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that the entire paper was of sufficlent value in that it asheds con-
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Tables contained herein represent the only general study which is
known of the effect of wing and power loading upon the items of per—
formance treated; to warrant its separate publications.
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PREFACE

The brief and rather elementary discussion of the subject which
is contained in this report was undertaken primarily to furnish infor-
mation for inclusion in a publication addressed to private pilots.
Upon its completion however it was concluded that conslderable abridgz-
ment would be necessary to serve the originally intended purpose, but
that the entire paper was of sufficient value in that 1t sheds con-
s1derable light upon a wery confused subject and also in that the
Tables contained herein represent the only general study which is
known of the effeet of wing and power loading upon the items of por—
formance treated, to warrant its separate publication. A part of the
calculations involved in the preparation of the Tables was done by
¥r. M. E. Gaydos and the report has been prepared by Omer Welling,

Chief, Flight Analysis Section.

Chief, Flight Engineering and
Factory Inspection Invision

(a)
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INTRODUCTION

Those who fly &lrglanes are necesssrily concermed with altitude -~
the altitude of objects or points of terrain on the surface of the
earth as well as the altltude of thas alrplane in arder that proper
¢clsarancs above ths former of thesc may be meinteined and also because
the performance of the airplame 1s apparently affected by altlitude,
being generdlly reducad with imeressing sltitude. Altltude is, of
course, a vertical dimension - usuzlly that from sea level to the
point involved — &nd the aititude of polnts or oblects on the surface
of the earth is ordinarily ssasured by mweans of surveying instrumnts,
The use of these instruments to measure the altltude of an airplane
in flight ig obviously impracticable if not impossible and it has
therefore, besn necessary o resort to some other means for this pur-
pose. The inmsirument almost universally so wsed 1s the altimeter but
in ordsr to understand what tms instrument really measures, the
relation of the measwrement %o altitude, and the nature of the effect of
altitude uwpon the performance of an alrplane it 1s necessary to devote
soms attention to the mature of the air in which the alrplane operates.

MECHANTCAL PROPERTIES OF THE ATMOS

The atmosphere surrounds and rests upon the surfece of the earth,
Each square foot of the earths surface supports approximately 2,100
pounds of atmosphere. The atmosphere is made up of air (which is a
oixture of geses) water vapor, smoke and dust particles and other
suspended material, but mechanically it may be considered to be air and
the air & gas., All gases are compressible and the mechanical properties
are such that the weight of a glven volume of the gas 1s directly
proporticnal 0 the pressure to which it is subjected and inversely
proportional te the absolute temperature (degrees, Fahrenheit plus 459.4).
Thus for exsmpls, a cubic foot of air at the normal sea level mreseure
of 2,118 pounds per square foot and a temperature of 59°F weighs 0.0765
pounds. If the temperature remains constant but the presswre is doubled,
the welght of a cubic foot of air is doublsd. If the pressure remains
acnstant and the tazperatures is elevated to 1200F, the weight will be
reduced tog

0.0765 x 59 # 459:4 & 0,0685 poumde
120 + 459.4

or 89,63 of the original weight,

The pressure exerted by the atmosphere upon the surface of the

earth or upon objects immersed in the atwosphere 1s due to the weight

of the air gbove the level at which the pressure is measured, If the
welght of a cubic foot of air remained constant at any sltitude as the
welght of a cuble foot of water does remain substantially constant no
matter what the depth below the surface, then the atmospheric pressure
would decrease 0,0765 pounds per square foot for each foot of altitude
gained and would becoms zerc at an altitude of spproximately 27,670 feet,
indicating that altitude to be the extent of the atmosphers above sea
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level. As the precedinhg peragraph has indicsted, however, tis weight
of a cubic foot of air does not remaln constent with altitude 1t
rather tends to decrease with increasing al titude dus to the corres-
ponding reduction of rressure.

Due, however, to the fact that the temperature ordinarily decreases
with increasing altitude, the weight of a cublc foot of alr tends to
increase with increasing altitude. The effect of the decreasing pressure
is much greater than that of the dscreasing temperature however, and thelr
combination produces & net decrease in welght with increasing altitude
such that under normal conditions it 1s only half iis sea lewsl valwe at
an altitude of 21,850 feet and the pressure at an altitude of 27,670
feet 18 not zerc but rather still approximately 35% of the sea lsvel
valua. Finally, the upward extent of the atmosphare is thercetically
infinite and is known to be several hundred miles.

