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1. Basis of Problem.- Structural safety is now generally ex-
pressed by a number, termed the factor of safety, which indicates
how many times larger the breaking strength of a stiuctural part
is than the force exerted on said part in rectilinear unacceler-
ated flight. This conception of structural safety has two funda-
mental, oft experienced defects, the lesser of which is due to tae
following cause.

It is known that a structural part can permanently suppvort a
given load, only when the stress exerted on it does not exceed the
proportionality limit. For different materials and different
structural parts, the breaking stress and the claim on the propor-
tionality limit stand by no means in the same relation to each
other. Only for the - -same materials and similar shapes can we

therefore utilize directly the breaking strength, instead of the
elasticity limit, for the determination of the factor of safety.

The conception of the proportionality limit would not have been
easy to determine during the last war for the main structural
varts of alrplanes were made for the most part out of greatly dif-
fering materials. Its experimental determination by testing sam—
ples would have resulted in a great loss of time. The practical
determination of the proportionality limit of wings, etc., coula
not have brought improvements commensurate with the expense, since
the military airplanes were then very similar, both in materials
and method -of consgtruction. Hence the breakin% test was a suffi-
ciently accurate and a very economical method for determining the
factor of safety. The destruction of a few in breaking tests guar-—
anteed the strength of very large numbers of airplanss, and the
value of the broken ones constituted only a small premium for the
safety of the many other airplanes of similar construction. Since,
at the present time, only small numbers, often only a single air-
plane, of a given type are constructed, they must be calculgted
and constructed with especial care, in order to save the present
extremely hligh cost of breaking tests with whole airplanes. By
taking into consideration the data obtained during the war and:
supplementary data concerning individual parts and their combina-~
tions, it is probable that the actual factor of safebty of such
carefully calculated structures will have very nearly the desired
value.
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Very much less satisfactorily, however, could we hitherto

answer the question, as to what factcr of safety should be given
new airplanes, either for war or peace. The previous work is in-
tended to help in answering this Question and therewith remove the -
present far more serious dsfect of the conception of structual ‘
saf ety mentioned at the beginning of this article.

It is inherent in the nature of an airplane that its factor
of safety, like that of any other vehicle, is less needed during
rectilinear unaccelerated motion (on which, however, it is based),
than during those portions of the flight when the motion of the
airplane is accelsrated. The value of the still existing factor
of safety under certain flight conditions of an aircraft (to which
we shall now confine ourselves) will accordingly be given by she ’
greatest possible acceleration of the aircraft under said condi+s
tions. Hence it is customary, for the strength of the wings, %0
distinguish several cases of loading characterized by the angles ¢-
of attack. It is known that, at a large angle of attack, consid-
erably greater accelerations ogccur than at a small angle of at-
tack. Also an easily menaged combat airplane can be consideraoly
more overloaded than a sluggish bombing airplane. Both these con-
siderations were taken into account during the war by requiring 1.
the highest factors of safety for large angles of attack and
light compbat airplanes and smaller factors of safety for smaller
angles of attack and heavier airplanes.

The factors of safety during the war rested, on the one hand,

on the practical experience that wings of a certain strength held,
while weaker ones broke, in flight, and, on the other hand, on a
few acceleration tests made on flying airplanes, in taking off, etc
as well as ultimately on pure mathematical calculations.

The factors of safety first required by the B.L.V. (militar;
specifications) in 1916 (Table 1) were modified in 1918 (Table 2{
on the basis of the enormously increased experience. The safety
factors for the most maneuverable airplanes were raised conslder-
ably, while they were somewhat lowered for glant airplanes. It is
rrobably true that the safety factors of the 1918 B.L.V. military
airplanes were just large enough to guarantee the wings against
breaking.

It will be a ldng timé before new data on the reduisite

strength of the wings can be obtained in such .abundance as given
in Table 8, Hence the factors of safety of the 1918 B.L,V. must

be used for the near future, as the basis for the determination of
the factors of safety ¢f new airplane types. Nevertheless, we can—
not set down offhand for the safety factors of new airplane types,
differing greatly from those of the last war, any safety factors
whatsoever of the 1918 B.L,V. and then wali{ to see whether the ab-
sence or occurrence of wing breaks speaks for or against the use
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of the old factors of safety for other airplane types. Too small
factors of safety would weaken confidence in aviation. Unnecesssa-
rily high factors of safeiy would hinder the develooment of air-.
planes, on sccount of their excessive weight and lack of economy.
Hence the duestion still remains to be answered, as to what fac-
tors of safety, in accord with military experience with the 1918
B.L.V., are the right ones for airplanes differing greatly from
those of that time, as, for example, the 1000 HP all-metal morno—
plane of the Zeprelin works at Staaken., The following considera-
tions are intended to aid in the solution of this problem.

