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EFFECT OF WING LOADING, ASPECT RATIO, AND SPAY LOADING
ON FLIGHT PERFORMANCES*

By B. GSthert
SUMMARY

An investigation 1s made of tho possible improve-
mont in moxinmum, cruising, and ¢limbing spoeds attaln-
ablo throush lneroase in tho wving loadlngz. Tho docroase
in winsg area was considorod for the two cascs of constant
aspoct rotlo and constant span loading. For a dofinite
fllight condition, an invostigntion is made to dotermino
vhat loss 1n Tlight performance must bo sustained if,
for givon reasons, cortaln ving loadings are not to bo
oxccedod, With the ald of those gonoral investigations,
the trend wlth rospoect to wing loading 1s indicated and
tho roguircmonts to bo imposod on the landing aids are
discussod.,**

*"Einfluss von FlAchcenbelastung, Fllgolstrockung und
Spoaunwcltonbelastung auf dio Flugleistungon."® Luftfahrt-
forechunsz, vol. 18, no. 5, May 20, 1939, pp. 229-246,
(From Thosis D83, accoptod by tho Technical High "School
of Borlin)

**In the courso of the revision of thils report dating from
1936, a number of forelgn papers have been published which
simllerly take up the qucstion of the increase 1in wing
loading for constant aspect rotio (references 1 to 65). 1In
these reports the equations for tho optimum wing loadings
for high specd are dorivod, also in geaocral form, and a
dlscusslon 1s givon of tho difficultios 1an rcalizing thoso
high wing lordln;;e. The prosont roport is concornod not
only with the optlimum wing loading for hizh-spood-flight
but also with thoe loss in flight porformaaco conditioncd
by the unavoidable devintlons from the optimum wing load-
iny, as, for cxamplo, on for take-~off and landing rea-
sons cortaln wings loadings are not to bo exceoded.
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A. SYMBOLS USED

@, groes welght of alrplane.

G', gross welght for refeorence condition G/F =
100 xg/m® and A = b.

Gp, welght of wings.
N, onglne powor.

¥, wing arsca.

cyg ¥, frontel drag flat plate arca.

fws - owp ¥ = (cwg —- cup) F
= cyg! T, porasito drag flat plate area.
o, alr density.
n, propolleor efficloney.
¥/G, reciprocal of power loading.
“fws'/G' perasite drag loading.
A = v®/F, wing nspect ratio.
¢/b2, spon loading.
v, veloclty in horizontal dircction.

w, rate of climb.

QP = —L; Q.A. = ete.
Psaooo A=25
!. donotes reforence condition for G/F = 100 kg/m?
and A = 5.

* denotes condition at optimum wing loading.
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B. PRELIMINARY REMARKS

I. Statemont of the Problem

From the power distridbution curves of a prosent-day
high-speod airplane (fig. 1M with a wing loading of 120
kg/m3, 1t 1s found that at high speed the wing contributes
about 650 percent of the total drag of the alrplane. Since
- this wing drag consists for the most part of pure frio-
tional drag, any decroease 1n its value can bo obtalned,
excopt for smoothing of the surfaces, only by a reduction
in the aroas exposed to the alr: i.0., for a gliven wolght
by an increase in the wing loading. In throttled engine
flight, or what amounts to tho samo thing, in high-speed
flight at high altitudes for which the proportion of the
wing proflle drag decroasos as a result of the lncreaso
in the induced drag, the gain in flight performance re=-
sulting from the wing-area reduction willl be small because
while the part of the drag due to the wing reduction will
be smallor the induced drag will increase with reduction
in wing size.

In prosent~day airplanes, therefore, an increasc in
the maximum velocity through increase in the wing loading
is apperently attainable, the amount of increocase depending
on the dcslgn data of the alrplane. On the other hand,
the increase 1n the wing loading above the usucl prosent-
day values will unfavorably affect tho climb porformance
and the colling so that an optimum, compromisc solution
will have to bo found between the contradicting require~
monts of moximum speed and climbing ability, dopending on
the purposce of the alrplane in question. The objoect of
the present investligation 1s to establish for what types
of airplanes an increase 1n theo wing loading is of particu-
lar advantagoe and up to what values this increascec may be
carriod while still mointalning high speod and cruising
flight with sufficient climd porformance.

Further limits to the increase in the wing loadlng
lie in the take-off and landing requirements of the air-
plane. In recent years various methods have been tested
for take—off, so that a sufficlently short take—~off run
could be attained also for extremely high loading, for ex~-
emple, with the aid of catapults, cables, short-time- boost
power, oetc. Assuming take~off aids with satisfactory char-
acteristics will be developed in the future for still
higher wing loadings of about 250 kg/m2®, the problem 1is

*Pig. 1 wos taken from reoference 6 .
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shifted to that of the safe control of the landimng. Hore
the favorable circumstanco entors: namoly, that, due to

tho olimination of the fuel load.and-also .of tho usoful
load, wing londings 1in landing are lowor than in tako-off.
On the other hand, the external alds are no longer appli-
cobloe in landing, so that. the only possibllity for short-
ening tho landing run are tho lowering of the landing
speed through incroase In tho maximium 1i1ft of tho wing
and’ offoctive braking. Except for stationary curved flight,
for which the diacmetsd of the narrowest curve naturally:
increases with increasing wlng loading, an increasc in the
wing loaddng for equal aspect ratio will react favoradly
on the manguverability. According to Lachmann (roference
7), for cqual flight spoed and equal wing rolling moment
coefficiont,with decroasing span there is a decreaso in
the timo roequired for-carrylingz out a completo turn because
the damping by the surfacos is reduced moro rapildly than
the cccelerating rolling momonts. This improvement in the
handling qualities will be of advantage to military alr-
planes. In the casoc - -of commorcial alrplanes, however,
whlch do not require any great manecuverability in flight,
the reduction of ths wing damplng will have an unfavorablo
effect, particulary on the approach for a landing,

In the prescont dnvestigatlion, we shall not for the
momoent consider tho- limits sot on the wing-loadlng incroose
by tako-off and landing characteristics and the changos in
manseuvorabllity brought about by - an increase in the wing
londlag will not bo token into account, only those wing
loadings belng considered which are the optimum with ro-
gard to lovel and climbing flight.

II. Assunptions Made for tho Conputation

The wing loecding of a glven type- of alrplane may be
increased by decreasing the wing area at constant wing as-
pect ratio or at constant span: i1.e., squal span loading
G/b®, 1f the weight 1s kept constant (fig. 2). Constant
span loading hes the advantage that for equal sirplane .
welght the 1induced drag is a function only of tne 'flight
speed. The limit for the wing loadln,; incrocse is here
set, however, not only by considorations of take-off and
landing but also by tho strength conditions of the very
slendor wings. . It thus appeared to be more advantagsous
to conslder the wing arca roduction at constant aspect
ratio and to introduce the lattor as an indopendent vari-
able. The doslgner is then immedliately familiar with a
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deslgn constant with whlch he is enabled to estimate rap-
1dly tho required-strength of the wing.  In order,
howover, to @ce what results are obtained with constant - .
span loading, thére 1s olso briefly investigated the ef-
foct of incroasing the wing loading.at constant span. In
changing the wing londings, 1t may be assumed in the con-
putation that eéither theo tall surface drea romalns constant
or that the tall surface, and henco the-tall drag, variles
in the same raotio as the wing area. In the latter case,
the tall drag can be taken into account simply by a corro-
spondingly proportional increasc in the profile drag coof=-
ficlent. 1In the following investigation in which only the
proflle drag coofficiont cyp 18 introduced, tho latter
may be consldorod as including the tall drag.

It 1s assumed in changing tho wing and tall aroceas
that no further drag and welght changes arise ns a result
of the change 1in wing loading: 1.0., that the fuselage
and nacolle drags, for exanpleo, are not affocted by
changes in the wing area. This assumption holds ‘truo with
sufficient accuracy since tho volume of tho fuselago in
tho roglon of the maximunm thickness 1s deotormined dy the
roquired loads and only by changos in the fuselage longth
or tho lntorforence offoct botwoen fuselagé and wings and
by changes 1n tho parts of the nacelles projecting fronm
the winss are deviatlions in the drag possible. The lattor
dopend, however, to a large extent on the purpose of the
alrplane and are very difficult to take into account in o
goneral way.* ‘Thoy are generally small in conparison with
the total drag and moreover partly of opposite silgn so
that tho orror 1ln tho final result may boe insignificant.

*It is not entirely clear, for exanpleo, whethor a glven
engine nacelle produces a greater drag when nounted on a
deep or a2 nparrow wing. Thoe surface frictlion coefficilent
of tho englnc nacelle will bo snaller 1n the case of the
deop wing bocause tho naceolloe disappears farther into the
wings Thilis frictional drag, however, with the present-
day nacelles constitutos only the smallor portion, about
30 peorcont, of the total drag wheroas tho romaining prin-
cipal portion 1s duc to the pressure drag, poarticularly by
the disturbance of the airfoll flow. How this pressuro
drog changes with variation of tho wing chord 1s difficult
to doternino because, whoroas 1n the case of the doop wing
the disturblng nacelle parts projocting fron the wlng are
snallor, tho wing surface exposed to the flow is larger.
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It was furthormoro aseunod that tho profilo-drag
coefflciont was tho same,” lndepoendent - of tho nagnitude
of tho wing loading, so that no andditional lossos ariso
by tho nounting of landing aids, as conparod with the
snooth wing. With clean streanlinling, particularly with
flaps having favorable hinge posltiens, os, for exanple,
split flaps and Fowler wings, thils roquired condition
should roandlly be raclized. .

