Reproduced by the
CLEARINGHOUSE
for Federal Scientific & Technical
Information Springfield Va. 22151



NATIONAL ADVISORY COMEITTRE FOR AERONAUTICS.

TZCENTCAL MEMUEASDUM d0. 247.

METHCDS OF EXPERTWMENTATION WiLEF #0nTLe ARD

UTILIZATION OF RESUITS. =
By Lieut. Col. Robert.

-~ Objects of aerodynamical experiments.

1

Vnlue of experimentation methods.

.- Utilization of results obtained wi th nodels.

g o w »

.=~ Conclusion.
Appendix.

Part I - Biplanes: Verification of theoretical formulas and
determination of interactions.

Part II - Constant of drag for wing sections of various chords.

Part III - Effects of the presence of a fuselage before or

behind a propeller.

In a report presenied to the First International Congress
of Aerial Navigation at Paris in 1921, we endeavored to give a
general idea of the matter of testing small nodels in a wind
tunnel and of the methods erploved for rendering the results con-
stant, accurate and corparable with one another.

We called attention to the principal causes of error which

* Paper read before the International Air Congress, London, 1933.
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might impoeir the results, but gavyz hardly any precise deta, wovsz
on the effect of the supports. Other points neaded, nowews, o
be further elucidated. ILastiv, we describad briefly the sauer-
ingly vest method for utilizing the resulis of the tests mude nu
srall models in the calculation of aircraft.

The present report treats the same general subject. It zives
a few corrsctions snd a few additional details on points which
were simply mentioned two vears ago and which have been cleared
up by subsequent experiments. It confirms and elaborates the
methods recommended for the utilization of the results obtained
from experimenting with small mddels. Lastly, 1t calls attention
to the important role played by experiments in tne develcopment
of theoretical formulas and the science of aercdynanmics.

The detailed experimental results or the three points re-

ferred to in the report are given in three notes in the apprendix.

A.- Objects of Aerodynanical Experiments. What are the ob-

jects of aerodyﬁamical experiments? 1In order to answer this
question, we rust consider the present status of merodynamic
science, as regards what an engineer can expect of it, and its
relations to aerodynamical experinments. '

In the present state of aerodynamical science, 1t is not
possible to determine, even approximately, from the geometric
forms of a complex body like an airplane, the elerents defining

the resultant of the actions of the air on this body.
/
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For a vody of simple geomsiric shaps or for special airfoil
sections with.oarallel flow, we may apply the theorém of Kutta-
JoukoweXkli and obtain a thecresical expression for the 1ift.

The velue thus found wili differ, however, by 20 to 2% from the
valles given by experiments. Moreover, the drag in the direc-
tinn of flight cannot be calculated, but only that part of this
.drag due to the forces of inertia may be~expresse& by a theoret-
ical formula ard here again only in individual cases of simple
hypotheses.

For the rajority of bodies where the flow is not parallel,
we cannot calculate the circulation and, consequently, we cannot
eveén apply the formula of Kutia-Joukowski.

We rmst, therefore, acknowledge that theory alone is not
yet capable of furnishing results sufficiently general and acecu-
rate for the designer to make his plans without recourse to di-
rect experiments. It is nevertheless a great help and some
purely theoretical forrmlas have been found.in very good accord
with experiments.

For example, if we wish to determine the positiop of the
center of 1ift on a biconvex surface with a plane of‘symmetry,
the theory indicates that this point will occupy a fixed posi-
tion one-fourth the length of the chord from the léading edge,
which is the precise result obtained in recent determinations

made with a good degree of accuracy on more than ten biconvex

wings-
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Suoﬁ cases are exceptional, however, and, in general, twhe
theory can be applied only in connection with experimeats. in |
this wey, it nas already furnished valuable informatioa.

lrn this connection we may cite certain fermulas of Franctl
end Munk, vhich are the result of a combiﬁation of thenty
end practice, but for which it is necessary to adopt simplifying
hypotheses which agree only approximately with actual physical
phenormenea. Such formulas can be of great help to designers aand
it ie very important to‘know which ones may be used with confi-
dence and the degree of accuracy they will give.

For this purvose, a large number of experiments have been
performed in France during the last two years. ©Several results
furnished by the theory have thus been found to be applicabtle
by the engineer. Farther along we will give, for the sake of il-
lustration, a resume of the two invegtigations of this character:
one, on the experimental verification of theoretical formulas
enabling the calculation of a biplane from the aerodynamic data
of a single wing of uniform cross-section; the other, relative
to the constancy of the coefficient of the wing-section drag of
a wing of varying aspect ratio and chord.

Such experimental verifications show what theoretical re-
sults are utilizable by technicians. They also have another ob-
ject, more remote, perhaps, but certainly more important, namely,
progress in theoretical aerodynamics. This science, like all
sciences in their beginning, rust employ the deductive method.

The scientist must, therefore; continually create hypotheses,



which, however, will lead to progress only when capable of expar-
imentzl verification, so that they mey be modified or rejected,
if found inaccurate.

In short, the most important object of experimental azerody-
namics is to determine the value of the forrmlas and the degree
of accuracy of resulte obtained by theory. This will enable the
engineef to know what formulas he can use and the scientist %o
learn thc value of the hypotheses he has originated.

Tmis supported by erperience, the science of aerodynamics
will be able to progress and we may expect it to reach such g
stage that engineers can use its formulas withcut continual re-
courée o direct experimentation. Since this is not vet the
case, we rust still rely on experiments alone to inform us con-
cerning the aerodynamic'properties of a wing, propeller, or air-
plane. This will be, therefore, the second object of experimental

aerodynanics.

"B.- Value of Experimentation Methods. In oréer to attain

either of these two objects, the first and essential condition
is the improvement of the methods of experimentation.