First let us consider the safety factor of a wing at large
angles of attack (Case A). Slow flight at a large angle of attack,
%lidin and stalled flight do not overload the wings and are vhere-

ore of no interest in this connection. Large angles of attack
are however combined with such high speeds, in taking off and durs. .
ing curved flight, that the force acting on the wings exceeds the
weight of the airplane and causes a bending of the flight path to-
ward the upper side of the wings. It may be regarded as undecided
whether the wings are taxed more in taking off or in sharp curves.
In any event, the difference between the maximum values of the -7ing
stresses generated in these two cases cannot be great, else exper-
ience wouid have shown one of them to be more dangerous than the
otner. As a matter of fact, wing breaks have resulted about as

often from one cause as the other.

Numerous attempts have already been made to determine the re-
lations between the maximum load.according to mathematical calcula-
tions and the factor of safety found necessary in the light of ex—
perience. Any factor of safety thus dstermined, from the flight
rath of the airplane in taking off, would also answer for curved
flight, since both forme of flight seem to stress the wings about
equally. Of course the reverse must also be true, that a safety
factor obtained by overloading the wings during curved flight an-
swers likewise for taking off. As a matiter of fact, only the lat-
ter patk leads to the goal, since, as far as such calculations .
have to do with over-stressing the winge in taking off, they mus?t
remain worthless for the present, because there are not even zpprox-
imately accurate experimental values Lo serve as a basis for repro-
ducing this motion with sufficient accuracy, i.e., with an approxi-
mation of 10 to 20%. The speed at the beginning of the take-off is
only approximately known., Its changes might be approximately cal-
culated, but we do not know with what speed the elevator is moved
and therefore cammot calculate the turning speeds of the airplane
and its angleas of attack. Aside from this, such calculations
would make a great deal of work, on account of the necessary graph-
ic integrations. Much more favorable conditions are presented by
curved flight in a horizontal plane, with engine running. Here
we can, on the basis of comparatively accurate experimental data,
calculate, in a simple manner, a condition of permanence with much
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greater accuracy. Hence curving flight has already been theoreti-
cally treated with considerably more thoroughness than the phenom—
ena of taking-off .* These calculations give, first of all, the
diameters of the smallest cirxcles for different flight altitudes,
as likewise the times required for traverging them. TWhat is more,
even the excess loads of. the wings belonging to various radii are
caloulated for a D and a ¢ airplane. Thereby, contrary to the
results of thls woik, the greatest wing stress is found at the an-
gle of attack at the height limit, hence for the sharpest curve.
Svarting with these earlier works on curved flight, on the one
hand, and with the safety faotors of war time, on the other, a sim-
ple relation must now be established between the maximum loading
of the wings during curved flight and the requisite safety factor
for Case A.

3. Accomplishment of Tagk.~ A general relation between the
maximum wing loading and the safety factor of the airplane can on-
ly be found, when both are known for several different airplane
types. For this purpose, the maximum wing loading must first be
found for several alrplanes for a series of radii. This calcula-
tion needs to be made only for the air density at sea-level, since
the wings are stressed most at that level.

The formulas in the works mentioned are little suited to such
fredquent repetition of the calculation. Therefore a "nomogram"
was worked out for the calculation of curved flights, by adding an-
other bunch of lines to a long since verified diagram for the ocal-
culation of flight performances.** After this completion of the
aiagram, the reguisite gliding capaclty can be represented on the
same sheet in a simple manner for the curving flight of an airplane
of given lift and drag coefficients, for any desired radii and wing
loading, In order to be able to find counveniently the maximum pro-
reller efficiency on the basis of the new American propeller exper-
iments,*** a new nomogram was worked cut, by means cf which the
propeller efficiency can be calculated for different propeller
shapes, .diameters and flight speeds, which are available with the
employment of a given engine, for which we need to know the rela-
tion between the r.p.m. and the tordue. The description and appli-
cation of this nomogram will be given in another place, since it
can interest only a portion of our readers.

The calculation of the curving flights was made for the Ffollow-
ing airplanes: SSW.D IV; DFW.C.V; Alb.D.III; Staak.R.XIV. As the
* Kann, "Der wagerechte Kurvenflug des Flugzeuges," T.B.III,p.286.
Salkowsky, "Der Kurvenflug eines Flugzeuges," T.B.III, p.3867.
** Rohrbach and Lupberger, "Zelchnerisches Verfahren zur Berechnung
der Geschwindigkeit und des Steigvermdgens der Flugzeuge," T.B.III,

P. 318.
***Durand and Ashley, "Experimental Research on Air Propellers,®

Reports Nos, 14, 30, 64, 108 of National Advisory Committee for Ae-
ronautics, U.S.A.
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results of a nomogram calculsticn of this kind, there are drawn in

Fig. 1 the requisite gliding.cepacities for the curving flight of
the DFW.C.V in ralation to the flight speed for various curve radii
There is also introduced on the same scale the attainable propeller
efficiency with a 220 HP Benz engine. This presentation refers on-
ly to flight near the ground. A horizontal curve is flown at such
speed that the line of propeller efficiency cuts the line of glid-
ing capacity for the given radius. If the airplane flies faster
(slower), it falls (climbs) with a speed proportional to the differ-
ence between gliding and propeller efficiency, i.e., to the corres-
ponding perpendicular distance between the two efficiency ocurves.,
From the radius of the circle and the corresponding flight speed
we can now calculate the mean force resulting from the combination

of weight and propellér thrust, which must be borme by the wings.
Thus we obtain the curve excess loading o according to the formula

—— e O -

d,—‘\/.