""For tho doternination of the flight perfornmonce, par-
ticularly that of naxinun rate of clinb, and those nagni-
tudos deponding on 1t, ns tino of c¢llnd nand cciling, 1t is
of considerable importanco to know the changes 1in tho
gross woight of tho alrplanc as a roesult of a chango in
tho wing loading ocnd wing aspoct ratio. In order to de-
tornino thesc changos 1n welght, a dotallod computation
was carriod out which 1s prosentod in tho supplenont,

At thils point thore will only bo pointed out the raegults
of tho computation which aro roprosconted in figuro 3.
This chart shows tho relatlivo chango of the gross wolght
G'/G as a function of the wing loading, aspoct ratlo, and
span loanding, G!' bYelng tho gross woight for an arbl-
trarily choson referenco state (wing loading G/F = 100
kg/n2 and wing aspoct ratio bB3/F = 5). Varlous dogreos
of fineness of wing structure and various sizes of the
airplane were -taken into account by the common parameter
Gyp'/G* which, for the reference state, denotes the ratio
of welght of wing to welght of alrplanae. The curves of
figure 3 thus show at a glance the cffect of the .welght of
the wing for varlious wiag sizos.

C. CHA¥GE IN VWING LOADING FOR DEFINITE ASPECT RATIOS
I, Maximum and Crulsing Spoed

1. Example

The offect of a chango in wing loading on the maximum
spoed will now bc considered with the ald of an oxample of
a typlcal airplane of 8,000 kg gross wolght, engine power
2% 1,000 hp., and having a maximum spood of about 450 km/h
at 4 km altitude (fiz. 4). If, for oqual aspect ratio.

A = 8, the wing loading is increasod boyond thot of the
initial loading of G/F = 140 kg/m®, tho maximum velocity
at first increases appraclably, then at a slowor rate, and
finally at ebout 400 kg/ma the spoed attalns a maximum of
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. about-480 km/h. On increasing the ‘wing loading beyond

this limiting value. the mazimum speed again begins to
drope- . :

This variation 1n.the maziﬁum speed with change in
wing loading ‘becomes undorstandable from a consgideration
of the dlstributlon of the dreg at .the various wing load-
ings. Since with the initial loading of 140 kg/m?, the
induced drag forms only a very 'small portion of the entire
drag, a docreaso 1ln the wing area 1s at..first followed by
a strong decroase ln the profile drag whorens the ‘lncrease
in the inducod drag 1s of soccondary importanco. As tho
wing loading 1s further incroansed, the induced drag op=-
proaches in value that of tho profile drag until, finelly,
at the optimum condlition the induced drag is equel to theo
profile drag. From this point on, further reduction in
tho wing causos tho induced drag to exceod the profile
drog, 8o that the maximum spood again drops. This result
was consldored first for constant gross alrplane weight and
sccondly with account taken of the chango in welght by the
various wing sizes (fig. 4). It is found that the tread
of the curve 1s essontially the same, so that in tho con-
sidoratlon of tho maximum speed an approximate computation
with constant gross wolght 1s sufficiently accurate for
obtaining the offect of the wing loading.

In the case of the alirplane considered above, thé
optimum of the wing loading is so flat that an increase
in the wing loading up to the optimum value 1s not of ad-
vantage. An increase, for example, in ths wing loading
from 100 to 200 kg/ma glves & maximum speed increase of
10 perceont; a further increase from 200 to 300 kg/ma glives
a spoed lncrease of only 3 percont and increasing the wing
loading boyond 300 kg/m2 to tho optimum value of 400 kg/m=?
results in only & 0.6 percont further increasce in the max-
imum spood,

For the airplane consldered, it thus appcars advan=-
tagoous to dovelop tako~off and 1anding alds, that pormilt
a wing loading of 200 to 250 kg/m3. The gain in maximum
spoed for equal propulsive powor as compared with tho in-
itial loading of 140 kg/m® amounts to about 27 km/h, core-
rosponding to a 6 percent increcase over the initial valuec.

2. Optimum Wing loading for High-Speeod and Cruising Flight
The problom is now to apply the results found in tho

provious soctlon for a particular case to arbitrery air-
planes.
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Tho aboevo considercstidons hold naturally nos only. for
the flight at maximum speed but are also-applicabis to
crulsing spoods. In considering cruilsing flight, wo nay
substitute the rango ratio in place of the speced ratio,
sinco for oqual throttle setting of the onginoe an incroase
in thoe speced by a definite anount rosults 1n a proportion=
onte incrcase 1in.the rangec. If, for oxemple, thero 18 to
be dotornincd the optimum wing loading for crulsing flight,
it 18 necossary nmerely to substituto in the computoation
the cengino power corresponding to the percent power rating
usod for crulsing and tho mcar welght in flight.

From the power equation for level flight: TUseful
propulsive power = power of parasite drag and profile drag
plus power of 1induced drag:

G 1

n¥ e, aifuws', Sup +i.(.l>_ (1)
G 2 max L 6 G/ F mp \b2/ F Vpax

1t follows that the principal variables are the power
locsding n ¥/G and the parasite drag loading fyug'/G if
the altitude, wing aspcct ratio A = b23/F, and profile
draog coofficliont cy aro coanslidored as previously asge—
slgnod constants. foferontiating the power equation with
respect to G/F. there is obtainod for constant gross
wolght, the conditlon for optimum wing loading wlth

O Vpox

= 03
3 G/F
G/F»
T wea. | &=/ owp A (2)
p/2 max

‘which 1s tho 1ift coofficicnt of the wing ot optimum G/F.
(Meznitudes denotod by * refer to the condition with opti-
mum wing loading.)

Thls equatlon states that the wing loading in the
most foavorablc casoc may bo incrensod untll the rirplane
flies at the maxlimum spced with the indicoted 11ft coof=-
ficiont c¢%. Tho lattor dopcnds only on the profiles-drag
coefflcient and on the wing asnpect rotio. It corresponds
to the condition of best L/D retlo as may be shown by a
simple ccmputation. Thus, in the polar diagram, it corre~
sponds to the polnt of contact of the tangeat to tho wilng
polar (fig. 5). PFor this flight condition it is known
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that the inducod drug is equal to ‘the profile- drag of the
wing., . . '

The state at the optimum wing 1oading is -thus not - --
identicael: with tho state of flattost glide of tho airplane
because’ the 1ift coefficlent for the optimum glide lies-
always coasiderably higher than tho value corrosponding:.tho
to the maximum spoed. This means that if, "for ‘example, an
airplone at any altitude flies witi the best IL/D ratio,
that 1s tho state at which tho maximum cconomy 1s attalned
for tho constant wing sizo, this state for tho flight
speed under consideration 18 not tho most economical 1f
the wing size for equal aspect ratio may be consideored as
variablo., It would 'be possidble to-attain tho samoe flight
epoed with lecss propulsive powor, honce grcecator oconomy
i1f tho wing coroa wore increasod to the oextent indicated
above. It mey bo shown that tho ratio of tho propulsive
powor at tho best gliding arglo chast to the propulsivoe

power &t tho optlmum wlng loedlng gnd oqual flizght spoed
NG/F* is givon by

No/p* _ cksllcwp + 241 + °ws'/°wp_ o o fuys'/C (3)
B * “we TTT7o.
Vepest 2(1 + cyg'/oyp) ¢/Fepqgat

thot 1s, at o ratilo cwsl/cwp = 2, corresponding approxi-

matoely to o high-spced cirplaane, tho propulsivoe power for
ocgqurl flight spoed could be reduced by about 10 percent
and thus the range increased by tho samo amount,

The reosult may also beo expresscd ir a goneral form,
as follows: For a glven flight speed, the minimum power
roquircnont 1s possossod by that airplane whose wing load-
ing has the valuo obtained from equation (2)

G/F* = % v*3 /1 cyp A

It 18 ipwmaterlal whether the cirnlane in question is of
anerodynamically -hligh quallty with small propulsive power
or an aorolynanlically poor alrplane with correspondingly
highor propulsivo power. For an alrplanc with 300 km/h
naxinum speod at 4 kn altitudo with a wingz cspoct ratio

of A =8, an optimun wing loading will thoroforo be ob=-
tained of 145 kg/n2®, and on doubling the spood at the sane
oltitude & wing loading of 580 kg/n2. An increase in theo
wing loading 1s therofore of particular advantago for high
spoed alrplanes while for slow alrplancs no appreciable
gein 1s to be expectoed.
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Tho abovo oquation shows the offoct of the density,
aspect retlo, and profile drag on the optimum wing load-
ing. For o proactical application, however, it 1s of ad-
vantage to know tho offoct of the fundomontal magnitudes
of the cirplane desipgn as powor londing and drag retio.
Figure 6 shows theo rosults. of such a computation, tho op-
timum wing locding G/F* boing plotted as a function of
tho power loading n N/G and the parasite drag to air-
planc welght ratio fwg '/G. Tho chert was érawn for tho
nltitudo H = 4 km, tho profile drag coofflclont cyp =
0.01l, and tho aspect ratio A = 5. In order to be able
to usc tho dlagram, howover, for ardbitrary cornditions,
tho powor ogquantion weos transformoed with the aild of coof-
ficlonts which wore dofined as follows:

P A Cwp
Q = H Qp = ;Q =
P Pacos’ AT A=5'Cup Cyp = 0-01

Tho tronsformed power equatlion thon reads

n ¥ Qy 07 P 4000 ] 1/e _ 1/a | 17483
g . 374 . (Vme.x Qp Oy Qcyp )

+

T Paooo H# =5 F Vpox np]'h3 QAlfd'ch:pl/‘

Writtern in tho cbove mannor, 1t may be secn thet the chert
may be mado genorally applicadble 1f tho following fletl=-
tious cnastants ors introduced:

Fictltlous powor loading

Fictitlous parnsito drag ratio £, '/G x 1/chp

1/2 1/4

Fictitious maximum spoed v,.. (p Qy chp1/4
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Fron the dliagram on fijfure 6, 1t 1s therefore pos=-
8iblo to road off for any al rplanc the optimum wing load-
ing undor the flight conditions under consgideration. It
ls seon that tho optimum wing loading is groater tho
groetor the ratio of propulsive power.to alrplane wolght
for equal fug!/G or the greater the morodynamic offi-

cion7y of tho alirplanes for ocqual 1 N/G. i.0., the smalleor

On thoe sano diagranm, drawn to roduced scalo in filg-
uro 7, aro indicotod for a numbor of ro¢cent airplancs the
power londings and drag ratios for full powor flight at
" eritical altitudo, the aspoct ratios of the verious typos
boinz hold constant. For those ailrplanos, the optinunm
wing loading incrcoses up to values of about 400 kg/na
ané toads to sti1ll larger values with further aorodyaanic
rofinonont. Since wing locdings of this order of magnil-
tudc show snall pronisc of roalizetion in tne noer future
and noroovor tho optinun of the naxinum spood 1s extromely
flat (sco sanple computation, figz. 4), the ncxt stop is
tho 1lnvestigsotion of tho prodlem of how much nay tho wing
loading be roducod with respect to the optinun value and
gtill not pornit the loes in spoed to oxceed 1 or 2 peor-
cent.