It is necessary to define accuraiely the conditions for the
experiments, to determine the errors, eliminafe the causes for
the errors which follow no apparent law and establish correction
rormulas for the others. In this manner it is.possiblé 0 ob-
tain results which do not depend on the peculiarities of each

wind 4unnel and which can be reproduced with reference to per-



fectly cdetermined experimental conditions. .

The need of improving the experimental conditions became
imperative in 1931, when the S.T.Ae. (Service Technique Asronzu-
tigue) with two laboratories (the Eiffel laboratory at Auteuil
and the Aerotechnic Institute at Saint Cyr), had to compare the
results obtained in these two laboratories with each other and
aleo w7ith the resuits obtainred in other European laboratories.

The lack of agieement of the results was manifest and no
comparison was possible beiween the various wing sections or
airplane models. Moreover, it was useless to try to compare the
coefficients obtained by testing models with those given by
flight tests.

A methodical study of thé question renders it vossible to
determine successively the principal causes of disagreement,
namely: ' -

1.  Reaction of sﬁpports on models;

2. Slight variations in the direction of the air current
with reference to the axis of the wind tunnel;

3. Nature of air flow near the model, free or obstructed
by walls;

4., Variations, in certain cases, in the drag due. to the
suprorts.

The following expedients were then-adopted for eliminating
causes of error. All supports attached to the top (extrados) of
the wings, in a region of negative pressure, were completely
eliminated, as causing too great interference, which varied with-

out definite law for different wing sections. It was found, how-



evar, that small rigid'rods of suffieient length had oniv-an in-
significant influence (of the order of magnitude of errors in
reading), waen attaéhei ¢ Sne totiom (intrados) of the wing, <he
effect being the same as tha* of suspension by wires. Thess two
suspension methods have therefore been adopted, to the exclusion
of all others.

The angle beitween the axis of the wind tunnel and the diresc-
tion of flow was carefully determined several times during *he
course of the tests. Its value was therefore known in each ex-
periment and the angles}of attack, as read; were corresponiingly
corrected.

The new disposition of the cxperiment charber in the Saint
Cyr laboratory renders it possible to experiment with the same
model, without disturbing it, both in a free airstream and in
one enclosed between walls. It has thus been possible to test
the accuracy of a correcticon formula indicated by Prandtl and
which led to the value of standard coefficients obtained in an
unlimited airstream.

Lastly, it was found that the adjustment for the drag due
to the supprorts had to be ffequently correcfed and that for very,
accurate experiments, in the case of suspension by wires, it had
to be made before each test. A correction had to be made also
for the elastic elongation of the wires.

Among the difficulties encountered in the course of these
adjustménts, one of them is sufficiently instructive to be men-

tioned here. When the model was suspended by wires, an adjust-



ment curve was established, which gave the drag R of the sup-
porting wires in terms of the velocity. Then, in order to ob-
tain the drag R of a myiel, there was subtracted from the to-
tal drag R, indicated by the balance, the value of R corre-
sponding to the velocity of the test. With the dimensions of the
current models and with wires of 0.5 mm (.02 in.) diameter, the
drag R was 2 to 3 times the R of the model. It may be noted
in passing that this high value of the corrective term R is
a serious disadvantage of the wire suspension, otherwise very
advantageous, as reducing to a minimum the interactions bétween
the supports and the model.
After a series of tests had been executed on a wing model
in May, 1922, it became necessary, for special reasons, to re-
peat them a month later, when the drag of the model was found
to be 15% less than during the first tests. The tests were re-
veated several times with all possible precautions, but always
gave the same result. The difference was too great to be attrib-
uted to experimental errors, so that, after further. fruitless
tests, the drag of the wires (which had remained the same in the
two series of tests) was again determined and it was noted with
astonishment that this drag had diminished about 5%, which- ac-
counted perfectly for the 15% diminution in the drag of the model.
This diminution in the crag of ths wires was due to the
fact that (after having been perfectly polished when installed)

.hey had become slightly corroded in the interval between the



two tests. This result conforms, moreover, to tﬁe theory that
the air filaments separate less readily from the walls of a cyl-
inder when rough than when thcy are smooth and that, consequcntly,
the negative pressure behind the cylinder is less in the former
case. . |

The fact that steel wires offer less resistance to an air
current when rusty than when perfectly polished, although logic-
al, created a difficulty in the tests and halted the experiment-

~

ers for a time.

This illustration shows what extreme care must be exercised
in aerodynamical experiments. By observing the precautions and
apolying the corrections indicated above, results were obtained
in both S.T.Ae. laboratories, which were perfectly comparable,

constant and under definite experimental conditions.

C.= Utilization of Results Obtained with Models. The ex-

perimentation methods having been thus improved as much as possi-
ble, the first object of experimental aerodynamics could be at-
tained, i.e., the possibility of testing the accuracy of theoret-
ical formulas.

We must now endeavor to determine the conditions under which
the results obtained with small models.apply with sufficient
approximation to full-sized airpianes.

We must proceed in such a way'that Reynolds number or, more
simply, V! will have the same value for both airplane and model,

which cannot be the case in our wind tunnels. Let the number



E =YVl be éxpreséed by the product of the velocity V in meiers
rer second and the wing chord in millimeters. We generally test
wings or models with an asvec’ ratio of 5 or 8, which gives, in
tunnels of 2 meters diameter {6.56 ft.) a mean wing chord of
150 mm (5.9 in.) and

E = 3000 for V = 20 m/e (65.6 fi/sec.)

!
!

E=4500 " Vv =230 " (98.4 " )

]
It

E=6500 " V=45 " (147.6 " )

For a full-sized airplane, V 1is about 100,000. Systematic
wind tunnel experiments, as likewise several comparisons which it
has been possible to meke under favorable conditions with. large-
éurface tests on a moving car, have shown that the coefficients
vary but little above a certain value of V1 which it is possi-
ble to attain. This fortunate circumstance adds greatly to the
value of wind tunnel tests.

