!9.42 +1.85(~—'-——)

1

Et? 2tR

where
7, = ultimate torsional shear stress,

L = wnsupported length of the test cylinder,

R=g =radius of the circular cross-section,

E, t =quantities as previously defined.



It is importent to point out again that the latter two ourves apply to
cylinders with 360 degrees of umsupported sheet covering, whereas the
experimental points of this report are for only 180 degrees of umsupported
sheet,

In Fig, 6 it is interesting to note the relationship between the curves
for the two sets of experimental data. For moderately long circular and
semi-circular cylinders the two curves have approximately the same slope, but
that the affect of the support offered by the beam and coverplate system used
results in approximately 50% increase in ultimate strength over the full
circular cylinders, As one approaches the short cylinder range of the two
curves, the effectiveness of this additional support decreases to approximately
10% at the lower limit of the experimental data. This relétionship can be
’fully explained by considering the affect of the added restraint in the
semi-circular cylinders in conjunction with the buckle pattern formed in
the sheet covering, at failure, as the length of the cylinders is varied,

For moderately long specimens the number of circumferential buckles is small
(of the order of 2 in 360 degrees); hence the added restraint is quite
effective in delaying the formation of these buckles, However, as the
length decreases, the number of buckles increases, so that the presence of
the added restraint begins to lose its effectiveness for these shorter
lengths, At the lower limit of the experimental data under discussion the
number of circumferential buckles has become of the order of 16, which
represents quite a change. It is not illogieal to conclude that for further
decreases in the length, the two experimental curves would continue to
approach one another and finally become a single curve, for all practical
purposes, at still lower limits.

At this point, it will be appropriate to discuss the theoretical studies

attempted, before proceeding to the semi-elliptical cylinders. Since the
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semi-circular cylinder represented the simplest physical element of this
program, it was decided to limit the initial theoretical investigation of
tordion accordingly. The first two trials paranlleled Donnell's method, but
the complexities introduced by the additional boundary conditions were too
great to justify the work involved, even when substituting & simple approxi-
mate solution for the wave form, Thus, a simpler procedure was sought in
the form of an energy method of solution, After considerable work had been
expended and difficulties again encountered, it was decided to give wp
hope for a satisfactory theoretical solution of the problem at this time,
This choice was based on the following factors:
1) Good agreement between experiment snd an approximate theory
could not be expected in the light of Donnell's experience as shown
in Figes 6 and reference 3, where the theory used was quite exact;
2) A satisfactory semi-empirical means of presenting the experimental
date already existed, which was well suited for practical application
in design,
The ebove decision, of course, also ruled out the hope of & theoretical study
of semi~elliptical cylinders under torsion, since here the problem became
even more complicated than before.

In presenting the experimental data of this program on semi-elliptical
cyiinders, an emperical relation from reference 5 has been used as a basis for
the initial parameters. This relafion stated that the ultimate shearing
stress for an elliptical cylinder was equal to that of a circular cylinder
with a radius equal to the circumscribing radius of the elliptical cylinder,
i, e., the semi-major axis, a.v For the sake of simplieity, these seme para-=
meters were also used for the buckling data of this report. These results

are given in Tables III and IV, from which they are plotted in Figs. 7 and 8,



in which e is the ellipticity ratio, The buckling and ultimate stresses
used in these figures were computed by the means previously discussed, and
several qualitative conclusions made in the foregoing material can be seen
to hold true. This latter statement particularly applies to the relative
scatter of the buckling stresses, % , and the ultimate stresses, 7., due
to the affect of initial eccentricities (this is seen even more clearly in
Figs. 11 and 12 to follow).

In order to see if a single relation existed for the strength of semi-
elliptical cylinders, in general, Figs., 9 and 10 were plotted. These two
families of curves were then cross-plotted to find the proper parameters to
produce a single design curve in each case. These new parsmeters are used in
connection with the torsional test data in Figs. 11 and 12, Although these
parameters have been semi-empirically determined, it can be seen that they
produce a good fit to the experimental results despite the scatter,
particularly in Fig. 11, It is ipteresting to note that, numerically, the
two design cu_rveé are equal in spite of the differences in the form of the
parameters involveds This characteristic of the two curves must necessarily
be true because of the results of the limiting case, € =1.0, where = =7,
and a =o0 The relationships of Figse 11 and 12 have been expressed

analytically as follows:

1) For buckling strength

2 2 ,/31.61
"é; = .60 +‘\l|4.ao + l.ns%t—f:)

where e = a/b = ellipticity ratio, & = semi-major axis, b = semi=-

minor axis, and p, = maximm radius of curvature of the cross-section,

2) TFor ultimate strength

[I3 1.6
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Comparison of these equations with Domnell's theoretical equation,
given previously in this report, brings out several interesting points., 1In
both cases the form of the equétion is the same, with the exception of the
differences in the exponents and the various numerical factors. From the
standpoint of the parameters themselves several conclusions can be made. The
buckling strength of a semi-elliptical cylinder is equal to the buckling
(alsb ultimte) strength of a semi-circular cylinder of radius p./e's, the
length and sheet thickness remaining constant. This is understendable when
one realizes that the maximum radius of curvature, Po » in an elliptical
segment exists only at a single point which, for the cylinders tested, is at
the end of the semi-minor axis, Consequently, the effective radius for
buckling will depend on the support given by the stiffer portions of the
cylinder, i.e., those sections of smaller radius of curvature, which is a
function of the ellipticity ratio,e. 3Iimilarly, the ultimate strength of
a semi-elliptical cylinder is equal to the ultimate strength of a semi~
circular cylinder of the same length and sheet thickness with a radius of
a/e'/", which is proportiomal to the radius of the circumseribing circle of
the semi-elliptiocal cylinder. Here again, the presence of the factor e's
can be explained by considering the minimum radius of curvature at the nose
of the section as a function of the elliptiecity ratio, which would determine
the stiffness of the nose region,

On campe.ring the ébove results with those of reference 5 on elliptical
cylinders, two important differences are noted. For the same sheet thickness
and length, an elliptical cylinder buckles at a lower stress than a circular
cylinder of radius Po s while for semi-cylinders a higher stress results, The

reason for this difference lies in the fact that it was impossible to construct
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the elliptical cylinders without a slight looseness of the skin at the ends
of the minor axis (cf., page 2 of reference 5), thus'introducing a rather
large affect of initial irregularities into the buﬁkling test results, This
wes not the case in the results of this report, since the construction
technique used eliminated this difficulty. In regard +to the ultimate
strengths, the only difference lies in presence of the multiplicative e'3
factor in the parameter for semi~-elliptical cylinders. An attempt to detect
the presence of this same term in the results of reference 5 was unsuccessful,
due to the narrow range of ellipticities tested coupled with the small amount
of scatter present in the experimental results., Hence further discussion on
this latter difference in the two sets of data camnot be undertaken,

In order to facilitate any further theoreticel solutions which may be
undertaken in the future, data was collected during the experimentallprocedure
on the number of circumferential buckles at failure for both semi-circular
and semi-elliptical cylinders. This data has been plotted in Fig. 13, where
n 1is the number of buckles in the complete circumference of the specimen,

As is evident from this figure, a semi~cmpirical relation has been determined
on the basis of the parameters of réference 3, which produces a single curve
for all ellipticities, For the sake of completeness, the theoretical curve
of reference 3 and a curve faired through the experimentel results of this
same reference have been included in this figure. The scatter of the
experimental points in Fig, 13 is easily attributed to the fact that the
number of buckles in actual practice is aiways a whole number, whereas any
theoretical treatment would yield a continuous funection as a solution.

Another set of data which would be useful to check any theoretical work
is the angle which the buckles make with the lengthwise axis of the cylinder.

However, since the angle is not constant throughout the entire circumference



for semi-elliptical oylinders, no satisfactory form of recording and
presenting this date could be devised. Since such data would be of
academic interest only, its absence does not detract from the remaining
portions of the research program under discussion, the main purpose of
which was to determine a satisfactory design criterion for the strength of
semi~elliptical cylinders under torsion; and it is believed that this
latter undertaking has been successfully carried out, as will be shown in

2 later section of this paper,
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IVe FUTURE WORK

Experimental =~

As was seen in the previous section, the experimental investigation
conducted to date has resulted in the establishment of rational design
curves for the buckling and ultinéte failure of semi-elliptical cylinders.
The validity of these results, when used in actual design practice, will
be established in the ramaining section of this paper. Therefore, it is
believed that the experimental portion of the phase of the investigation
under discussion has been satisfaoctorily completed, with the possible
exception of determining the affect of stiffeners upon the torsional
strength of the cylinders with which this paper is concerned. However,
since this represents an entirely different field of study in itself, it
is beyond the scope of this present investigation and must be relegated
to the future.