3. Win.; Loading Allowing for o Dofinite Loss.in Spoed
Let tho power oquations for o definite airplane cor-
respondlng to an arbitrary wving locding G/F and to tiae
optlous win 1oadin. G-/F"l bo subtracted, kooping the
valuos n N/G and fwa'/G unchangod.
Thore 1ls thon obtalrod the rolation

G/F* = % v*E/ T A eyp

which, oftor somno transfornatlons, beconcs

e¢/F Voex |, K 3 Vnax®
a/7e * +'a<"-3-">

VYnax -Vnax

. r X - Vnax
* v//L L C} vngx )]a vnnx (42)

whero X 1is tho ratio of the parasite drog to the profile
drag at constant wing loandlngs
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K = cyg'/oup = fug'/G G/F* 1/cyp (41)

The parameter X 1is easily determined for each alrplane
since the optimum wling loading 18 to be cohnsldered as
known from flgure 6.

The above relation between the decrease iIn wing load-
ing and decrease in speoed 1is plotted in figure 8. The
sensltivity of each of the types wlith respoct to devlatlons
from the optimum wing loadlng may bo secn to vary greatly,
It is greector tho smallor the valuo of the paramoter
Fyg!/G G/F* L/cyp. EHow will this sonsitivity to tho propor
cholco of the wing loading chango with the furthor devoclop—
maont of alirplanes? To answor this question, 1t is convon-
ient to transform this paramoter somewhat. With the relea-

S Cyp &4 and tho fact that at the

optimum wing loading the 1nduced drag is equal to the
profile drag of tho wing (soco soc. CI2) the exprossion
for the paramector K, making uso of thc powor equation,
may be tronsformed into the following:

* = B w2
tion G/F* = 5 Tmax

X = fyg'! & 1 - fys' %2 £ XV/TTA _n ¥/e A 5
G ™ CWP G nax 2 cwp - Vmax. cwp ( )
5

If the mazimum speed therefore, for equal aorodynasmic ef-
ficionecy oand cqual zltitude, 1s incrcased by lncreasing
the »ropulsive power, the value of X 1incroases, l.c., tho
effoct of the optimum choico of wing loading bocomcs loss,
If, howover, the maximum spocd for oqual propulsivo powaer
is 1ncroasod through improveoment in the acrodynanic offl-—
cloncy or through 1incroasing tho altlitudo, the valuc of K
beccones less, 80 that the sonsitivity of the alrplanne with
respoct to thoe proper cholcc of tho wing loading becomos
greatore In future development, however, we may oxpoct a
furthor rofinocment 1n tho amerodynanic deslgn os well as an
incrocse in the flight a2ltltude so that the polnt of viow
of suitablochoico of wing loeding will gailn in inportence.

For the alrplanes of 1935 to 1937, tho possible gcin
in naxinun sposed by 1lncrcase in the wing loading amounts,
according to figure 9, to as nuch as 10 percert. TFor the
typos Fw 200 and He 70, an incroasc 1a tkho wing loading
thus oappecars to be of partlicular advantage, whereas for
tho types Ju 86, Do 17, and Ha 139 (twin-float seaplane)
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eny further ineroaso 1n.the wing loadlng abovo the pros—,
ent vrlues ot “onstant aspoct ratio- proniscs no approciadle
goln. Sunparizing, wo nay thoroforo say: Through an in-
croaso in tho wing loading sbove the prosent velues in

the ccso of high-epeed -alrplencs, particularly alrplanos

of high aocrodynanic officiondy, o consideradble goin in
spood 1s attainabdle. In the coase of low—-speed alrplanocs,
howovor, tic posslble galn 1in speed through an incroasc irn
wing lozding 18 snmall.

4. Effccet of tho Aspoct Ratio

The above consldoratlions hold for tho particular casec
whoro tho wing aspcet ratio ronalns coastant os tho wing
loading 1s incrensed. Sliace with incroased wing loading,
howovor, the laducod cdrapg boconmos of 1ncreasingly groator
inportance cnd tho optlinun is finnlly deoeterninod Dby the
Intorrolotlion botwoen the 1nducod and profile drags, 1%
appears acdvantegeous to incrcaso tho aspoct ratio with in-
creasing wing loadins. As fcllows, howovor, fron consid-
cratlons of the optlionun 1ift coofficlent, the optlnum wing
landing, with incroasing aspoct ratlos, is shifted toward
higher valucs so0 that 1t boconos incroasingly difficult
to realizo the optinun wing loading in practice. On tho
other hand, for thc samne aroco, tho woisght of tho wing 1ln-
croasos with lInerecsing aspoct raotio, so that tho possidle
gnln 1s ogaln reduced.

In order to bring out tho relatlons noreoc clcarly,
thore has beorn plottod on figure 10 the ratio of tho nax-
irun spocod ‘ot coch optinun wing locding for various aspoct
ratlios. Tho change in tho welght of tho wing was ostinatod
fron tho approxlneoto rolations of figuro & first for o wing
welpsht of 14 porcent of tho totnl ot tho initial condition.
Tho results woero thon applied to difforent wing wolghts
in tho followlrg monner:

Figuro 3 nay be applied to arbitrory wing wolghts by
a sinple shifting of tho reforonce point. Donoting the
wing loeding at Gp?'/G' = 0.14 by (G;F)b and tho corro-
sponding flight weight ratio dy (@'/G),, then for any
ratio ky(G/F), thoro corrosponds tho flight welght ratio
k; (61/@), whero tho factors k; and kg  -aro constazts
for oach wlng welght, the valuos o6f which may be takon
" from figurc 3. Tho powor equotion thon reads

-
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n o Gt M fywa' G!? Cw

—_— Iy (——) = £ vmaxa ws' k, ——) + r__ ]
G? ¢ Jo =2 L G ¢ /o ka(6/F)o J .

m™p A ? 0 Vmax

or

(5 72 (5),= 5 (&)
[ ) (B, i e @

The application to different wing welzhts can therefore
he nade by introducing thke followlng fictitious charac-
teristlcs:

Power lozding n ¥ X/ JEg

Parasite drag ratio fws'/G' ki kg

Mazimum speed vVpax/ ka2

It is to be noted in conclusion that the results ac-—
cording t0 the above equation are first obtained as a func—
tion of the wing locding (G/F),, so that the computed
wing loadings . (G/F), must be convertod into tho actual
valucs with tho aid of tho relation G/F = k3(G/F),. Thc’
transformations describod adovo can be carrilod out 1n a
simplc manner by o change in scalc as shown, for example,
in figuro 10,

It moy bo soon that the airplancs with loarge propul-—
sive powor, that 1s, for examplo, racing plenos, pursult
plcnes, high=-spoed plencs of small useful load and raago,
with a powor loading of more then 0.2 to 0.4 hp./kg are
very unsensitive with rospoct to a change in tho cholce of
aspoct ratlo, In tho case of low-powored alrplanes, how-
over, as, for oxample, the receat high~spced transport
plancs of the type Fw 200 or tho Douglas DC4 with a valuo
of n N/G of about 0.1 hp./kg and loss in crulsing flight,
or in caso of long=range alrplanes with power loadlngs as
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lov o8 0,05 hp/kg, o considerable geain is attainadble
through increaso in tho aspoct ratio which continues oven
beyond aspect ratlios of lb6. The incroase in speocd thus
goinod 1s tho more marked the greater the aorodynnmic ef~
flcloney of the airplane.