We may summarize the conclusions as follows:

Laboratory results in which V1 1is less than 2000, apply
but little or not at all to real airplanesf

Results in which V1 is about 3000 are applicable with er-
rors of the order of magnitude of 6 to 8%;

Results in which V1 =2xceeds 6000 contain errors of less
than 5% and‘those in which V1 exceeds 12000 may be considered
practically exact;

With wind tunnels of two meters diameter, it is therefore

necessary to operate at velocities exceeding 20 m/s (85.8 ft/sec.
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In an existing wind tunnel where the velocity is given, it
is bossible to increase the value of VI by changing the dimen-
sions of the model.  Tests, the details of whichvare given at
the end of this article, have shown that the drag coefficients of
similar models with different chords were the same when the mod-
els were tested at the same VI. Hence, we may experiment in a
wind tunnel of 2 meters (6.56 ft.) diameter, for example, with
wing models of 60 X 20 om (23.61 X 7.87 in.) instead of models
90 X 15 cm (35.4 X 5.9 in.). Since the area is practically the
same in the two cases, the effect of the walls will not be in-
creasédf Moreover, the drag coefficients of the wing section
being the same, we may apply the known formulas rendering it pos-
sible to pass from the aspect ratio 3 to the aspect ratio é (for-
milas which give only the variation of the induced drag with the
aspect ratio), If the velocity of thetunnel is 25 m/s (82 ft/sec.),
we thus pass from VI = 3750 to VI = 5000. This increase of VI,
between 3000 and 6000 is very important.

The large wind tunnel just finished by the S.T.Ae. renders
it possible to obtain an air flow of 80 m/s (262.5 ft/sec.) and
of 3 m (9.84 ft.) diameter. In the current tests at 60 m/s
(196.8 ft/sec.) with a model of 30 cm (11,81 in.) chord, we ob-
tain a value of VI = 18000, which is an excellent experimental
condition.

In operating thus at values of V1 greater than 6000 and
even 12000, Reynolds number will be practically satisfied for

both the model and the airplane, but it will not be for small
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accessories, like cables, brace wires and struts. For theée parts
the V1 on the model will be too small (100 to 300) and the in-
dividual drag coefficients will be 4 or 5 times as large as for
the corresponding airplane parts. It is therefore necessary to
eliminate them as far as possible from the models, which will re-
sult in conducting the tests in the following manner:

1) Maké separate models of the fuselage (without projecting
accessories, such as machine guns, hoods, wind-shields and radi-
ators attached to the fuselage; wings; horizontal and vertical

tail surfaces; engines and other large parts when detachable from

the fuselage.

2) Eliminate all stays and Wireé. Retain but one pair of
struts in the middle of each half-cell, if necessary to secure
rigidity. Make these struts with a rectangular cross-section,
for example, 3 X 10 mm {.12 X .40 in.). It is better not to use
streamlined struts, because their manufacture on so0 small a
scale is necessarily fauity and the corresvonding coefficient is
not accurately known. On the contrary; with struts of rectangu-
lar cross-section, the unit coefficient of drag is well defined
and it is determined as well for a separate strut as for a pair
of struts with oné of them located a given distance behind the
other.

3) The laboratory must give the coefficients Cx, Cy, and
Cm, after having deducted the drag of the uprights themselves

from the experimental data.



4) The office of research muét apply the law of geometric
similitude, while conserving the above coefficients and must add
the drag for the parts omitted from the model. For this purpose,
the parts must be tested; either full-size or half-size, in the
wind tunnel.

While proceeding thus, there remain, as causes of error, the
interactions of the suppressed parts on the cell and fuselage,
interactions which have been neglected.

It would, therefore, be necessary to know the amount of these
errors fbr the application of the above method to be entirely
correct. ©Some researches have‘aiready bteen undertaken in this
connéction, but the results are still incomplete and in éome in-
stances do not agree very well. This is due to the fact that the
determination of these interactions is generally a difficult ex-
perimental procesé.

We have made some tests relating to the¢interactions of
struts with the cell, first on swall models in a wind tunnel and
then on a full-sized cell on the dynamometric car at Saint Cyr.
In both series of tests, the struts slightly diminished the 1ift
(about 5%), but while the wind tunnel tests did not reveal the
influence of the coefficients Cx of the wings, those performed
on the car showed a corresponding diminution of these coeffi-
cients, The guestion, therefore, is yet to be settled.

A methodical investigation has likewise been undertaken for
verifying-the interactions produced on a biplane by each wing on

the other, as well as the part taken separately by the upper and
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lower wings in the total drag and lift. A few experiments had
previously been madé in this connection, but it'seemed best to
resume them and subject the results to the above-mentioned cor-
rections, while operating at a velocity of 40 m/s (131.2 ft/sec.)
on moderately thick wings. The principal results are given in
Fig. 1.

The several conclusions may'be briefly summarized as follows:

1) . For normal gaps, the upper wing is but slightly affectedi
by thé lower wing: The latter, on the contrary, is strongly
affected by the upper wing. Its coefficient of 1ift may be di-
minished as much as 20%. .

2) When the gap is diminished, the two wings react mutual.y
on each other. When the gap is diminished to about one-tenth
of the span, the 1ift of the upper wing is considerably reduced.
Moreover, the induced drag (Ryg) exerted by the ubpef wing (u)
on the lower wing (1) is much greater than that (Riy) exerted
by the lower wing on the upper wing. This result is important,
because experience here clearly invalidates the data obtained
from the theory according to which Ky = Ryy-

A very important probiem of interaction is also presented
by the propeller, as to how its characteristics are affected by
placihg a fuselage either behind or in front of it; likewise,
as to what effect the presence of a propeller has on the drag of
a fuselage. Tests recently made in this connection at the Eiffel
laboratory (See Part III of the Appendix) show that we have the

right to consider (within 2 or 3% at the most) a fuselage-






oropeller group as having the same coefficiants of functiéning
as an isolated propeller and that, furthermore, in the evalua-
tion of the structural drag of an airplane, it is necessary *o
consider the drag of the fusilage, deducted from that obtained
for the model in a wind tunnel, without taking into account the
effect of the propeller. This is because the increase in the
fuselage drag due to the propeller and the increase in the pro-
peller thrust tend to offset each other, so that the correction
due to their resultant is véry small.