_ load borne by wings

= , 14—z, in which (1)
g

¢ weight of airplane

v = flight speed in m,sec.

T = radius of circle in m.

g = acceleration due to gravity in m/sec®

For the purposes of the present investigation, the repeated
use of this difficult equation was howsver aveided, since the curve
excese loading of the wings was very easily obtained by means of
the nomogram. The four airplanes mentioned are characterized by
the data given in Table 3. The excess loads of their wings occur-—
ring at various radil are represented in Fig. 3. It is clearly
shown how the wings of the maneuverable airplanes of less weight
per horsepower are much more stressed than those of the heavy air-
planes with small reserve power. It is known that the maximum load-
ing does not occur in the sharpest curve, for this is flown over at
such a relatively low.speed (on account of the small available pro-
peller efficiency at low speeds) that only small flight forces axe
generated. -

In order to see how the excess loading in the curve is relats:
ed to the drag coefficients, the wing loading, the weight per horse
power, etc. (EQuation 1) with the utilization of the reasoning
methods of earlier works, is transformed. to

PRSI e e e e v e

&= T3 ' - (3)



and hance: O = %ﬁ- : : (3;
g )

in which, W = weight of airplane in kg, N =HP of-epglne at sea-
level, S = area of wings in m®*, m = propeller efficlency,

Y = air density in kg/m® at sea~level, and Y., = air density at
tceiling." EQuations 38 and 3 naturally give rrech resul?s, only
in so far as the assumptions made in deducing them agree with the
facts. These assumptions, aside from the customary ones, are, in
particular, reduction of engine power (HP) in proportion to the
air density and propeller efficiency independent of the flight
speed. For accurate calculations, the employment of the nomogram
and formula 1 is therefore preferable. However, we must also
know the aerodynamic coefficients of the airplane, as well as its
propeller efficiency and the other quantities in the formula.

When this is not the case, the simple EQuation 3 will often give
more reliable results, than the attempt to reach the goal, by means

of any assumptions for the unknown Quantities, with the nomogram
or with EQuation 2.

' EQuation 2 shows plainly to what extent the excess wing load-
ing increases during horizontal curving flight, when the airplane
is asrodynamically improved, or when the propeller efficiency is
raised, or the load per HP and wing loading are diminished.

3. Result.— The following numerical example, which was solved
by means of the nomogram, gives, for curved flights with different
radii, the excess win§ loading of two airplanes, Nos.l and 3, of like
load per HP and wing loading, 4.75 kg/HP and 45 kg/m=®, as also
the same propeller efficiency, 0.78, waich are only distinguished
from each other by their different aerodynamic Quality (Fig§.3—4)-
The maximum speed of airplane No. 1 is found to be ..2835 km/hr,
while that of No. 2 is only 175 km/hr. The maximum climbing speed
of No. 1 is 7 m/sec, and of No. 3 is 6.5 m/seg. We see, from Flg.
4, that the wings of the aerodynamically better airplane must with-
stand, in 44% curves, greater stresses than the wings of the poor-
er alrplane, No. 3. Hence although a safety factor of 5.5 guf-
fices for No. 2, No. 1 must have a safety factor of 8, in order to
furnish the same protection against failure in circling flight.

In this example, the better alirplane, No. 1, was provided with the
propeller which gives great speed. For this reason, the climbing
speeds of the two airplanes did not differ much, in spite of the
great difference in their head resistance (Fig.. 5). If we should
give airplane No. 1 (with the relinQuishment of a small part of the
maximum speed) a propeller as well suited for climbing as the pro-—
peller of No. 3, the climbing speed of No. 1 would then be consid-
erably greater than that of No. 2 and the values of a would differ
far more than 44%. It would, in any case, be exceedingly danger-
oug to give the same factor of safety to the wings of such an

zérodynamically bettsr and consequently more efficient airplane
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(on the assumptlon that we have to do with an experimental value),

which factor of safety had Always bsen found sufficient for a
poorer alrplane. . .