On considoration of figuro 10, 1t 18 to bo observed,
howevor, that to a high aspoct ratio thore nocossarily
.corrosponds o high wing loading., It will thoroforo bocome
Ineroesingly difficult at high aspoct ratlos actuslly to
attaln the avove spood gaoin. These relaotions wlll bo brought
out in the following for two alrplane typos, a moderate
rongo high~spood alrplano and a long-rango high=spocd alr-
pPlone.

n) Mcderate range alrploneo.- On figure 11 1s showntheo
offoet of aspoect ratlo and wing loading on tho maxinum
spoed for an alrplanc of 8,000 kg gross wolzht with two
englnos of 1,000 hp. developing ot 4 kn altitude a moaxlimun
speod of aoaut 450 km/h. With tho proscat winsg loandings
of cbout 150 kg/m2, 1t is quitc inmcotorial within wido
linits what aspcet ratlio is choson. Only with furthor in-
crcasoc in tha wins; loading to 200 and 300 kg/n® 1s thero o
slight dlsplaconent of thoe optinun aspoct ratio toward val-
uos of A = 10, For tho airplanc under considoration, it
is theoroforo of advantogo to strivo for wing loadings of
tho order of magailtudo of 200 to 300 kg/m? at an aspect
ratlio of 9.

b) Longy=ranse hirh-spoed nirplancs.~ For a dofinitely

longs—-range cirplana of ebout 20,000 ks zross wolght with

4 onpxlaos of 720 hp. ooach, which at 6 knm altitudo at 60
percoat ratod power devolop a cruising spoed of 360 kn/h
(noxinun specd at 6 kn altitude 430 kn/h), fijzure 12 shows
tho corrospondlins relatlons. For this elrpleono, the ate-
talnnble wing aspect ratlio 1s of prinmc importaneo. In or-
dor to bo ablo to utllizo wing looadings of tho ordor of
nagnitude of 200 kg/n®, which still givos a considorablo
goln in the noaxinum spcod, the wing aspact ratio must bo-
ralscd at locst to the valuc 12.

To attaln the naxinun oconony in crulsing flight for
this cirplano,  wing loadings of 200 kz/nm2® with aspect
ratlos of about 12 should bo astrivon for.
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5. Effect of Proflle-Drag Coefficlent

In the reletlons given aﬁove.various proflle-drag
coefficlents are 1ncluded 1n the coefflcients clcwp. In

ordor to bring out thie effect more clearly, there was
Investlgated for a typical medlum-range high-spced alir-
plano the dopondence 6f the optimum wing loading on the
profllo-drag coefficient. It was found that the gein
through lncroase in the wing loading wos smaller the
lower the drag coefficlont of the wing. On improving tho
proflle drag coofficicent, fof exoemple, from 0.01 to 0,006
corrospondlng to the puro frictional drag of acrodynam—
-icolly smooth surfaces, the wing loadlngs may be mede
about 18 porcont lowor witk ogqunl approximation to’ tho
optipum valuo.

At unusuclly high drag coefficients of, for exomplo,
0.15, such ns occur for suctlion wings with largo thlckness
ratios, o furthor Increnso in the wihg loading by 18 per-
cont over tho valucs at cyp = 0.0l 1s stl1ll of advantago.

6. Effect of Altitude

From tﬁe cquation for tho optimum wirng locdlng

G'/F* = 'g' v;gx .\/1T chA

it follows immedilately thet for equal maximum speoed the
loading; varics in proportion to tho alr donsity. Thus, on
inercasinsg the altitudo, for cxample, from 3 to 12 km, tho
optinun wing londing drops to about one-third of the origi-
nnl valuo.

The cbovo rolation is shown graphically on flgure 13
for a typical medium-range cirplanc wlth aspect ratlo
A= 8., With ineronse in the cltitude, it has boon assunod
for simplicity that thoe welght of tho powor plant unit
and the froantal drag do not incroasc wilth incroasing alti-
tudo as is actunlly the caso on passing to voery high alii-
tudos. Through tho nezlect of those changes, the spoods
of the hilgh altitudo alrplanos aro ovoerostimatod as con-
parod with tho low-flying airplares, so that the decrease
in tho optimun wing loading with altitude 1s actually even
stronger. On lncrcasing the altitude of this alrpleano
fron ground levol to 8 kn, the optinun wing loading drops
to 70 porcont and at 16 kn altitude which corrosponds



H.A.,C.A. Tochnical Monorandum Fo. 9256 iz

epproxinctoly to tho linlting ceriticnl oltitudo attainadloe
wlth ox:aust turbino drive, tho wing loodling drops to ovon
40 porcont of tho ground lovol value. With.this type of
airplano (nodiun-rango high-~spood airplanc), it is thord=—
. fore doslrable at altltudos.of about 4 kn to have wing
loadings of about 2Q0 kg/na. slnco a furthor incroaso glves
only vory slight inprovonent in the performancoc. At olti-
tudos of about 16 kn there 1is hardly any Justification for
carrying tho wing loading beyond 120 kg/m®. Evon with o
slnultanoous inercase in tho aspect ratlo from 8 to 12, it
would bo of no advantage abovo 16 kn altlitudo to go beyond
wing loadings of 150 kg/m2.

. In order to bo obloe to estinato fron this figure tho
possiblllitics for devolopmont by .rofinonent in the aorody-
nanlec dosl;n of tho ailrplane, another computotion wes cars-
ricd out in which tho pnraslte drag fyg! wans reducod to

half the voluwe ond the profile drayr coefficiont to the
value cyp = 0.06 corrospondin approxinatoly to tho
lowor 1in¥ting vaolues for thc cnsce cf conpletely snooth
surfaces wlth freodon fror flow soparntion. It nay be
gseon that by this ocorodynaonic rofincrent the entire dlanran
i1s shiftod to loadlnis of about 20 porcent hizher veluos.
Fron this plot it eclerrly opponars that ot hilgsh altitudes
the airplono 1s considercbly moro scasltive to tho optinun
cholece of the wilng loadins than ot low altitudes as waoas
alroady concludod from the considorations 1in section CI3
for low=poworecd ailrplenocs.

IlI. Bate of Clinmd

The maxinun ratec of clinb waswlthin rostrictod linits
invostigntod in tho sane nanner as tho noxinun speod, since
thoe clind rcto of tho alrpleane 1s also of ionportance and
noroover nay bo considerod as a measuro for the length of
tako=off rua and celling cltitude.

1. Ex&npla

Figuro 14 shows the naxinun rate of clind at 4 kn
altltudo plotted as a function of thoe wing loadling at oqual
aspaect ratio for the sano alrplanoc uscd in investigoting
the offoct of tho wing loadlng on tho naxinun spood. The
naxinun rate of ¢lind wns tokon t0 be that which for the
boat glido anglo i1s obtained ns the difforonco of the
thrust horlzontol spoed wy and the sinking speed wge
If the chango in ths gross welght with chanpsoe in wing
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loadins; is at first. negloctod (dottocd curves) the rate of
clind docrooses coatinuously with lacreasing wing loading
up to w = 0, On taking tho change in wolght 1into account,
however, tho curvo obtainod. 1s fundanentully di1fforent.,

Tho conbination of tho effects of increased weight and do-
croasod sinking volocity loads to a flat naxinun at about
¢/F = 100 kg/n".

2. Optinun Wing Loading for Clinbilng Flisht

For the doternination of ‘tho optimum wing loading in
clim®t, it is not permissidble, according to the above sample
computation, to malke tho simplifying assumptlon, as was
done in lnvestigating the moaxlmum speed, that the gross
wel;ht to o first approxXimatlion may be considorod constant,
By teling account of the compllicated relations botween
wing wolght and wing loading ard aspoct ratlo, the solu~
tion of tho wroblem can bde found only graphilically.

In agrocment with tho performanceo computation of
Schreank (rofurenco 8), it was found that the maximum climd
speced is that evolunted ot tho optimum L/D of tho air-
plano.

Splitting the frontal drog coefflciont cws into the
two componcats of profile drrg coefficiont and poara-~
sitoc drog coofflelent cyg'!, thoro is obtaino for the

sinking spoed w at the best I/D ratio

. -5 /_l__)s/du( G-/F) /f'-:s _'.E+ . >1/4
Shest \m A o/2/ \ @1 ¢ ¥ wp

With tho horizontal propulsive veloclty wy ='n ¥/G =
n §¥/Gt G'/G, +the clindb speed 2t best glide angle is then

AR () GRYT G )@

Tho a2bove cquntlion 1s now cevaluated for wvarious wing
loadings and tho optimun value G/F* of the wing loading
detornined by groaphical mothods. As the roforonce gross
woelght G!, +theroc wos here tokoen the woight at the ospeet
ratlo A= 5 and wing loading G/F! = 100 lzg/m®. Plgure
15 gives the results of the graphical computations for the
optinun wing loadings G/F* ané¢ thoe optinmum clind spoeds
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¥nox® ‘for the espect-ratio A = 5 aoe o function of tho
tvo principal paramotors ‘n H/G' and £yg!/Gl.. The alti-
tudo was taken as 4,000 metors sand the proflle drag coof=-
ficlont of the wing a8 cyp = 0.013 corresponding to tho
avorago valuos 1n climbing flight,

In-ordor to mako the abovo dingram epplicable also
to arbitrery altitudes cnd profilo drdg coofficlents,
eyuation (6) was transformed with tho.nid of the cooffi-

font = —L  ana = vp 1 the fol=-
cionts !lp Paoos an chp Gwp = 0.012 nto e fo
lowing form
1/2
T B S § A e
1/4 1 1/4
chp G ﬂc G mA

G/P 1/a qu 1 681! G 1/4
( > o 7 °vr, 012)
4ooo (loyp & 7

Written in the abovo manner, 1t may bo soen that the
curves moy bo lmmodliately made generally cpplicable on in-
troducing tha following fictitious coofficicnts:

-7 01/2
n i D

174
G! chp

Power loading

Parasito drag loading £ .'/G? 1/05
Q 1/a
Maxinun raote of climb w* —B ___

1/4
%p

By o simnple change of scolo differont rotios of wlng
wolght to totnl weight at tho inltizsl condition (A! = 5,
G/F' = 100 kg/m®) moy bo obtained from the rolations of
flgure 3. In agrconcnt with the results of tho rolatlions
for hlgh spood, tho optinunm wing locdings corrosponding
to ¢lind irncroase with incroasc in the powor loading

‘n §/G!' and aorodynanic officioncy, 1.0., the scaller

fyg!/G? incroaso in profile drag coofficiont cyp docroase

in altitude and increasc in rntio of wing woight tu total
weight. It 18 to be notod that the optinun wing loadings
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for climd are in general only a fraction of the optimum
wing loadings -for high speed flight.