It would be of great interest to verify these conclusions
on an airplaﬁe in flight, which would consist in determining
the torque transmitted to the propeller and the thrust exerted
. by the latter. Such %ests have been tried many timee in various
countries. In particular, the S.T.Ae. in France has used an ex-
perimental airplane for this purpose. It was possible to meas-
ure the engine couple or térque, but the dynarmometer interposed
between the propeller and aiiplane for measuring the thrust has
always given too large results. This is perfectly explained by
the results of the above-mentioned laboratory tests showing the
existence of two inierior forces in the airplane-propellier system,
which have no effect on the motion of the airplane, but which are
recorded by the dynamometer.

This was verified bn the experimental airplane. The air-
'plane in flying position, was held by a dynamometer secured 1o a
stake driven into the ground and, with the engine ruaning, the

indications of the recording dynamometer attached to the propeller
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were compared with the indications of the dynamomeier aitached
to the stake. The former indicated 580'kg (1146.4 1b.) and the
latter only 435 kg (959 1b.) |

It does not seem possidle, therefore, to measure the real
traction and consequently the efficiency of a propeller in flight,
Hence we cannot test the legitimacy of employing the law of
similitude, which, by applying to the tests of small propellers
(@ = 40 em), (15.7 in.) is now the only means for determining
the efficiency of propellers during fiight at various revolution
speeds. Perhaps devices may yet be invented to enable this de-
termination. |

These few considerations on measuring the interactions of
airplane parts indicate the importance of researches in this
connection. The results already obtained, a few of which have
just been recalled, make it pfobable that the above-describved
method is the best for utilizing the results obtained with small
models.

In order to obtain accurate results by this method, it would
be necessary to determine, during flight, the lift and drag .
coefficients of the airplane. Unfortunately such tests are par-
ticularly difficult. I% is necessary to determine the propeller
pull by means of the estimated power of the engine (which varies
with the altitude and the carburetor adjustment) and likewise
by the estimated efficiency of the propeller.. Thus an error of
5 to 10% may easily be made in the value of this traction. With

present measuring instruments, an error of 3 to 4% must be assumed
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in the velocity and a minimum error of 5% in the angle of attack
and the inclination of the flight path' to the vertical. Under
these conditions, if we examine the possible error in the values
of Cyx and Cy deduced from the measurements made, we arrive at
the conclusion that, under the best oonditioﬁs, the possible

error in Cy is about 8% and that in Cy about 15%.

D.- Conclusion. Considering the very great difficulty of

these flight tests, it is not certain that a few accurate re-
sults can be obtained by this method on real airplanes.

A dynamometric car, like the one at the Institute of Saint
Cyr, is capable of producing important resuits since the near-
ness to the ground is not the source of any appreciable error,
when proper precautions are taken. .Only a few such experiments
can be made, however, due to the length of time consuhed in pre-
varing for them and the large expense involved.

Therefore, wind tunnel tests on small models are now the
only bracticai means of aerodynamical research and we think that,
if the proper precautions are observed, the results will be
entirely satisfactory. They will surely constitute an accurate
means for controlling theoretical researches and a valuable
guide to assist them in their progress.

They will be utilizable in engineering projects, with an al-
lowable error, under the express reservation that thé product
V1 in testing the model shall have a sufficient value (3000 min-

imum, 8000 or more for accurate results). The latter value can



be attained for the principal parts of an airplane, such as she
wings and fuselage, but not for the accessories. Ve cannot,
therefore, apply to the whole the law of geometric similitude.
We must proceed differently for the two classes of parts, as al-
ready indicated. The interactions will, therefore, continue to
be sources of error.

A knowledge of the values of these interactions in the var-
ious cases is accordingly essential. Researches have already
been begun in this connection.

Furthermore, new and little known domains, like that of
soaring flight, which will require tests of a very special na-
ture, yet remain to be explored.

These researches, in particular, may hold surprises, since
the laws governing the flow of fluids, and especially those
which apply to the air, are yet very imperfectly known.

Experimental aerodynamics still has béfore it a magnificent

field to be explored.




APPEOXNDIX.

Part I - Biplanes: Verification of Theoretical Formilas

and Determin~tion of Interactions.

Object of Testgs.- These tests were undertaken for the purpose

of verifying the accuracy of formulas deduced from the vortex
theory for the caliculation of biplane cells. In this connection,
it is known that the experiments executed by Munk agreed fairly
well with the theoretical formulas. They were executed, however,
at a low speed (10 m/s = 32.8 ft/sec.) and with relatively thin
wings. We intend to continue these experiments at a high veloc-
ity (40 m/s = 131.2 ft/sec.) on moderately thick wings of the

Joukowski type of cross-section.

Experimental Means Emploved.- The tests were made by Toussaint
at the Aerodynamic Institute of Saint Oyr. He used wind tunnel
No.l of two meters diameter with a velocity of 40 m/s (131.3 ft/

sec.) and, as constituting the biplane cell, two wing models og

chord 118 mm (4.65 in.) aspect ratio 6, area 0.083 sq.m (.89
sq.ft.), models SC 58a and SC 56¢c. Model No.56c was used con-
stantly as the wing acted upon and was attached in the customary
position to the wire balance. Model 56a was used as the wing

causing the interaction and was attached to a fixed but ad justa-

bla support- It was sometimes placed above and sometimes below
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the wing acted upon. FE% each of these two positions, the gap
was varied and for each gap the angles of both wings were varied
from 19° to i15o, Furthermore, for each gap and for each angle
of attack of the wing producing the interaction, the angle of the
wing acted upon was varied *1° and #2°. 1In the first series of
tests, account was taken oniy of the tests relating to the varia-
tion of the gap, without interinclination. Lastly, the adjust-
ment of the angles of attack was made in such manner that, for
each one of them, the biplane remained erect, i.e., so that the
leading and trailing edges of the two wings remained respectively

in the same vertical planes.