Since some of the present-day commercial alrplanes are consgid
erably better, in their aerodynamic properties, than the airplanes
at the end of the war, for which alone there was suffiocient knowl-
edge regarding structural safety, and since we may count on still
further aezodynamic improvements, warning must be given, with ref-
erence to the stress during curved flight, ageinst the direct appli-
cation of the safety faotors of war-time stipulations to very good
new alrplanes. We often hear it said that maneuverability is less
important for traffic airplanes. Doubtless, they do not need to be
bullt expressly for maximum maneuverability, but, apart from the
fact that, in exhibitions or other circumstances, many piiots,
without being obliged to do so, make sharp curves even with commer-
cial airplanes, there are many conceivable circumstances in which
sharp curves cannot be avoided, as, for example, in evading a sud-
denly appearing obstacle or quickly reaching a small field in the
event of a forced landing, Therefore the wings of every commer-
cial ailrplane must be able to withstand the stress of any curve or
take-off. The experimental values for these cases are given by the
comparison of the maximuw loads during curved flight, shown on Fig.
3, with the corregponding safety factors of Case A, as contained
in the military specifications. We designate the factor, by which
the maximum load during curved flight is %o be multiplied, as the
safety factor for curved flight, o,. The values of a and Gy .
are given together in Table 4 for tﬁe four known military types. -

In additlon to horizontal curving flight with engine running,

there are also other possible circumstances in which the wings

wust withstand a greater load than in unaccelerated rectilinear
flight, since the wings are similarly stressed, when curved f£light
becomes spiral flight, in climbing or descending. With respect to
the air density, which varies with the altituwde, the curvature in
guch spiral flights must constantly grow sharper toward the ground,
if the loading of the winges is to remain consiant. From the very
great change in the perpendicular component of the £light speed for
short radil (Fig., 5), it follows that only in very steep and nar-
row gpiral flights the wings can be much mors heavily loaded than
during horizontal curving flight. We may therefore assume that the
values of «, corresponding to the latter, will seldom, if ever, be
exceeded, whereby the magnitude of such a possible excess would be
given by the sames factors, which hold good in EqQuations 1 to 3 for
horizontal curving flight. The same probably holds good for the
most-to-be-feared forces, to which the wings are subjected in a
combination of curving flight and taking off. All these consider-
ations indicate that o, represents a value which (although it -
does not give directly %the factor of safety present in the most

ggﬁazo:able cases) is s%ill proportional to this minimum factor of
ety.
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In fact, the very good agieement of the values of c,, for
entirely different airplane types, shows that a very reliaéle em—
pirical factor 1s contained in o0a. TWe may therefore employ the
same value of 0, and find the right wing-load factor according
to EQuations 1 to 3, as:

”
Load factor of Case 4 = o4 I ST (lé)
3 &

EEL' 358 72
D
= 0 (Za.)
A F)
v & &)
N S
— Y (36.)
= gt
A ’7% _

In this connection the value of 0y, according to the empirical
values of Table 4, cannot be much smaller than 2.5, if the wing is
to be strong enough.

After such an unobjectionable method has been found for deter-

mining the wing-load factors for large angles of atbtack, the Ques~
tions arise as to what will accordingly hold good for the wing
strength for other angles of attack and what are the conseduences
for the strength of the tail unit and fuselage, in so far-as the
latter serves for the transfer of the air forces from the tail unit.

For small positive angles of attack, hence in ‘Case B, the wing
strength will be utilized especially in steep spiral glides and in
coming out of a dive. The latter is much more susceptible than the
gpiral glide to mathematical calculation, for the reasons already
mentioned in conneotion with the take-off. The fitness of an air-
plane for spiral and horizontal curving flight 1s dependent on the
same factors. Hence, it follows that the wing-load factors for
Case B can also be determined in the manner worked out for Case 4,
according to formulas la to 3a, by means of a similar empirical
value Op, instead of 0,. In Table 4 there are accordingly found
also the~-load factors reQuired from the military specifications for
Case B, as likewise the values of © found by dividing the same
by &. These also agree very well with each other.

The figures of the military specifications for diving flight,

Case C, should, in all important cases, be replaced by the results
of speclal aerodynamic calculations of the forces and moments, %o
which the wings ate subjected in a dive.

As yet we have no basis for determining the safety factor of
inverted flight, Case D, which is, however, of the least importance.
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It would be well also to raise the load factors of Case D corres—

pondingly with reference to {the military specifications, if we
Tind higher load factors in Cases A and B than customary at the
end of the war.

The air forces on the %ail unit produce elduilibrium between

the air forces on the wings and on the remalining parts, on the
one hand, and between the propeller thrust and momentum, on the
other. From this it follows directly that the strength require-
ments of the tail unit depend on those for the wings. Hence, we
must first determine the forces, for the angles of attack corres—
ponding to the Cases A, B, 0, and D, which must act on the elsva~
tor in order to produce eduilibrium wlth the other forces. The
same load factors must be_provided for the reception of these el-
evator forces, as for the wings under corresponding flight condi-
tions. The rudder will be strong enough, if calculated on the
basls of the most unfavorable case for the elevator. Of how much
greater significance this individual determination of the safety
factors of the tail unit can be, is shown by the construction of
the Staaken 1000 HP monoplane. As a result of the high wing load-
ing, there are so great pressures on the 4ail unit, that the )
breaking loads (given in the mllltamy specifioations gsimply in
kg/m®) for itail planes would have given only about half as strong
elevators as are, in fact, necessary, according to aerodynamic
calculations.