3. Bffect .of Aspsct Ratlo

Figure 15 for tkhe determination of the optimum wing
loading 1is valid only for the aspect ratio A= 5. Con-
putation for arbltrary wing aspeet ratlos 1n the range
between 3 and 15 gave the rosult that to an accurocy of
2 porcont tho following rule mny be appliod for convorsion
to ony ospecet ratios

A
G/Ty* = Oy /T g8 Oy = —

A= 5

that 1ls, an iacreaso la the aspoct rantio to doublo the
value rosults in an incroaso 1n tho optlmum wiang loecdlng
to double tho original valuoe. Tho correspoadlng displace-
monts of the maximum rate of climbd at thoe optimun wing
loadings arc plotted 1a flgure 16 as a functlon of the
aspoct roatlio. The differences ot optirun wing loading are
only small, being of the order of magnitude of 0.5 m/s.
¥ith resmect to the rate of climb, 1t 1s therefore prac-
tlcally immaterial wkat zspoct ratlo is choscn, provided
t2at carc is taken to soe that the optimum wing loadlang is
roalizod with this aspect ratio. It may be remarked fur-
ther that tho optimum of tho rato of climd 1s not obtalned
at about the scme span lozding G/b2® dut with irncrezsiag
powor locding teonds toward smaller valuos of the span locd-
1agz.

The effcct of o chenge 1n aspcet ratlo on the rato of
climb is thus molaly to shift tho optimum of tho rate of
climb towvard the rcglon of uving loadlings whlich had beeon
found to be favorablo for the optimum naximum specd, l.0.,
in gencral toward higher values.

4, Lossces in Climd Performonce through Doviations
from the Optimum Wing Loading

Since 1t will not ba posslble 1n practico generally
to cttaln tho optimum wing londings wilth respoct to climd,
tho question 1s hero investigaotod: namoly, whot lossos 1n
the rato of climb will Le lncurrcd by deflnilte devictions
from tho optimum wing loading. Since 1t 1s usually suffi-
ciont to be ablo to ostinato the losses 1n rate of climd
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only cpproximately, genorzlly applicable noon curvos wore
vorked out -for- the vartation 9f- rate of c¢lind with wing
loading. These mean” curves ;fig. 17) apply aceuratoly to
parasite dreg ratlos of fyg/G' = Q41 x 107® n®/kgz, as-
pect ratlos of A = 8 and wing wolght ratios of égt/ et =
0.14, TFor alrplanes with considorabdly deviating charac=-
teristics, & naximum error of ! porcont in .the rate of
clind wos permitted through this simplification for thb
caso that the wing loading was changod to half or double
the ‘valuo of tho optinun wing loadinge.

Parallel with the considoerations on tho nmaxinun spocod,
the rote of clind is found to bo the morc sonsitive to tho
propor cholece of the wing loading the snmalleor 1 N/G'!-

S. Conperison of the Optlonun wlth the
Designed Wing Loadlngs of Prescnt-Day Alrplanos

In prosont-day airplones, ontimum wing loadlngs for
climb, according to ¢1guro 15, aro of tho ordor of magnle-
tudo of 60 to 80 kz/m?®, so that in gencral the airplancs
havo alreedy cxcoodod t 10 wing loading optimum and with
further lrncroase in thoe wing loading the rate of climd
and thercforoc also the tnrke—off and colling will nocos~
sarily bec impalred. This tendeney is st11ll more clecarly
indicated 1n flguro 17 which shows the ratio of the rato
of climb to tho optimum obtailnablo as a function of tho
ving loodling ond holds for all aspoct ratios, With .the
excoptloa of the Fw 200, which, on account of 1ts high as-
pect ratio, doviatos from tio othor types, all the alr-
plancs shown have already oxcoeded the optimum wing load-
ing up to adbout 1.6 times the amount.

D. CHAJGES IN WING LOADING AT DEFINITE.SPAH LOADINGS

Having investiganted the offect of the wing loadlng
at equal aspect ratlo, let us now brliefly consider the
results obtained if the assumption of constant span 1in-
stoad of constant aepect ratlio i1s made. By introduction of
this parometer, the results anlrcady obtaincd on the assump=
tlion of constant aspoct ratlo are not naturclly extendod
in any diroction but o somewhat differont presontation is
obtalned of tho same rolations.
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Yhon tho wing aroa 1is reducod, with tho span constant,
the profllo dreog on tho ono hand decroasos while tho ine-
ducod drag for constoant fllight speod romcins tho samo 1if
tho changes 1n welght resulting from tho chango in wing
dimensions are noglected. The optimum wing locding for
this caso ls therefore obtainod for an iInfinitoly largoe
loadins: 1.0., whon the wlng at constant span shrinks to
a 1ifting linoe.

If tho cheorgos ln wolght ere takon into account, how=
over, tho optimum wins londing 1s shifted toward tha rogion
of finlte wing loading. From the sarple computation on
fizuros 4 and 14, it car be conecluded that tho eesontilal
character of the curve of maxlmum spoed 1s only slightly
affoctod by the changoes ia wolght, so that,in agroonmcat
with tho provious iInvestigatlons of tho offect of the wing
loading on the maximum speod, the computation based on tho
assunrptlion of constant sross weizht of nlrplane is suffi-
clont.

I. Moxirnun and Cruising Spceds
l, Limitling Speed for Given Span Loeding
The power oqueation (1) is transformed so thet, in=-

stead of tko aspect ratlo, the span loading G/'b3 appears,
as follows:

n¥ /fwe.' N ctrp)f_v. 3 2 /i) 1
e \ ¢ e/F/2 " T q p\v2/ Y,

The maximum speéd Vnox* ©f an airplane with ziven wing
loading therofore occurs for G/F —>owand is detormined
by the following equotion:

NE P e Tug' 2 ¢ 1
o T Yeex g 7

m p b3 vpax*

Tho above ocquation was first solved for the altitude H =
4 km and a certaln initiel span loading G/b® = 20 kg/m?
and tho rosults genereclized with ald of the coefficlents

3
Qp = —£2 and Qnga = ——Elg——— - In o geaeral form,
Psooo (6/12) 54

the powor ocquatlon may be writton as follows:
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/a 1/a 3
n ¥ * Paocoo fws'
'y '&;.73_"" > s g/pe (vmu.x ‘%‘!—)
{/va Qgfps * ~+ - -+

T P4sooo Vmox

1 .
('b >ao .0 1/a 1/4 (7)
RVEY

The rosults of thils computation aro prosontod in figuro
18, which shows tho liniting spood vy v* as a functlon
of tho powor loading n H/G and paraslite drag ratio

fig 1/¢ at infinitely large wing locding. This limiting
specd 1s noaturelly greator the groater the power loading
aad tho smallor the parasite drag of the airplanc.

2. Wing Loadlings with Certala Lossos 1in Spoed

The maximum speed Vpn,x* at 1lnfinitely large wing

loading 1s 1n generel of slight significance. Much more
important 1s the gquestlion: Up to what values is it neces-
sary to lncrecse the wing loading to obtain o given por-~
cent of the optimum spced, say, for example, 98, keoplng
tho span congstant. Assuming for thls purpose that the
wing loading 1s to be determined for a given degrec of
approximetion to the optimum value vVpax/vmox*s the power
oquation for this condition becomos

n o P fws?' a3 ( Vnax )5

= - v
G 2 G nax Vmaz*
. £,et/0 + cWP/G/F . 2 it 1 vpac”
3
fws'/G ™ p b Vmax® Vnax

= W,

fua /@ + Cyn/G/F , voaz \3 Ynax®
> + wi"

fyg'/G Voax Ynax
whoro

Ws* 1s frontal drag for infinltely large wing load-
ing.

Wi*, induced drag for infinitely large wing loading.
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Subtracting from the above egquation the corresponding re-
lation for infinitely large wing léading n N/G = Wg* +
Wy*,. we obtain, after somo transformation; -

fygl/C (vpax/ vmax*) >

= 3
Cwp ":I."'/"a"I (1 - vmax‘/vnnx) = (vmax/vmax') + 1

G/F (8)

The parameter wi*/ws* in the esbove equation, i.e., the

ratlo of tho 1nduced drag to the frontal drag at given
span loadling and infinito wing loadlng is kanown for a def-
inite alrplanc from cguation (?) and for rapld conputation
has bocen plotted in flzure 18 as a functlon of the powor
loading and paraslto drag ratio.

The evaluation of oquation (8) is shown in figure 19.
Tho doviation of tho curvos from ono snothor aro oxtrenely
snall within tho practicel range. Assuning Wi*/Wg* = 0.02
as lowor linlt and 0.4 as uppor linilt, 2 mear curve may bo
used with sufficlent accuracy. PFrom this a simple relation
s obteined, which shows directly the loss 1ln maxinum speod
wlth rospoct to the maxinun value vpax* os a functlon of
the wing loacding (fig. 20).

There aro thus conflirmed tho results obtaincd In sec-
tion CI2 and CI3: nraneoly, thoat high wing loadings must bo
sought poarticularly for aorodynanlcally high quality oir-
planos, whorcas for acrodynanically loss offlclont alre
plancs thoe attolnable galn through lIncreoso In tho wing
loaoding at constant spon renalans small, Those curves are
with good approxiration practlcally indopendent of tho
span loading chosen so that in tho slnplest nanmer thoy
quickly show the possible gain through incrcase 1n the wilng
loadinge. .