The only other experimental work on torsion which may have to be done
at a later date is concerned with semi-elliptical cylinders of lengths
less than and greater than those investigated here. Such work would be
necessary to substantiate fully any successful theoretical solution of
the problem under discussion, particularly the testing of very long

cylinders.

Theoretical -
It has been stated previously that a theoretical solution of semi-
ciroular cylinders under torsion was attempted using several different

methods, but the results desired were not obtained by this author, even



for such simple cases as assumed. However, it is not wholly improbable
that a successful solution could be made, and to conclude otherwise would
certainly be taking a rather narrow-minded viewpoint. Therefore, the
task of carrying out such a solution remains as one to be completed in
any future theoretical work which may be undertaken; and it is the hope of
this author that such an undertaking will be, at legst, partially

successful in substantiating the experimental work discussed in this paper,



V. CONCLUSIONS

In the previous sections it has been seen that a fairly complete
experimental study of thin-welled semi=elliptical cylinders under torsion
has been carried out. As a result of this work, in conjunction with the
experimental and theoretical information contained in references 3 and 5,
rational design curves for both the buckling and ultimate failure of semi-
elliptical cylinders have been established. However, to fully convey the
value and usefulness of vthe above date when applied to the design of an
actual nose-section in practice, it is necessary to establish two things=

1) Since the type of specimens used only approximated the
shape of an actual wing nose-section, a means of relating
the geometric properties of this nose-section to those of
the test cylinders must be devised;
2) Using the method obtained above in connection with the
design curves developed herein, it should be shown that the
strength properties of the two structures are compatible.
The material, proving that these two conditions have been satisfactorily
fulfilled, has been purposely included in this concluding section because
of its fundamental nature as a final conclusion on the merit of the work
done, |

In Fige 14 is shown the dimensioned oross-section of the nose portion
of a cambered wing of an airplane now in military service. At the statiom
to which this section corresponds, the rib spacing is 4 in, and there are
no stiffemers forward of the front spar. The dotted lines in this figure
illustrate the method of approximating the actual nose-section by two semi=~

elliptical segments, one for the top portion and one for the bottoms The
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subscripts, t and b, refer quantities so defined to these two regioms,
respectively., There remains only the determination of the radii of
curvature, Po,, and Poy 9 which enter into the calculations to be carried out.
These two quantities, which are the maximum radii of curvature, must be
determined from the actual airfoil prdi‘ile used and _n_;g;b_ computed on the
basis of the semi-elliptical approximation, since such computations would
undoubtedly yield results far in error. Thus, all necessary cjm.ntities for
the ocaleulation of the buckling and ultimate failure stresses for uppér
and lower surfaces have been defined, end it is now a simple matter to
apply them to the results of Figs. 11 'a.nd. 12, or the equations derived
therefrom, to actually obtain the desired stresseé. From the two'sets of
stresses, reasoning should show that the smaller of the two buckling.
stresses and the larger of the two ultimate failure stresses should be
used for desigﬁ criteria.

There was made available to this author, by one of the West Coast
a.irplane manufacturers, two sets of torsiomal test results on the nose-
section depicted in Fig. 14, These tests were conducted with two different
sheet thicknesses for the nose‘covering, and a record of the critical loads
observed was made. The load at first buckling was noted only approximetely,
with the ultimate failure load more accurately determined, Since there was
no record made of the actual maximum radii of curvature, it was necessary
to approximate them as best as possible with the information at hande On
comparing the experimental stresses with the caleulated values the following
results were noted:

Test Nos 1 = 7, = 0,68 % , W = 1.10 %_;

Test No. 2 = 7, = 1,31 Voo » Ty = 1,00 7,..
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While the results on buckling are only fair, they should not be too
discrediting in view of the approximations involved., The results om
ultimate failure, where no approximmtions are involved, speak for them~
selves and are most gratifying.

Another group of test date on actual wing nose-sections has also
been compared.with the results of this research program by the represen=-
tatives of a seconq airplane company. However, beyond a verbal statement
that the agreement was “good", this author could obtain no further
information or material, ‘

‘Since the tasks set forth in the first part of this section have
been successfully completed, it is felt that the value of the results of
the phase of the research program under discussion has been adequately
established and that the project has been satisfactorily completed for

all practical design purposes,
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Fige 3 = Exposed Section of Test

Specimen Showing Details of Constructiom

Fige 4 = Testing Machine and

Apparatus Used for Pure Torsion Tests
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