The further construction of airplanes.is effecting a constant
diminution of their head resistance. Aps was shown, the strucstural
safety must, at the same time, be continuously increased. The
constructor may regret that the hithexrto reduisite excess weights
somewhat diminish the gain from the lessening of the head resis®-
ance. On the other hand, the traffic manager, who produces and
uses the airplanes, will rejoice that the development of airplanes
must bring him not only more efficient, but also (on account of
their high factor of safety) stronger and more stable airplanes.

Table 1.

Safety factors of wings according to the 1916 B.L.V.
Airplane tyge ) _ c&a _R.
Taking off 5,0 4,5 " 4,0
Gliding 3.5 3.0 3.5
Diving . 8.5 2.0 1.5

3.0

Inverted 3.0 3¢ D
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Table 2.

Safety factors of wings acgording to the 1518 B.L.V.

Total weight of airplane, kg. . Over 2500- 2500- 1200~ Less than
. . 5000 5000 4000 2500 1300
Carrying capacity, kg. 1000- 800~ 400~ Less than

. - 2000 1500 800 400
Taking off 3.5 4.8 5.5 5.8 6.5
Gliding 2.5 3.6 3.2 3. 3 4.0
Diving 1.8 1.5 1.75 2.0 3.0
Inverted - - 2.8 2.8 3.0

Table 3.

Airplanes of the illustrative calculations.

Airplane Weight Brake HP Area of Coefficient of

. in ke. of engine wings, m° air resistance
SSW. D, IV 700 . 200 15,23 T B III, p.363
Alb, D ITI 210 178 33.0 Like DFW C.V. .
DFW. C. V. 1540 235 43.23 T B I1I, p.270
Staak.R. XIV 14000 1235 . 333.0 From a few exper-

, iments.
Table 4.
Curved-flight loads and factors of safety.

Airplane Wing load factors Maximum wing load

‘ Cagse A Case B Curve radius Value ofa 03 Op
SSWK. D. IV 6.5 4.0 82 m 8.74 3.88 1.46
Alb., D. III 5.0 3¢5 86 2. 13 236 1.65
DF#. C. V. 4.5 3.0 72 1.93 8.34 1.55
Staak.R.XIV 3.5 8.25 - 105 1,43

3.45 1.57
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APPENDIX.

L. Graphic Determination of Airplane Speeds during Rectilinear and

Curved Flignt.

1. The diagram.- In order to save time and to see at a glance
the effect of structural changes on flight efficiency, a diagram
was made years ago for the graphic determination of flight speed
and climbing ebility in straight ahead flignt., The addition of an-
other set of curves in each nomogram now renders its applicaiion
possible to the determination of speed, climbing ability and excess
wing loading during curved flight: Although the diagram, in so far
ag 1t concerns rechtilinsar flight, has already been described in
"Technische Berichte,"* we will here give enougk of it for the ex-~
planation of the newly added curving flight calculation.

By means of the nomogram (Figs. 8-7), we can represent, for
airplanes of given drag coefficients for any desirable wing loads
and flight altitudes, the values of Nz/U (line sg) and Ni/W
(1ine sk) as ordinates over the corrssponding flight epeeds, vhich
serve as abscissas. Here W represents the weight of the airplane
in kilograms; Ng +the HP in straignt ahead flight; Nk +the HP dur-
ing curved flignt, just sufficient for overcoming the head resist—
ance. Hence Ng/W and Ni/W receive the dimension of a speed.
This speed is efual to the fallirg speed at which the airplane must
drop, in ordsr to be able (when there is no available engine powex)
to glide with the speed vglvy) corresponding to Ng(Ny).

If we first consider only the calculation of rectilinear
flight, then the basis for the nomogram is

N c
W CL
in which it -
v = X - (3)
g,/ BT s

Here S = wing area in m® and g = pressure in kg/m>.

The diagram consists of the upper main part, on which are
drawn the air resistance values Cp and Op of the whole airplan.

* Rohrbach and Lupbexger, "Zeichnerisches Verfahren zur. Berech-

nung der Geschwindigkeit und des Stelgvermbgens der Flugzeuge,*
T.B.1I11, p.218.
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in the form of the Lilienthal polars p, as also the computed dat
8g corresponding to Equation 1, and also of the lower auxiliary
portion, in which, by means of two sets of lines £ and h, at a
certain flight altitude and a given wing loading, the desired 1if%t
coefficients of coordinated flight speeds are obtained according
to EQuation 3.

The right-hand lower corner of the upper main part of the di-
agram serves as tie origin of the coordinetes for the alr resigt-
ance coefficients and the results of the computations. The values
of C are indicated on the ordinates, on the scale of 5 mm ejuals
unity, and the wvalues of C1, a8 abscissas, with 1 mm = unity.

The scale for N_/W and N;/W is so chosen that, corresponding

to EQuation 1, the right trlangle with the sides C and C ad- -
jacent to the right angle is similar to the resultigg triang&e with
the sides vy and N/W adjacent to the right angle, so that thus
the coordina%ed pointé of the polars and of the N,/W or sg
lines lie on one and the same line 1 passing thrSugh the origin.