With the excoption of this lattor (fig. 20) tho fore-
golnz derlvod rolations hold only for tho cose where tho
span loadlan; ronains constant. The guostlion thon arlses
whother thls acclidental span looding 1s also the optinun
for the state of flight considerod. Thils quostion corre-—
sponds, howevor, to that with regard to the optlnum aspect
retlo, dliscussed in detall 1n section CI4, to which the
rcoador ney theroforo be referred.
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I. APPLICATION OF THE RELATIONS DERIVED TO VARIOUS AIRPLANES

The above consliderations have shown that the maxinun
speed on the one hand and the rate of c¢limd, celling, and
take-off on the other lnpoBe entirely difforont regquire-
nonts on the wlng slzo and shapes: For any particular caso
therefore, an optinun conpronlse solution among tho contra-
dlcting roquirononts nust be found. In what followes the
conblned effocts of wing loading and aspoect ratio on the
noaxlnun and crulsing spoeds and rate of clind will bs
brought out for sevoral typical alrplancs: nanely, a longe
rangoe high-specd alrplane, a nediun-range high~spoced olre-
plane, ond o short-range higk=-spood alrplane. For a con=
pleto dliscusslon, 1%t would naturally be necossary to carry
out the lnvostigation for different altitudes. For sinplie-
ity., howover, this was not done and tho rolations only in-
vestigated for the most inmportant oporaoting altitudos.

I. Dotorninction of the Charactorlstics of Typlcal Airplancs

Fliuro 21 shows tho noai inportant doslgn nagnitudes:
nanely, tho powor loading n H/G. and parasito drag reotio
fys!/G for o fow types of tho years 1935 to 1937. It nay

bo remarkod that in spito of tho strongly varied powor
loadin; tii0 lower linit of tho parasite drag ratilo fluctu—
ntes about the velue 0.1 x 1073m3/kg. A further investiga-
tlon with regard to the drag distridbution of the most 1lm-
portant alrplanes considered gave the result that oanly
about 50 percent of the entlre drag is due to surface frie-
tion on smooth surfaces while the rest is to be ascribed

to disturbances In tho flow by separation, interferenco,
and roughness. It may therefore be 'conclulded thot with in-
creasia; rofinoment 1n aocrodynamical shapo tho parasite
drag ratio of airplands will tend toward a value of about
0,07 x 10”3 m2/kg., This value was made tho basis for the

wing-loading investigatlions for all" tho types of alrplanes
inveostigeotod,.

The powor loadings were takon to be the following:
Lons=range high-spcod.airplancs: .
n ¥/6 = 0.1 hp./kg or G/N = 8 kg/hp.
Modium=-range alrplanoes: . ) '
= 0,18 hp./kg or G/N = 4.5 kg/hp.
Short-range alrplane:
= 0.35 hp./kg or G/N = 2.3 kg/hp.
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The relatlons between the wing loadlng and the aspect
ratlo, on the one hand, and the flight performances were
obtailned from figures 3, 6, 8, 15, 16, and 1l7.

II. Long-Range Ailrplane

(n ¥/G = 0.1 hp /kg, fys'/G = 0.07 x 1073 n®/kg ecruising
flizht with 60 percont throttling of tho englnes and mean
wolght in flight Gy = 0.8 G)

The alrplanc under consideration has a welght of 32
tons, a reted ongine powor of 4 X 1,000 hp. and develops
at 6 km altitude with G/F = 140 kg/m?® and A =8 eat 60
porcont of the rated power of tho englne in eruilsing flight
a cruising spoed of 320 ko/h (maximum speed at 6 km alti=-
tude 400 kmyh). Assuming n fuel locd of 40 percent of the
total weight, we may conslder the flylng welght to bo 0.8
timos the take-off welghte.

Figure 22 shows for this alrplano, tho mean crulsing
spoed (at 0.8 toko-off weight, and 0.6 rated power) and
tho clinbing speed at zoro altitude with full power in
take-off as o functlon of the taokoe=off wing loadlng and
the aspoct ratio. If the take-off 1s not taken into con=-
sideration, since with these alrplancs take-~-off olds may
always bo assunod, 1t may bdbe scon fron fizure 22 that the
wingz should be givon an aspoct ratio of 12 and & take=off
wing locding of 200 kg/ma. As compored wilith the wing load-
ing of 140 kgz/m2 with optimum aspect ratio, there would
thoreby be obtaoined a crulsing-spoed goln eond honce an in-
crecso in rango of about 5 to 6 percont.

Since, in landing, a decreasc to about 60 percent of
tho toko-off weight may bo assuned, that is, "for landing
wing loadlngs of only 120 kg/n® are encountcred, no par-,
ticular problom 1s offercd in landing with normal wlng
flaps. 'In order to cssuro the low wing loading of 120 kz/n=
elso in forced landing, tho airplanes are to bo provided
with quick-relonse cppliancos for the fuol.

III. Modium-Range Airplanc
(n ¥/G = 0.18 hp./kg, fys!/G = 0.07.x 10”3 n3/kg. Cruls-.
ing with 80 percont rated power and mcan flylng wolgh
Gpn = 0.85 G) .

Tho airplaﬁe under consideration has, for exanple, o
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flying wolght of 9,000 kg, a rated engine powor of 2 X
.1,000 hp., and devolops at 6 kn altlitude, with G/F =

140 kg/n® ond A= 7, 4 naxinun-spoed of 500-knm/h. . For.
thls airplene type, thore was assuned a mean gross woight
85 percent of the tako-off welght and a powor.  of 80 por-
cont corrosponding to the mean of high spced ond cruising
flizht. The rate of clinb was conputed for the ground with
full throttle at take—off wolght so as to obtain a neasure
of tho tcko-off ability (fig. 23). According to tho late=
toer, 1t 1s of advantage with respoct to high speed and
cruising flight to obtain wing loadings of 250 kg/n2 at
aspect ratios of 8 to 10. Tho gain in speod as conpored
with tho wing loading of 140 kg/n2 and optinunm aspect ratio
would thon amount to about 8 percont.

Assuning for the leanding, consorvativoly estinated,
a docroaso lan spoed of 20 porcont, the wing loading in
landing would be about 200 kg/m2. At o landing spoed of
about 120 kn/h, which may bo lookod upon at tho prosent
tizo as a rocasanable value, tho 1lift cocfficlont of tho
wing would thon bo 2.85. Maxinum 1ift coofficiontsof
thls ordor of nagnltudo hardly offer any difflcultlos on
tho acrcdynanic slde.

Since 1t nust also boe roguirod of alrplanes of this
applicatlion group that thoey have a sufficlontly short take=
off on thelr own power, an opproxinnte conputation was
nado for the take—off run. At o toko-off power boost of
the englnes by about 10 to 20 percent tonko=off runs of the
ordor of 600 n to 20 n altitudo arc obtainable with flaps.
Coro nust bo talton to soco, howover, that the flaps are sot
80 that tho small profllo drag coofficlonts are obtailned
in splto of high 1ift coefficlionts of about 2.6.

IV. Short-Range High-Spedd Alrplones

(n ¥/6 = 0.35 hp./kg, f,,'/G = 0.07 x 103 n3/kg, fulle
power Flight with naxinun gross weilght)

As typlcal short-range high-spoed alrplane, thero
was takon an olrplanoe of 2,300 ks gross wolght and rated
powor of 1,000 hp. The pmaxinum spood and the rato of
clind to 5 Im altitude wore considoered for full-powor
. flight at noxinun weight, since the change in woight dur-
ing flight 1s in gornoral very snall,

Flguroc 24 shows that a considerable inercase in the
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maximum speed-ls attalnable through an increase in the
wing loading up to values of 300 kg/m?, the aspect ratio
being only of secondary importance. The maximum rate of
climbd for .the aspect ratlos investigated 1is about the
same; after exceedling the maximum value the rate of climdb
rapldly decreasocs.

An incroease in the wing loading up to 250 to 300 kg/m®
should thorofore be accompanled by a simultancous incroase
in the aspoct ratlo 1in order that a favorable compromiso
solution may bo possibloe betwoen the maximum speocd and tho
climbling abillty. A desiradle wing sizo should therocfore
be that for o wing loading of 250 to 300 kz/n® at on as-~
pect ratio of adout 10.. The galn in maxinun speed as con-
pared with G/F = 140 kg/n® amounts to from 8 to 10 por-
cont for about the same rate of climb of tho alrplane.

For the landing of theso alrplanes, only a very snall
decroaso ln gross weilght of about 10 porcont of the takc-
off welght nay bo assumod, so that the problom of safo
londing nust be fully confronted. At a landing speed of
120 kn/h, therec nust thus dbe avalladble nmaxinun 1ift coof-
ficionts of 3.2 to 3.9.

The take—-off run of these highly loaded airplenes, on
account of the very large powor oxcess, is still of tho
order of 600 noters to attaln 20 metors altitude, B0 that
fron thls aspcct & sufficlent take-off 1s assurod also
without particular take—-off alds.

V. General Viowpolnts for Wing Loading Incrcases for
Airplono Types Comnsldorod

In inercasing the wing loading on tho cirplanes con-
sldored the genorel charactoristic appoared that the wilng
loading incrcasos arec of advantago only with a slnultanc-
ous Iinercasc in the aspect ratlo, both as rogards lncreas-—
ing the naxinmun speed and obtainlng a favorabhle compromise
solution between high speed and climbing speed. This tend-
ency 1is also favored by the fact that the sinking velocity
in landing may be kept within normal 1limits at high aspect
ratios,.