; The foregoing discussicn indicates that if the tempeorature and
atmospheric pressure at one level may be measured and if the temperature
at all intervening altitudes 1s known, then the pressure at any other
altitude may be determined by calculating, as has been illustrated
above, the weight of each intervening cublc foot of alr end adding
(1f the pow altitude is less than the original) or subtracting (if
greater) the sum of these weights to or from the orlginally measured.
pressure. That is, the pressures at all altitudes and tbe corresponding
unit welghts ar densities are interrelated by the tempesratwres= which
exist at ell altitudes, or, the pressure and corresponding density at
any altitude are determined by the pressure and temperature at sea
lovel and ths temperatureset all intervening altitudes.

THE STANDARD ATMGSPHERE

It is a matter of common imowlsdge that both atmospheric pressure
and temperature at gsea level vary from time to time at a given station
as well as from station to staticn at a given time. Thus for exsmple,
at almost any statlon in the United States the pressure may vary over
a range of 70 or more pounds per square foct and the temparatwe over
100 or more degrees Fahrenhelt during the course of a yeer, Also, the
rats at which temperature changes with ircreasing al titude may vary
from an increase of 1° or 2°F to a decrease of 5° or 6°F per thousand
foot of altitude at a given altitude and further, may vary from
altitude to altitude above a glven station at a given time, Finally,
it is as yet & practical impossibility to predict or forecast what
these values of pressure end temperature will be more than a few hours
in advance of the time of making the forecast and for this reason, in
order practically to deal with the atmosphere for certain purposes, it
is nacessary to resort to an approximation which may be considered in-
variable,.

The approximation by common agreement, almost wmiversally used,
is-called, ™The Standard Atmosphere® and it is based upon the following
assumptions;
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8, The atmospheric pressure at sea level is inmvariably 2,118
pounds per square foot or 14.7 pounds per square ifich, or
29,92 inches of msrecury.

b, The temperature at sea level is imvariably 59°F.

c. The temperature invariably decreases uniformly form 59° at%
sea level to ~67°F at ap altitude of 35,300 feet, 1,8, the _
temperature decreases 3.566°F per thousand foot of al titude

- from sea lavel to 35,300 feet and mot at all above that level.

The numbers involved in these asswmptions are approximate mean or
representative values of a great many actual measurements of pressure
and temperature at various points on and above the surfece of the sarth
at various intervals of time and these measurements indicate that the
probability of departure of a particular measursmsnt from the ®standard®
value is 8 maximum &t or near the surface of the earth and generally
decreases with increasing altitude. As has been indicated earlisr, '
these assumed valwws of & sea level pressure and temperature and of
temperatures at all altitudes define & pressure and a density corres—
ponding with each altltude and the standard atmosphere 1s ordinarily
presented in the form of a table showing for sach of sultable altitudes
tha corresponding pressure, temperature and density,

THE ALTIMETER

The altimeter is basically an instrument which measures atmospheric
pressure. It does not measure altitude directly. In spite of this,
however, the dial is graduated in feet of altitude and the instrument
1s so designed that when it is subjected to a given pressure, the
polnter on the dial indicates the altitude at which that pressure occurs
in the standard atmosphere. The reading of the instrument may or may not
bo the actusl altitude depending upon how closely the actual conditions
of pressure and temperature correspond with those assumed by the
gtandard atmosphere, For sxample, the Civil Aeronautics Administratiom
assumes, for the purpose of inveastigation of the power plant coolirg
characteristics, a very hot day such that the temperaturs from sea level
tc an al titude of 5,000 feet is 110°F, If, on such a day the atmospheric
pressure at sea level 1s that assumed hy the standard atmosphere,namely
2,118 pounds per aquare foot or 29,92 inches of mercury the pressure at
an altitude of 5,000 feet will be such that the altimeter will read
4,500 feet. If, however, and this is quite possible, the barometer at
sea level reads 30.42 inches of mercury, them at 5,000 fest the altimeter
will read approximately 4,000 feet. It may thus be seen that the
altimeter reading is only an approximation to the al titude and that the
maximue error likely to be encountered is of the order 1,000 feet.

When the altimeter 1s used to provide clearance between an airplans
in flight and points or objects upon the surface of the earth, allowancs
is ordinarily made for the possibility of error by providing a margin
great enough to permit some clearance in spite of the error. When used
to indicate vertical clearance between two or more airplanes in flight s
the altimeter is ordinarlily a more precise instrument because at the
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sage altituds 51l mocHanical ly correct imstruments will show the same
reading no matter what the relation of the reading to the actual altitude.
Also, certain cltimsters are provided with an adjusiwent such that if

ths atmosphsrie rrsssurs at sz level directly below the airplane is
knoun, the instrumsnt may bs set t that pressure and thus practically
ellmincts the seror dus to depsrbure of the pressurg from ths ®standard¥
valno which kns boon polnted out in the praceding psragraph,