Results Obtained.- Figure 1 gives the polar of the wing

SC 56c, serving as the upper wing of the biplane and acted upon
by the lower wing SC 568a, for the gaps 60 (2.36) 87.5 (3.44),
135 (5.31), and 1.87 mm (7.36 in.). Figﬁre 2 gives the polar
of wing of SC 56c¢, serving as the lower wing of the biplane and
acted upon by the upper wing SC 56a for the same gaps as above.
Figures S—iO give the 1ift and drag curves separately and
also the polar curves for each biplane combination.* For each
of these combinations, the separate 1lift and drag curves and the
polar for the whole biplane were calculated, by taking for each

angle of attack the mean of the values corresponding to the lower

* The coefficients of Cx and Cy, wused in these tests, are those

of the formulas:
Lift = Fy = (Cy/100)8(av?/2g) -
Drag = Fx = (Cx/100)s(av?/2g)

in which a is the specific gravity of the air.



and upper wing.

By comparing with the polar of the isolated wing, we can de-
termine from these data the quantities ACx/Cy® and bafCy?
for each biplane combinztion.

A.- Commarison of the experimental values with the oneg derived
from Prandtlfs theozry.

It is known that the coefficient of induced drag of a biplane
composed of two like wings (with neither stegger nor decalage) is
given by the formula

CxB = Cye(.S/ﬂbz) (1 +9
in which b 1is the span,
S, the area of one wing,
o, a coefficient given in Prandtl's theory
in terms of the relative gap G/Db.
On comparing CyB, for the biplane, with CygM for the mono-

plane corresponding to one of the wings, we have

ACX/Cye = (CxB - CxM/Cyz) = (S/ﬂb?:)O = O/TT)\

in which A is the aspect ratio. In the present instance, where

A =26 we have

2

1) ACx/Cy2 = 9/18.84

Similarly, for the angle of attack a, we have

*

2) Ba/Cy = 0/18.84 X 57.3,

a being expressed in degrees. These formulas (1 and 2) enable



the experimental determination of ¢ and Aa/Cy.

Thus we obtain the following table.

Relative 5 bacy

gap

/v Theory | Practice | Theory Practice e
0.264 0.408 0.325 1.23° 1.17° 1.4%
0.191 0.497 0.443 1.51° 1,58° 0.7%
0.123 0.608 0.641 1.e5° |3.6° - 0.8%/Cy 0.2%
0.084 0.887 0.890* 2.09° 3.65° " 0.0%

When CxB 1is calculated by starting from CxM and using
the theoretical value of o, +%the relative error e committed
in CxB for Cy =1 (which is the maximum practical value) is
the one given in the last column., Tt is obvious that this error

does not reach 1.5%, which is very satisfactozry.

B.- Influence of decalage.

For each of the above gaps, decalagesnof +1° anda *2° were
given the wings. The polars and separate 1lift and drag curves
being plotted as above, the experimental polar of the biplane was
compared with the theoretical polar. The results for ACx/Cy2

are given in the following table.

* Approximate mean.



Values of ACx/Cy?

Real ggp G 6o o o
Relative gap b/G 11.8 N
Decalage O° 0.0%64 0
" +1° 0.0340 0
I -1° 0.0355 0
n +2° % 0.03€0 0
u -2° E 0.0340 0

It follows from these numerical

44 in. |
.5 mm

.10
.0340
. 0330
.0330

.0345

. 0330

values that the effect of

5.31 in.

135 mm
5.25
0.0250
0.0250
0.0253
0.0235
0.0235

9

the decalage (up to +2°) on the induced drag is very small. -

©O o O o o «

On closer examination, it is observed that the positive or nega-

tive debalage is rather unfavorable in the case of gap 187 mm

(7.36 in.) (ACX/CYE) being the least for a gap of 0°, and that

the decalage has almost no effect with a gap of 135 mm (5.31 in.) -

Lastly, for smaller gaps of 87.5 (3.44) and 60 mm (2.36 in.)

a negative decalage seems to decrease the induced drag slightly,

while a positive decalage seems to increase it slightly.

The notion of an induced angle likewise appears to be con-

firmed in the sense that Aa is usually a linear function of

Cy, but the representative straight line does not generally pass

through the origin.

¢.- Mutual interaciion of the two wings.

The examination of the curves in Figs. 1-10, lead to the

following general considerations.



1) Gaps G/b = .28 and .20

The Gy of the upper wing influenced by the lower wing are.
the same as for an isolated wing. The Cy of the lower wing in-
fluenced by the upper wing are 15% below those of an isolated
wing. From the viewpoint of ACk, the inf1uence of the upper
Wing on the lower is the same as that of the lower wing on the
upper. In both cases the. ACy with relation to an isolated
wing is the same, namely, constant and practically egual. 1o
0.006. For the gap of 20%, a difference appeaied between the rmu-

tual influences in the vicinity of zero angle of 1lift.
25 Gaps G/b = .12 and .08

The Cy of the influenced upper wing are smaller than those
of an isolated wing
by 10% for Cy = 0.5 and G/b = .12
by 40% for Oy = 0.5 and G/b = .08
The Cy of the influenced lower wing are sometimes larger
and sometimes smaller than those of an isolated wing. The inter—v
actions on the Cx are not the same for both wings (contrary to
a lemma of Munk). The ACx are very different for the two wings.
Starting with the polars of each component wing of the bi-
plane, it is possible to calculate for any given Gy the incre-
ments ACX1 and ACyqy to give to the Cyx of the isolated wing,
in order to find the polar of each component wing of the biplane.
Toussaint was able to represent these increments by formulas of

the form



BCx1 = A} + HiCye2

ACm = >\u + HuCYZ

in vhich the coefficients MANi, M1, My and gy may be represented
by curves in terms of ¢/b. If, therefore, we wish to calculate
each wing separately, starting With the primitive monoplane, we
cgnnot use theoretical formulas, but must resort to the above

forrulas with the experimental determination of the coefficients.