, The lower auxiliary portion of the diagram contains, on the
.Tight, the bundle of hyperbolas of like wing loading. In order %o
obtain this set, the corresponding values of C and v mist
first be determined accoxding to Equation 3 for certain values of
W/S (here 30, 40, 50, etc. kg/m®). The values of v, are now
entered below as ordinates with the corresponding abgcissas Cr.
Then the hyperbolas f can be drawn. The origin of these lingEs
of like wing loading is 40 mm above the line of separation between
the upper and lower portion of the diagram. The scale for v
values may be arbitrary. Here 2 mm = 1 ms/sec. The inclinatign of
the straight lines for flight at sea level must be so adapted to
the scale chosen for Vg, ‘that the scale already used for the
values of C can be used, i.e., 1 mm = 1 km/hr. The remaining
altitude lines, marked for altitudes from 1000 to 9000 m, also
rass through the origin of the coordinstes of the hyperboclas of
like wing loading. Their inclination is such that the distances,
from the right side of thé diagram to their points of intersection
with any desired horizonital line, are inversely proportional to
the sluare roots of the corresponding air densities.

During curved flight, the wings are subjected to the result-

ant force of the weight and the propeller thrust. Therefore the
speed of every airplane in curving flight is greater than in rec—
tilinear flight at the same altitude with the same angle of attack
and the same load. The relation between these speeds is given by

%
K - 35 - (3)
gV 4 _ vg)
(g5
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in which =1 = radius of curve in meters and g = acceleration due
to gravity in m/sec®., The set of altitude lines on the left side
of the diagram corresponds to this eQuation, as follows: The
straight lines for zr = «, drawn in_any desired direction, and a
set of curves r give intersection points with every horizontal
line through the set of curves. The abscissas of these intersec-
tion points now stand in the relation given by Eduation 3, if we
indicate by v the abscisgsas of the intersection of any horizon-
tal line with %ﬁe straight line for = = &, as likewise the ab-
scissas of the intersection of the same horizontal line with one
of the curves for a finite value of r with wv,. Every line,
which we imagine drawn through the intersection of the straight
lines for r = » with the right side of the diagram so that it.
cuts the set of r curves, corresponds, therefore, to a certain
value of k. By themselves, the values of k are considerably
less important than the excess wing loading «, which occurs during
cgrved flight and which is connected with k 1in the expression
k® = a. Ve therefore obtain the straight lines of like o by
drawing from the values of «, given in the left lower corner of
the nomogram, the connecting lines to the intersection of the
gtraight lines for r = « with the right side of the nomogramn.
The intersection points of the lines of like curve radii, with
such a a = straight lines, then show the speed at which a curve
with the given radius must be flown, if the wings are to be more
heavily loaded, by the value o, than in rectilinear flight. Cor-~
responding to EQuation 1, we may write .

N ©Cp

}.ﬁ_& = -GE Vk.

From this equation the value of Ny /W can be obtained, either by
simple computation or by a combination of drawing and computation
and-Ye 86t .ovér' the dorrésponding'- »j. ~Thereby a value of Ni'%
corresponding to a oclimbing speed of 1 m/sec, as also for Ng7w,
is represented by a length of 18 mm.

o 8. The calculation.— We first draw the polar dlagram p at
80" from its usual position. The hyperbola £, corresgonding to
the wing area and load in Question acccrding to Equation 2, is
drawn, preferably in color. Likewise, the straight lines h, cor-
regsponding to the given altitude, and the curves =, coordinated
to the assumed curve radius, are drawn. Starting from any point
A of the polars p, +the line g is broken at right angles on the
hyperbola f and on the straight line h. The intersection of g
with the line i, from the origin of the coordinates through the
exit point A gives the point B, whose abscissa gives the flight
speed corresponding to the remaining values for rectilinear flight
and whose ordinate .gives the coordinated value of N./W. If we now
go from the intersection point of g and the altitude line h +o
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the line r = o and thence, making a right-angle turn, to the curve
r of the chosen radius, then the abscissa of the point of intersec-—
tion C with the latter gives the spesd during curved flight cor-
responding to the other valuss and to the point A of the polars.
The line 1 intersectis.the perpendicular through C at the point
D. According to EQuation 4, the ordinate of D in the ratio

1l :o must be extended to E, if we wish to obtain N /W. Thus

a point B of the curve sg and a point E of the line gk are
coordinated. If we introduce, on the same scale, the line ss of
the values of Ng/W, given by the available propeller efficiency
Ng, we thus obtain the values correesponding to any desired flight
speed of the (positive or negative) climbing speeds, since the lat-
ter are proportional to the differences of the ordinates of ss,

on the one hand, and of sg or sk, on the other.