In goneral, 1t will be difflcult in such greatly re-
duced wings to carry loads such as, for example, fuel,
retractable landingz gear for the slngle seator, ste., which
generally may be carried in the wing. For constructlional
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roasons of this kind, the porformanco gains discussod
above cannot always be realized. To determinoe the lim=
ites -that-must apply would. take us beyond. tho scopoc of this
papor, which has for 1ts obJect only the investigatlion of
the zain in flight performanco by reduction in theo wing
8ize without consildering the constructional slde of the
problom,

By increasing the wing loadings beyond the wvaluo

140 kg/ma. which corresponds approxlmately to the presont

state of devolopmont, spoed golins of 6 to 10 porcent, ac-
cording to the dosign data of the airplane, are thus ob-
tailnable. Theso increases in tho looding oro not in them-
selvos of vory great magnlitude but thoy are an important
step toward furthor rofinement of tho airplnano design whilch
wilthout increase 1n the propulsive powor leads to an in-
crecse in the flight porformance. >

F. CONCLUSIONS
I, High Spoed

1. Tho optimum wing loading, G/F*, ' for which the
maxlnum spood at glven aspoct ratio under cortain simpli-
fying assunptlions attains 1ts groeatest value 1s gilven
by tho following reclation:

G/F* = -2- Voox> /A Cyp

1.0., an increase in the wing loading is of particular oad-
vantoge for hisgh-~speed alrplenos at low altlitudo, whoreoes
for slow=spocoed airplcnes and high altitudos no approciabdle
galn is to be expocted. The most favorable wing loadings,
other conditlons belng oqunl, are higher the greator the
aspoct ratlo and the proflle drag coefficicnt and tho low-
er tho altitude.

2. Bocause of thoe flotness of the speod optlimum with
change in wing loading, it 1s of advantage and most often
even nocessary to remaln conslderably below tho optimum
wing loading. The resulting loss in maximum speed is
greater the groater the flight spoed and the aerodynamie
efficlency of the alrplane; l.e., for the future airplane
development in the directlon of high speed and aérodynam=—
ically stl1ll more officient alrplance, the sensitivity to
the optimum cholce of wing loadling will increase.
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3. In the case of high~powered alrplanes with high-
pover englnos, the wing aspoect ratio has only a secondary
importancoe. In the case of alrplances with low-powor en-
ginos (long-range airplane) the incroase in the wing loading
offers, howover, considerable galins in speed which are
avallable up to aspoct ratios of 15. .

II. Climbing Flight

1. In agreomont wlth the rolations holding for the
maxlimum spoed, the optimum wing loadings for climbing
flight are higher tho more powerful tho englne, the grooater
the aerodyncmle officlency, the higher tho aspcct ratlos
and tho profile drag coefficlionts, and the lower the altl-
tudos Tor the prosent~day cirpleonecs the optimum wing
loadings are gencrally at smaller than the designed values,
so that an 1lncroecse in the wing loading for equal cspect
ratio nocessarily leads to impalrnent in the clinb adbility.
Thesc lossos can be dalancod, however, for the greater
part 1f ‘on increasing the wing loading tho aspect ratio is
simultarncously 1lncreascd.

2. Tho sensitivity of tho alrplancs to decviations
from tho optimum wilng loading 1ls greater tho smaller the
raotio n XN/G.

3« Tho aspect ratlio at optionun wing loading has only
a small effect on the rate of ¢linb., A chanzo in tho as=-
pect ratio 1s thorefore gonerally of advantage only if the
losses in rate of cllimb through hlgh wing loadings are to
be kecvot snall.
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APPENDIX

CHANGE IN WEIGHT OF AIRPLANE DUEB TO CHANGE .IN. WING DIMENSIONS

I. Goneral Ronark

For the doetermination of the flight performancoes,
particularly the naxlmun rate of climb and tho magnitudes
likoe clinbing tine and colling altlitude depending on 1%,
it 18 of groat inmportanco to know the change 1ln weight of
tho alrplane os a result of the chango 1n thoe wing load-
ing and aspoect ratio.

Sinco thec woight of tho wings 1is nalnly affoctoed dy o
change in wing loading and aspect rotio and to o snnllor
oxtont by the welight of the fuselage, tall, and landing
goar, 1t will bo assvumed in thls approxlnato conputation
that tho lattor threo structuros do not undorgo any chonges
in wolghts The orror oarlsing fron this assunption nay
usuclly be cxpocted to be vory sncll bocausc spmall changes
in the wolghts of thoso parts, which changos nay oven con-
ponsato cach other*®, affect the ovor-all welght inappro=-
ciably. If these changos are negloctod, tho problom may
be restrictod to that of finding a rellable rolation bo-
twoen the welght of the wing on tho one hand and the wing
looding ond aspect ratio on the other. It will further bde
assumed that thoe wings are cantllever monoplanc which meln-
tain tholr thickness ratlio and taper ratios with change in
dimensions ond have similar structuroe to the original wing.

II. Unlit Welght of Wing

Although a considorabloc portion of tho welght of a
wing 1s mado up of additional woilghts,for oxamplo, as o
rosult of cut-outsygoverlilmonsioning of ports, ete., 1t is
novertheloss to bo oxpectod that the total welght is malnly
affectod by that portlion which 1s required for taklng up
the oxtornal wing stresses, For this roason, the wolght
of the wing, following an unpublished work of Bock (refer-
once 9) 1s divided into tho following main groups:

l. Portion of tho welght that is proportional to the

*On reducing tho wing londing, tho woight of the fusalago
ond tail will, in goneral, be increascd whoereas that of the

landing gear 1s docroasocd.
Ay
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flango of tho longorons (for toking up the
bonding momonts).

2., Portion of tho wolght proportfdnal to tho wobd of
tho longerons (for taking up theo shoar forces).

3. Portion of the welght proportional to tho welght
of the covering (for taking up the wing tor-
sion).

4, Partion of the woight proportionel to tho wing
aroa to cover tho odditional welghts, ns by
overdimensionod plates, ote.

For simplification, tho offoct of tho stiffnoss.ro-
quiremonts was not taken into consideration, sinco thecse
roquiroments would load to a very complicated computetion.

l. Flongo woight .-~ Assuming that in taking up the
.bendin; momonts tho effective distanco botwoen the longoron
flanges is equal to the maximum height of the wing profilg,
i.0., 1f tho decrcase of tho.cffective distance dy the fi-~
nite thickness of the flangzos 1s nogloctod, there is -ob-
tained from the bondin, momonts for the flange weight of a

half wing: b /8 b /2
Gg = 'Yf
-T—Q—T_
t1

dx

FGx is cross scction of flango at position xj
hy, maxzimum profile hoelghit at positlion x;
My, bonding moment at X}

Y, spoecific welght of tho matorial (duralumin) j
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Cgs moan stress in flange of longeron;
ny, broaklng loed factor of the wing in case A,

Asguming tapored wings with a taper ratio /ta and
thickness roatio which decreasos linearly from di t4 ot
tho wing root to dp/ts at the wing tip, we obtain, after
solving tho integral and trarvsforming:

1Y .
Gga/F = == n, G F 2 A £ (12)
G/ 2 GG / dy t G
In the cbove oquation, the factor £ takes care. of
tho offoct of tho taper ratio t3/t; and tho offoct of
tho decroase of the wing thickness ratio toward tho wing
tip and is dofincd by the followlng relatlon

x=b/B

¢, - (& NE [1 ‘3 oz G - )] 573
/2 x % T da/ta x AT
0 [1 " v/2 .;i'-QUin/:a e é ) 21/:1>}

(1v)

For equal taper retio and equael varlatlion of the thickness
ratio, tho feoctor fG is thus o constant.

2. Wolght of web.~ If the troansvorso foreces of the
wing Qx &oro assumed to be taken up by a wod of shearing
strength Tg4, tho weight of tho wed 1s

b/= " b/e
Ggg = Y Fgiy dx = T Q“ dy
St
o b/2 °

;%: ny G/ﬁ/ﬁ [ J/ﬁtg-dg] ax
Yo Yo

Again, if a tapered wing with the tapor ratio %i/tm

is assumed, there 1s obtalmned for tho welght of the webd
roferrod to the wing aroa’

Y b
Gg4/F = —— np G/F = £ 2a)
st/ 7o 24 O/T 5 st (
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where tho factor egaln takes caro

st
the wing shape and is detormined by the

b/a
2 x/v/2 [

4
5% J/1 1+ t9/t,

3. Welght of coverin
in diving flight with dynamic prossure
coofficiont Cng,

x ti

2 b/2

Noe. 925

of thoe effect of

relation

1 )]d (ﬁ;) (2¢)

«— Considoring tho wing torsion

qc 2ond the momont

as determining tho dlmonslion of tho cov-

-

ering, we find in the sano way as for dctermining the

wolghts of the flanges and wod

19 L. WAY t
B 2\ Fpry

1
)

From a stotistic considoration of ordinary wing sections,
1t -wes found thet with good accuracy, woe may sot

thore 1s obtained

(3a)

a (b72> (3b)

Upr t 3 .
= / « With this rolction,
Fpr a/t
1 v b 1
Gh/F = = — ¢ - f
/¥ = 3 75 °me % 3 gjep D
where tho foctor fB is dofined by
b/2
. =/\ x 2 dy/1/da/t0
3
b/2 1 + t1/t
Jy /ﬂ-l+x dl/t1_1>
b/2 aa/ta
—_— - +3—- -1)+3
<'b/2>< ) b/2
X
()
b/2

In thls formula for
load factor ny but

Gp/T
tho diving flight

nust beo iIntroducod for ostimating tho extornal load.

it is inconveniont that not the

dynanic pressuro
Ac—~

de

cording to the alrplane strength specifications of Deconber
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1936, a safe dynanic preossuroc is assumed for the majority
of alrplanes dqggape = 2+25 ¢ where aqp is the naxinum

"dydanlc prossure in unaccelorated level-flight. For a
8inplo ostinateo, we may introduce, in agrooment with tho
load assunptions of January 1935, tho followilng relation
between the naxinun dynamic pressure qy, &nd the load

factor =np, which rolation also well agreos with the load
spocifications of Decemnber 1936 1in the practically in-~