.Part IT - Constanit of Drag for Wing Sections

of Various Chords.

(Experiments performed by A. Lapresle at the Eiffel Laboratory-)

1.- Object of the Tests.- The object of these tests was 10
find whether the drag coefficients of similar wing mocels, but of
different areas and aspect ratios, were always the same when seid

models were tested at the same V1.

2.- Method of Testing.- For a given 1ift, the wing-section

drag is the difference between the total drag and the induced
drag., For comparing wing-section drags of wings of different
areas it is, however, necessary to correct the total drag for a
small error due to the effect of the boundaries of the alr stream
and which, for a stream of a given diameter varies according to
the area of the surface tested. At the Auteuil laboratofy, where
the air stream'passes freely through the chamber, this correction
mist be deducted from the total drag. It is useful to note the

numerical importance of such a correction.




- 26 -

3.- Imnportance of the Correction Due to the Effect of the

Boundary Walls of the Air Stream.- Let Fyxy and Fy represent

the drag and the 1ift of 2 wing exoressed by the formulas
Fx = KxSV° and Fy = KySV> The coefficient of incuced drag

Kxi -for a model of span b and chord c¢ is
Kxi = (18/m) (c/b)Ky2 = 5.10(c/b)Ky 2.

The correction due to the air stream boundaries, for a ﬁunnel of
two meters diameter, is fKx = 0.644 Ky2 ¢ b. The ratio

AKy/Kyi  is independent of the 1ift and of the velocity V, but
depends directly on the span and is 0.126 p® for the Eiffel'
wind tunnel. For a model with a mean span of 90 cm (35.4 in.) it

is obvious that 0Ky is of the order of magnitude of 1/10 Kxi,

so that it is necessary to make the correction for the wall.

4.- Surfaces Tested.- We have had occasion to test two kinds
of wing sections of which we possess models of different sizes.
They are shown on Fig. 11.

The first is the GOttingen wing section No. 430, of which
we have tested two models, one measuring 1000 x 200 mm (39.37 X
7.87 in.) (aspect ratio 5), and the other 708 X 118 mm (37.9 X
4.85 in.) (aspect ratio 6). Their surface areas were respectively
0.2 (2.15) and 0.083 m2 (.89 sq.ft.), thus being in the ratio of
24 : 1. The wing with the longer chcrd was made the object of a
special test at 15 m/s (49.2 ft/sec.), so that VI was practi-
cally the same for both wings (about 3000) .

The second wing section, Besson (E 352), was represented by
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4wo models of like span (800 mm = 31.5 in.) and different chords
(145 (5.71) and 29C mm (11.42 in.} ). Their aspect ratios there-
fore differed greatly, being 5.5 and 2.75 in the ratio of 1 : 3.
The same as for the preceding wing section, the tests were
made at velocities giving the same V1 for voth sections. The
velocity was 38 m/s {91.9 ft/sec.) for the section with the

shorter chord and 14 m/s (45.9 ft/sec.) for the cther.

5.~ Results of the Tests.- In Fig. 11 the drag coefficients

Kx are plotted against the 1ift coefficients Ky. It is seen

0

that the two curves are very near each other for each of the two
wing sections tested, the agreement being particularly striking
for the wings having the cross-section E 356. The agreement 1is
not so good for the two wings having the cross-section E 553,
though remaining satisfactory up to Ky = 0.04, 1i.e., in all the
regions d the polar utilized in normal flight.

Above Ky.= 0.04 the curves diverge considerably. This may
be due to the fact that the wing 800 X 290 mm has toovlong a
chord for our entrance cone, but it may be due also to the small
aspect ratio (2.75) of one of the wings, which renders a little
uncertain the evaluation of the induced drag for relatively high
lifts.

In short, these tests demonstrate that, in a laboratory like
the one at Auteuil, we may legitimately utilize, for comparing
wing sections with one another, wings with chords not exceeding

20 cm (7.87 in.). This has the great advantage of notably in-
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creasing the VI at which we may test the wings and of enabling
us to attain V! of the order of magnitude of €000, beyond
which we know the wing-section drag coefficients are practically
constant. - Fig. 11 also shows, in addition to the wing-section
drag curves of which we héve just spoken, the same curves (dotted)
for wings with longer chords tested at velocities of 34 (78.7 ft.)
and 28 m/s (91.9 ft/sec:) (mean velocity, 26 m/s = 85.3 ft/sec.).
We ﬁere thus able, with the wing having a chord of 290 mm, to ob-
tain V1 of the order of magnitude of 7500 (26 x 290 = 7540).

It is seen that the wing-section drags thus obtained =are

slightly smaller than the ones obtained by our customary tests,

a result which is not surprising, since the wing-section drag is

produced largely by friction. All the numerical values are given

in the following table.
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Tablc.

Drags on Similar Wlnv Sectiong with Different Chords.