In order to determine the relation of the maximum speed or of
the climbing speed to the flight altitude or the radius of the
curve, the computation must be repeated for a series of flight ai-
tigudes or curve radii, by drawing further pairs of lines sg, sk,
and ss. '

3. Proof.~ By means of the flight lines g, we can determine
the apex H of the triangle HFG, wnich, however, was not drawn
during the computation, but was completed in Fig. 7, for the sake of
clearness. In this conrection, the distance FG is proportional,
according to the disgram, to the flight speed v computed by Equa~
tion 2, which belongs to the hyperbola f and the 1lift coefficlent
of the point A. The line EG zrepresents the same speed vy on
such a scale that the O distribution can be simultaneously em-
Ployed for reading the speed in km/hr, in which connection the air
density will also be %taken into acccunt througn the different incli-
nation of the h line. According to this comstruction, the line
KM in the triangle F¥MB is proportional o thz speed vy, while
the 1ine MB, on account of the similarity of ithe triangle LAK
and MBK, according to Equation 1, is proportional to N./W. By
drawing the line HIC, the sids KN of the triangle NDﬁ, like—
wlise similar to both the above-mentioned triangles, is proportional
%o vy, while its other side ND 1is proportional, as wefore, o
Vg ©Cp/Cp. The extension of ND by thue givee in NE & dis-
tance proportional to Ny /W

II. Graphic Determination of Propeller Efficiency According to

Experiments . with Models.

1. The-tagk.~ The best and most comprehensive experiments wi%
propeller models are those published by Durand and Legley.* For the

* Durand and Lesley, "Expsrimental Research on Air Propellers,™
Reports Nos. 14, 30, 64, and 109 of the National Advisory Committes
for Aeronautics, U, S.A. o
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utilizatlion of the experimental results, there are appended to these
reports speclai diazrams, on which the computation can be carried _
out with a Jogarittmic scale according to the method of the compar—
igson of variously directed linss. This metnod of ccmputation is so
lacking In cisarness ahd the "lines drasxn overliap one another so
ruch, that errurs eagily occur. In order to elixinate this disad-
vantage and to obtain the values of N./W directly, as a curve de-
pendent on the fligat speed, in the same scale in which the just
described nomogramsgives N /W end N; /W, a new diagram (Figs, 8
and 9) was worked out for tﬁe graphic computatiocn of the props.lel.

The bagis of this nomogram is the equation for the energy ab-
sorbed by the propellexr:

3 :
Nop - Qo Y v®n D _ (1)
W w 716000
in which D = diesmeter off propeller in meters,
W = weight of airplane in kilograns,
Np = energy in BP absorbed by propeller,
Ng = saezgy in EP glver out bty propelilsr, '
M = tomgue-moment in kg-m absorbed by propeller,
v = flight speed in meters per second,
n = I-pem:,
Y = air density in kg/m®,
Qs = coefficient of torGQue-moment of the American

0 =
reperts, which is characterized by the dimension
-1
(SZCQ> corresponding to the expression
1000 M _ (2)

Q.O ='_f?-v DS

O

{

We find, in the above-mentioned reports, the values of Qg,
as well as the values of the propeller efficiency T, plotted

against €0 p9%. The values D and W, contained in EQuation (1),
and the number 718000 are combined in ' )

3

D

C = —= 3
W 716000 (2)
so that -%? =Qc Y v®nec : (1a)

After we have plotted the values of Nm/W against the flight
speed by means of the nomogram for various revolution speeds (in
accordance with EQuation la), we have no difficulty in determining
under what conditions the avalleble engine power (for the same rev-
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olution speed of the propeller) is exactly equal to Np. By multi-
vlica%ion with the propeller efficiencies corresponding to like
running conditions, we obtaln the values Ng/¥W, corresponding to
the energy Ng given out by the propeller, plotted against the
flight speed. -

In orxder to be able to transfer the valueg of N_/W, found in
this nomogram, in a simple manner for computing the ffight perform—
ances, to trhe Tirst dlegram, we must have the Quantitiss Np/W,
corresponding to the left side of Eduation la, in the same scale in
which Ny/W and Ny /W are there drawn. The remaining scales muss
accordinfly be so chosen that we will have, for the left side of
EQuation la,

L x H _ 1l m/sec = 18 mm,
75 kg /

-

3. The diagrem.— In the finished diagram (Fig. 8), we have,
on the same sheet, the initial values, namely, the results of the
experiments with models, the lines Q, and 71 (Fig. 8), and the
final values of ths computation, hence the values NS/W, line s
in Fig. 8. The lower left-hand corner of the diagram is the origin
for presenting the resulss of the sxperimsnts with models., Tae or-
dinates are measured by the values of 60ry, inscribed on the left
margin, in which the value 1 of this product is eQual to a dis-
tande of 180 mm., The experimental values of the coefficient _of
tordue-moment Qg, corresponding to different values of 605%7
and of the propeller efficiency 1 are recorded as abscissas. Here
one Qg wunit eduals 40 mm, while a distance of 400 mm corresponds
to the wmit of propeller efficiency 7 = 1.