6 to 9 (roference 10):

portant range of :hL
Y]

. 9 1l
n = ~0.7 —— = =1
Asn.fe G/r 2 A

With this rolatlon, equation (3c) ossumos the forn

¥ B 1 .
G3/F = 1.6 ¢, — G/F — n f (3e)

4. Total weight of wing unit.- With tho partial
wolghts derived above, therc 1s obtainod for tho entire

unit woight of a wing the following relation

b1y 1
6p/F = np &/F = | = — £
#/ 4 /T 3 La e a1/t O e
¥ Y1
+ 2 —— fou + 146 cp, — f :]+ ky (4)
Tsy o O 7y dyfty O

This unlt woelght fornula 1s not to be used for com-
puting tho welght of a given wing but only for the osti-~
nate of the chango 1in wing weight 1n passing from a given
wing sizo or aspoct ratlo to difforent dinmonsions, koep-
ing tho sane wing structure, thickness ratio, taper ratio,
etc. It 18 sufficlently accurate to introduce mean wvalues
for the forn paraneters fn, fgg» &and ¥y, ond noan fle~
titlous strcssos into the conputation. Under these sin-
rlifying assunptions, tho wing weight oquation (4) takes
the following forns

0p/F = (k3 + kg A) na b G/F + ky (5)
By cooparison with statlstically deternined woights of

wings, tho followlns values woro found for the constants
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k, = 0.568 x 10=3 n~1
. State corresponding to the
kg = 0.041 x 10™3 m-1 .
Years 1934 to 1936*
ky = 3.5 kg/m?

The unit welghts of the wing determined in the above
manner sufficlontly woll agroe with most of the wing
welghts of present-day design. Sinco the above computa~
tion 18 intondeod ossontially for future alrplanes for which,
corrcsponding to tho contlnued progress in airplane design,
smcller welghts mdy bo cxpocted, tho wing woight corre-
sponding to the prosont stato of developmont was reduced
by about 15 porcent: i.0., the constants of tho unit woight
formulas (equatlon 5) wore taken to be the following:

"Agsuning in the mcan a thicknesé rotlo at the wing root
dy/t4 = 0.17, decroaso of the thickness ratio toward tho
wing tip dp/tg = 0.6 di/ti; and taper ratio tp/t3 = 0.5,
we obtain the followlng wing shape parameters:

fG_ = 0.26; fst = 0044; fB = l.2
With these values, the mean fictitlous rupture stresses
of the wlng and the effective wing moment coefficlent are
found to be the following:

Og = 25 kg/mm®; Tgy = 3.5 kg/mm2;

43 kg/mm2

TB/cmo = 3.0/0.07

. For comparison, therec was detormincd, according to
Hock ond Ebnor (referonce 11) the critical dbuckling stress
for a covering of o wing with fixecd ends (30 cm long, 1%
cm wide, 1 mm thick) as 3.0 kg/mm2 and for the web plate
corresponding to tho bettor support of the wob and groator
sheot thicknesses 3.5 kg/mm2. Taking account of thoe usual
additional welghts by cut-outs, overdimensioning, etce.,
tho mean filctitious stresses assumed compere rcasonably
with the critlical bucklling stresses of several typical
structural ronbers and also wlth the mcan tonsilo and rup=-
turc stress of durclunin.
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ky = 0,50 x 1073 n=—12
' Ea —;' 0.035 10—5 n_:' ) -,
ky = 3.0 kg/n®

Figuro 25 shows the wing unilt wolghts for various
aspoct rotios odbtained with thoso valuocs as a function of
the principal paraneter ny G/F b. TFilgure 26 shows for
conperison tho wlng wolghte of ocirplanos of tho years
1934 to 1936 computod with the ald of figure 25 for tho
sane aspoct ratio A= 5 Dy tho addition of the woight
incroncnt AG/F = Gp/Fp_g = Gp/F). Tho nean curvo ‘lios

in the norc fevorablo half of tho rango of welghts and
agroos woll with the statistical values.

III. Chengo in Wolght of Alrplanc through Chango in
tho Wing Dinoensioans

For uso 1n lator conputation, 1t is of advantago to
deternine tho chango in tho welght of tho ailrplanoc result-
ing from o change 1n tho wing arca ond aspect ratlo by
neans of roatios which rofer to o dofinite initial stato
to be nmore cccuratoly dofincd later. All voluce which re-—
fer to thoe 1nltial state will be denotod 1n thoe conputa—
tion by primes, F!', npt', ctc., and tho ratlos of the

changed megnitudos by : for example, Ny = F/F!,
Qn, = nafoa’.

If wo assune furthernore that tho ratio of tho wing
welght to the total wolght in the iniltial state is known,
for oxample, 3p' = (1 - @')G', then from equation (5)
the rolatiton may boe detormincd as follows:

1 - ! = kp/G/P?
k, + kg A

nAl D! =

Substituting the above relation and the notations reforred

.to tho initial state in eguation (5), we obtain

L 2
6x/F [/ Qg a2 T P T G
= f— 1k, Q.A.
6/ ¥ Q)7 kK, + kg A
_kz
s/a 1 -9 - YEL 1 ky
+ ks Q)7 A —
Kk, + kg A Qa/7 a/F!
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or
G = k,* 0278 4 a* na/n]_+ . # L
s/ J!hﬁ'[l A A 2 Qg3

Sottlng up tho equatlion for the gross wolght of the
alrplenoc undor tho ossumption that only the welght of tho
wing undorgocs change, wo obtailn

1
\/Qg./]! QG-/F
From the abovo rolation the airplane welght ratio g

can be computed for any wing load ratio QG/F and aspoct

ratlo QA. Further consl gration ehows that the abovo 1s
a cubic oguation for QGl © (irrocducible cnsc) of whose

throe roal solutlons only one lics within the practical
range o! < g < + . For this solution, thoro 1s obtoined

-1/c -1/
1 (a/c1) 1/

-2//3 v (i - kp* Cﬁ?}) cos_(60° - %) (7c)
—— (kl‘" Q%+ xa 0p37°) [ g G/F

cos (7b)

1 a/a
[-3—-5-" l - Lz )]
/7

To oveolunte this oquation, tho following constonts
wero chosca as initial values:

(6)

1 = ! nE +vrﬁa

(et g/ xat g}/ ¢ gt

Qg

Wing loading G/F'! = 100 kg/m?
Wing aspoct ratio A'! = 5,

Ratio of wing weight to total weight Gp'/G!' =1 -« @t =
0.14 (will be ecxtendod later to a greator range).

Tho assumed wing welight proportion of 14 percent ocor=-
responds to favorablec moan relations for airplancs of the
years 1935 to 1937. Filguro 27 shows tho numorical ovalua-
tion of oquation (6) for the above initial values.
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IV. Sonsitivity to the Change in the Wolight of Wing

The reclatione derived above for the change in-the. ..
airplanc wolght through a various cholco of tho wing
loading and aspect ratio depends on numerous assumptions,
so that in conclusion, it seoms usoful to ilnvestigate
the ecffect on the curves of making changos 1n the assump=—
tions. Tho most important assumptions are thoe unit wing
wolght curve of filgure 26 and the assumed ratio of the
wing wolght to total welght of 14 percent.

In ordor to invostligate flrst the offect of the unit
wilng welght curve, the wolghts wore first increoascd by
30 percont and then lowered by the same porcentage and
wlth thosc changed values there was agaln detormined the
wing welght to total woight ratio for the aspect ratio 8.
Sincec tho flight ratio woeight in spito of the various
assumptions for the welght of the wing tends toward the
limiting value G'/G = 1/ = 1.163 at infinitoly high
wlng loading tho dovliations of the cctual values from the
moean values remain cxtrenoly small also in tho range of
higzh wing loadlings. Numcrical evaluation gove only slight
deviatlions of less than 1 percent of tho moan values. In
contrast to this,largor deviations woro obtained 1if for
the same unlt wing welght curvo tho ratlo of wing welght
to total weight was varied. Figure 27 shows tho change
in woight of alrplanoc for assumod wing weight proportions
of 10, 14, and 18 porcont of the total wolght at the in-
itial stato (G/F' = 100 kg/m2, A' = 5). Sinco with in-~
creasing wing loadlng the curvos approoch various limlt-
ing values asymptotically, tho differences incrense consld-
orably with inereasing wing loading.

In order to bo able to estimato also the relatlons
for changed wlng to alrplano wolzht, for oxample, for
Go' = (1 = p5t) G',may be used with sufficlont accuracy,
tho eirplanc woight scalo boing multiplied by ot!/p,! ond

G/F?

G/FA___ls (for G'/G ¢d/pg! = 1.0)
i.e., on the diagram thnt point is sought on tho G!'/@G
curve for whlch the wcight of tho wing at the aspoct ra-
tio A'= 5, has the deosired value (1 = @5!) @' instead
of (1 - ®!) G' and theo ontirec diagram 1s roferred to this
point as initial point (soc approximate points, fig. 27).
The corresponding new scales for tho wing welght propor-
tlons of 10, 14, and 18 porcont at tho aspect ratio 5 and
tho wing loading G/F' = 100 kg/m® are givon in figure 27

the wing loadlng scale by
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of tho maln roport, so that this dingran may bo nande ape
pliceble for o wide range of wing wolght ratios, thus pro=
viding a noans for toking cccount of tho offocet of tho
wing welght on tho alrpleno perfornance.

Translation by S. Relss,
Natlonal Advisory Connltteo
for Acronautics.
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Figure 15.« Optimum wing loading
G/F* for climb for aspec
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climb wpex*(with weight correction).
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