Gottingen wing section 430 (E 358)

o 90 -6 | -303 o® | w1 6] 9% 129 18°
s ; e . — } ' %
L meerpmmraem
| = 14 m/s (45.9 ft/;eh ) ; |

100 Ky |-0.55 o 803: 2.055 | 5.42 | 4.63 5.87 6.97 7.65’%7.90
100 Ky, | 0-108 0. 100! 0.119 ! 0.189 §o.297io.457’o 648]0.790| 1.114
100 Ky, | 0.003 (o 007i G.043 E 0.119 éo +230°0.353 -0.495/0.596 0.635
100 Kz | 0.106 | 0. 093§ 0. ovcf 0.070 ‘o .077.0.104 o 53@0'194i0‘479
i ’-Ilng of {%gugfyX()?OB:;lmln. l E,
' = 26 n/s (85.3 ft/sec.) ! |
100 K, |-0.608 |0.794 | 2.164 | 3.563 | 4.76816.065,7.142" 7 séazv 865
100 Ky, | 0.0935|0.0855 0.1 7% 0.1935 0. 506‘0.;{"Z o 660 | o £66.1.165
100 Ky, | 0.005 |0.006 | 0.048 | 0.130 | O. 952lo 375 o 520.0.630] 0. 630
100 Ky | 0.088 {0.080 | 0.069 | 0.0635 0.074 0.1400.2360.535
V = 26 m/s (85.3 ft/sec.) |
100 K, |-0.38 10.94 |2.30 |3.€8 |4.86 |6.20 [7.21 |8.10 |8.32
100 Kg, | 0-122 |0.098 [(0:122 | 0.182 | 0.285 |0.434 (0.6050.777|1.070
100 Ky, | 0001 |0.007 | 0.045 | 0.114 | 0.201 |0.336 |0.442 |0.558]0.583
100 Ky | 0.121 o.ogli 0.077 | 0.088 |0.084|0.108 |0.163|0.219|0.483
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Table (Cont.)

Drags on Similar Wing Sections with Different

Gottingen wing section 43C (E 358).

Chords.

a -3° o° 39 6° 9° 120 | 180 | 180
i Wi 1 ¢ /800 X 290 nmm
| fing of 121.5 % 11.42 in. ;
5 V =14 m/s (45.9 ft/sec.) E
! .
100 Ky | 0.086 | 1.05 | 2.00 | 3.00 | 4,04 4.89 ; 5.40 . 6.05.
- ' | : '
100 Ky, | 0.086 | 0.102 | 0.144 0.235 [0.364 | 0.545 | 0.712 0.968
: . | .
100 Ky, | 0.000 | 0.020 | 0.074 | 0.168 | 0.301 | 0.442 | 0.540 ' 0.676
: o
100 Kx, | 0.086 | 0.082 | 0.070 | 0.057 | 0.063 | 0.103 . 0.172 | 0.292
Wine o /B0 X 290 mm | §
1ing o {315 % 11.42 in. | 1
, V=238 n/s (91.9 ft/sec.) i g
100 Ky | 0.061 |1.00 | 2.04 |3.04 | 4,04 |4.80 | 5.50 | 5.89
100 Ky, | 0.085 | 0.0915| 0.138 | 0,221 | 0.364 |0.537 : 0.726 1.00
100 Ky, 0 |0.0185| 0.077 | 0.171 | 0.302 |0.437 i 0.574 = 0.642
: ! [ ..
i i
100 Kx_ i 0.085 | 0.073 | 0.061 |0.050 | 0,062 :0.110 | 0.152 | 0.358
* T ‘.
s . /800 X 145 mm T
| Ming of 457 5 % 5.71 in. |
| V =28 m/s (91.9 ft/sec.),
. ! .
100 Ky | 0.265|1.48 | 2.98 14.16 |4.81 15.53 | 6.36 |5.96
100 Ky, | 0.097 | 0.093 | 0,135 |0.225 |0.343 [0.520 | 0.900 {1.54
100 Ky, | 0.006 | 0.020 | 0.083 |0.161 |0.215 [0.285 | 0.380 | "
100 Kx_ | 0.091 | 0.073 | 0.052 {0.084 |0.128 |0.235 | 0.520 | *
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Part I1I - Effects of the Presence of a Fugelage

vefore or behind a Propeller.

The object of the tests made at the Eiffel laboratory in
1922 was to study the functioning of a propeller mounted either
pefore or behind a fuselage. It was not sought to determine
separately the functioning coefficients of the affected propelier
nor the drag coefficients of an affected fuselage, since the law
of variation of these coefficients 1is complicatéd and it is im-
possible to apply laboratory results to cases other than those
made the object of the tests. It was preferred to consider the
propeller and fuselage as constituting an assembly whose func-
tioning was being investigated. The advantage cf this method
is due to the fact that the effecté of the interaction of the
propeller and fuselage tend to offset each other, thus rendering
the correction to be made fof their resultant very small.

Figures 12 and 14 show the different arrangements employed
during thess tests. Arrangement No. 1 is the one described in
the works of Mr. Eiffel. The propeller to be tested is connected
with the engine by means of the verticai shaft of a bevel gear. |
The arm is protected by a sheath independent of the measuring
instruments. Assembly No. 2 differs from the first in that the
vertical shaft is surrounded by a streamlined sheath forming
part of itself. Arrangement No. 3 diffe:s from No. 2 by the
interposition, behind the propeller, of a fuselage rigidly at-

tached to the vertical arm. Arrangement No. 4 is described in
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the works of Mr. Eiffel and is used in testing propellers and
windmills. .This device was adopted for testing propelleré be-
hind a fuselage (Fig. 15).

In Eig. i2 (arrangement 2 & 3) and Fig. 15, +the measured
thrust is not the effective thrust of the prdpeller. If Ty
represénts this thrust, Dt the drag of the streamlined tube
in arrangement 2 or of the combination of tube and fuselage in
.arrangement 3. The measured thrust is then Ty - Dy. Dy may
be resolved into two components: namely, D the drag when there
is no interaction and AD which is the unknown part of the drag
due té the interaction. Hence Dy = D + AD. The effective pro-
peller thrust in the presence of the fuselage is, therefore,

Te = Ty - 8D = (T4 - Dy) + D.
Tﬁis is the quantity which must be introduced into the calcula-
tions, if no account is taken of the increase in the fuselagé
d;ag~due to the slipstream. All the components of this quantity
-can be measured directly.