For the transition from this presentation of experimental re-
sults to the real computation, use is made of a set of lines a,
in Fig. 9, from which, in Fig. 8, are drawn the straignt lines cor-
responding to 10 different values of Dn progressing in uniform
steps. The origin of the line a, oconjointly with the origin of
the coordinates for representing the result of the computation,
1ies on the extension of the bottom line of the drawing, 400 mn
from its left end.

For the computation results of the diagram, corresponding to

this origin of the coordinates, the reciprocal values of N/W

(load per HP) are measured as ordinates by a scale of 1 m/sec = 18
mm. On the axis of the abscissas, we find how the flight speeds
are given, with the accompanying flight performance nomogram, where
1 km/hr = 1 mm. For carrying out the computation, we need also a
set of parabolas b (values of c), both sets of lines ¢ (values
of n) and d (values of the flight altitude A), as also the "pro-
portionality-axis! e. The origin of the set of parabolas coin-
cides with the origin of the set of lines a, the origin of the
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coordinates. For 80 different values of ¢, progressing in uniforr
steps, we find in Fig. 8 the corresponding parabolas, whose abscis-
.sag edQual v and whose ordinates édual ¢ v2. Here the set ¢
shows the lines for 13 uniformly distribuied values of n between
800 and 2000. In the same manner, the set d gives 10 lines ficm
sea~level to 9000 meters flight altitude. The proporiionality axis
e 1is 59.8 mm from the left margin of the drawing perpendicular to
the axis of the abscisgsas.

3. The computation.- We first represent the experimental re-
sults for the chosen propeller shepe in the form of Q¢ and 7 °
iines in the diagram. In the sets of lines, a, b, ¢, &, ®We doww
lines, preferably colored, corresponding to the glven or assumed
values of Dn, n, ¢, and H.

We first determine the energy absorbed by the propeller at the

revolution speed n. For this purpose, we draw the ordinate f
corresponding %o any flight gpeed. Through its point of intersec—
tion with the parabola b we pass alcng the line g, which is
broken in several places by the lines c, 4, and "sea-level", to
the proporftionality axis e. We connect the point of intersection
H with thie axis, by mezne of the line i, <To the left lowezr cox-
ner k of the diagram. We then draw, from the point of intersec-
tion of the ordinate f with the line &, +he line h (broken by
the Qg ocurve) to its voint of intergsction with i. The distancs
IF, Dbetween the latter intereection point of i with h and the
axlg of the abscisaas 1s the Gesired Guantity N/W. It will be in-
dicated on the ordinate f by the mark 1. In like manner, the
value of N/W, which is proportional to the energy absorbed by the
propeller, is determined for other flight speeds., Thue we obtain
the n = constant curve, as the repressntation of all the quo-.
tients XN/W. ' :

The determination of the energy N; sgiven out by the propel-

ler is now simple. For the brake horsepower Ny at the revolution
speed n, corresgponding to the n-constant curve, the lengtn of the
ordinate, correspounding to the value N /W in the scale of the
nomogram, is calculated. The point A  of the n-constant curve,
whuse ordinate p 1s eQual to the one thus computed, gives the
flight speed at which the propeller exactly absorbs tha energy im-
varted by the engine. We now extend the ordinate P through A
Ll thus obtain e propeller efiiciency corresponding to &, Dy
bending at right angles at the line a at the boint of intersec-
tion with the 1 curve. The propeller efficiency shows in what ra-
tio the ordinate of A must% be diminished, so that the ordinate
of B will represent the value of NS/W corresponding to the en-
ergy given off by the prupsller. The repetition of this computa~—
tion for other values of n gives further points A and B and,

as their total, finslly the line m coordinated with the energy
given out by the engine, as also the curve s corresponding to the
propeller output. The latter must then be transferred to the pre-

cAn
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viously described nomcgram for the computation of the flight effi-

ciency. The work may be greatly simplified by again utilizing mozt
of the original lines f, g, h, etc. in repeating the computation
for other revolution spneus and flight altitudes.

4. Proof.— The distance CD represents the valiue of 60%5,
which corrergonds to the Dn  of the straight lines a and to the
flight speed of the point D. According to tals, however, the

distance KF, the abscissa of E,, is equal to Qg, which is

coordinated with the value of 60p zrepresenied by DC. It is oo~

vious that the distance HG, fovnd by mears of thre line g o1t of

the distence DL which *ep;esents the product ¢ v°, must be pro- -

portional to the product %Y v®n ¢ (Eluation la). From the similar-
ity . of the triangles HGK and IFK, whose side KF 1is eQual to
Qo, the distance IF 1is proportional to +he total value of ieft
side of EQuation la. The scales of the darawing and the distance
KG are so chosen that the distance IF reprecents the vaiue of
Np/W  and, corregponding to the desired agreement of the scales in
both nomograms,

1 HP _ oo —
5E X g = 1l m/sec = 18 rmn.

Translated from the German ..by the National Advisory Committee
for Asronautics.
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