The efficiency is designated by the expression \
M= (Te X V/Py), in which Te is the effective thrust, Pr
the power absorbed and  V the velocity.

Figure 13 gives the results of these tests. The curﬁes of
efficiency 7 and of power ¢ are plotted against V/nD, the
coefficient @ being defined by ¢ = P;/n3D%, in which n is
the r.p.s., D the diameter in meters énd Pr the power ab-

sorbed in kilograms.
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From these curves we can see how small the effect of a fuse-
lage behind the propeller is on the cuives of egfficiency and
power. We find a very slight increase in the waximum efficiency.

When there is a fuselage in front of the propeller, we find
a slight decrease in the efficiency and a slight increase in the

power coefficient, as compared with an isolated propeller.

Testing Helicovter Propellers.- Figure 15 gives the diagrams

of three arrangements empicyed for determining the effect of a
fuselage or wall near a helicopter propeller.

A - The propeller blows against a'wall or draws in the air
from the side of ‘the wall.

B - The same tests, but with wall very near propeller.

C - Effect of the presence of a fuselage.

The tests were made with the standard propeller of the
Eiffel laboratory, with a relative pitch of 0.750, relative chord
of 0.085 and a diameter of 0.905 m (35.63 in.). The rotation
speed varied from 1500 to 3000 R.P.M.

Figure 15 also gives the results obtained, ¥ and ® Ybeing
.the thrust and power coefficients of the propéller defined by
T = T/n°D* and ¢ = P;/n°D® in kilogram-meters per second.
There is also given the Breguet "quality" defined by

(r 3/2)/(9).

Resul+ts of the Tests.

1. Tests 1, 2, 3, 4. These tests show that, in the two ar-

rangements A and B, the strongest thrusts (and the strongest
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"qualities") are obtained when the wall formed by the doors is on
the suction side of the propeller. Thus a helicopter propeller,
with a vertical axis, blowing the air toward the ground, is not

assisted by the presence of +{he latter.

2+~ Tests 5 and 6. 1In tests 5 and 6 the propeller is in

the same position as in test No. 4, but the doors which close
the entrance cone were aﬁ first opened 90° (test No. 5) and then
opened clear back on the outside (test No. 6).

The results confirm the fact already mentioned, that the
presence of doors on the suction side increases the coefficient

of thrust. Here the increase is 5%.

Remark.- Test No. 6, in which the doors were wide open, gave
the largest value of @ (0.0118). This test is the normal ar-
rangement for determining the characteristics of a helicopter
propeller. It is obvious that in this case we are enabled to
obtain the highest coefficients ¢ and, consequently, to estimate

the 1ifting qualities of the propeller.

S.= Tests 7 and 8. These tests were undertaken for the pur-

pose of discovéring the effect of a fuselage on a streamlined
sheath surrounding the vertical shaft of the enginé.

In experiment Ho. 7, the fuselage had been removed. The
résults given in Fig. 15 show that the presence of the fuselage

did not appreciably affect the results of the tests.
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*

Conclusions.~ The above-described tests show that it is cor-

rect (within 2 or 3% at the most) to consider a propeller-fuselage
group as having the same funcfioning coefficients ¢ and 71 as

an isolated propeller, espécially within the practical region of
functioning, comprising, for driving.propellers, only the speeds
near the maximum efficiency.

In all the cases, it is sufficient, in determining the struc-
tural drag of an airplane, to take account of the fuselage drag,
on the assumption that the latter is nbf affected by the propel-
ler, which greatly simplifies the process.'

The above conclusions hold good for helicopter propellers.
Another point is that helicopter propellers are not assisted by
the presence of the ground, against which they necessarily blow,
if they are to exert any lifting force. |
Translated by

National Advisory Committee
for Aeronautics.
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Fig.1l%3 a

T Tests with fuselage
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Fig.1l3% Effect of preserce o0f fuselage in
propeller tests.

This -figure continued on following three pages.



. 006

'w Nelelt

‘ Fig.l} b

Tests wita fusclage
without

— __:'( _____ ]
0

—

B e e B e - —
. E 107 |
. p/DEQ.BBO "+ il
" ¢/D=0.100 | |
| DE1.000 m (3.28 ft)
0 .2 -k .6 .8
V/nD

Continuation of Fig.l3?

1.4



.010 -

. 008

.006

Nelol!

. 002

©— Tests with fueselage
- =X = — —— " without "
| |
i I
B > \
XN
- ~ T
N Al
‘l{ \
n *\&g §%f*~
: .
s
o / N
N | N
/ A
; \
— ; -
L | E 108 |
- i . p/D=0.700 BT
| c/D=0.096 |
i % %=1.0?0 m(%.28 £t)
!
- I 6 .8
V/nD

Cortinuation of Fig.l3

3



Fig.13 d

o Eiffel method

o Tests with fuselage
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Fig. 1l Effect of pressnce of fuselage
in propeller tests.



Arrangement A

Arrangement B

Arrangement C

of fuselage-
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Experi- )
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Arrange {1].00194| 0002} .263.0{Prop. blows against closed doars
—ment £{2{.0200{.0103|.2750| "  draws from " "
ArrangeB(E .01671.0100|.2750|Prop. blcws against closed doors
-ment (L].0210!.0L05].2890 ¥ draws from " "
, o
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.Arrahge,77 L01g7|.,0101.2540 Test without fuselage
_ment_ C(&].01.90|.0102].2560( "  with :
* Turred clear back.
Fig 15. Testing helicopter propellers. nffect of presence
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