THZ TFFECT _OF ALTTTUDE UPON ATRPINT PRAFORMAINCE

In ths 1light of the foregoing discussion, it is now posalbls to
considor thy poriamince of ths alrplans und ths apparent effect of
altitude upos this. Performands includes such items as take-off
distance, vavo of elimb, stalling apaed, erduwrance, ceiling, ete. bat
no attsapt will hare bs made to deal comprehenslvely with all itsms of
performancs. Ingvsad, take-=cff distance, rate of c¢limb, and stalling
spoed sys gselacted as belng of pgreatest Interest and sufficiently
represauntative of all parformance to 1llustrats gemsrally the apparant
offect of altitude upon parformaance and the following discussion of
thess is confined to considsration of an alrplane equipped with an
unsuperchargsd or ™sea lavel® engine and a fixed pitch propsller.

a, Talws-off Ground Hun

The purpose of the take=off ground rwun is to accelerate the aly-
Flane from a stamling start (zero groand gpsed) to the minimum airspsed
at which flight ls possible or safe. The forca producing the accelersatlon
ls the difforence beitween the thrust exertsd by ths propeller and the
registance to moving offered Ly the airplang, The thrust results from
the powey drawn from ths engine and ls, at & given airspsed ard density,
very nearly proportional to the powsr. The reslstance 0 motion 1s made
up of the rolling resistance of the landing gear whoels and the alr drag
of the alrplane. The mindmum alrsposd which must be attained is that
at which, for the airplams attitude involved, the 1ift, equals the weight
of the airplars. The distancs; spsed, and accelerating force are so
interrelated that, for & glven force, the distance is approximately pro-
portional to ths square of the spsed, i.8., if the spsad 1s increased
20%, tha distance incrsages approximetely 44%, ete.; or, for a given
spead, thes distance is inversely proportlonal to the force; l.e., if
the force is doubled, vhs distance is halved,

The 1if%, and drag forces scting won an airplane are at a given
airplane attitude, directly mroportional to the square of the airspeed
and to the density or weight of a cubic foot of alr; i.e., at a given
donsity, if ths spoed is doubled the foice are incrsased to four times
their origindl valus or, 4t & given spsed, if the denxity 1s halved
the forces &vo halved, At the end of the take-off gromnd run ths 1ift
load on the slrplane must equal its weight no mottsr what the combination
of aiyspesd ind density involved amd for this reason, if at one time
ths density or waight of the air is less then at another, ths abwe
relation indicates that thw speed muat bs grsater in ordsr that density
times the squurs of alrspeed, and thorefore 1ift, vemain the samsg
Under thess conditions, as indicated by the preceding paragraph and
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dus to the mecessary ircrease in airspeed, the take—off distance mll
increase and, in general, tends to increase in proportion as density
or weight of the alr decreases. Also, since both 1lift and drag are
proportional to the same product of demsity and the squars of alrspeed
and further, since the 1lift mwst always equal the welght of the alr-
plane, therefore the drag remains constant no matter what the density
and necessary airspeed for take-oif.

The power developed by an enzine is proportiomal to the welght of
the mixture of air and fusl burned in the cylinders in a wnit of time.
The volume of the mixture handled by the engine in a unit of Hime is
approximately proportional to the RPY at which it operates, since the
dimnsions of the cylinder, that 1s, its bore and stroke are fixed., For
this reason, if the engins oparates at a glven RPM, as the density or
welght of the alr entering the cylinders is deoreased so is the powser,
As has been indlcated by the previous discussion, the thrust developed
during the take-off run is very nearly provortimal to ths power amd
therefore, the thrust is also approximately inversely proportional to
the denalty or welght of a cubic foot of the air im which the alrplane
operates during take-off; that is, if the density is reducad to 80
porcent of its original value, the thrust will also be reduced to
approxamately 80 percent of 1ts original valwe. This means that the
accelerating force during the take—~off run, which 1s equal to the
difference between the thrust and the resistance of the airplam to motion,
will also be reducad by an even greater amount. If, for example, under
the original conditlons the reslstance is 25 percent of the thrust,
leaving 75 percent of the thrust as an accelerated forca, then a reduction
of the thrust to 80 percent of 1ts original value will reduce the acceler—
ating foree to 55 percent of ths original value at thrust. It has been
gtated above that the take-off distance 15 inversely proportionsl to the
accelsrating force, It follows therefore, that reduction in density,
which reducss the accelerating force, mecessarily increases the tale—off
digtance and doss go at a rate which is greater than rroportional to e
density. Combining the two effects of densaty upon the take—off distance
which have been discussed above, it must be concluded that the take—~off
distance increases with reducing density at a rate which 1s scmewhat
greater than inversely mroportionsl to the square of the denslty,

In order to indicate the magnitude of this effect Table I has been
freparsd. Since the relative magnitude of the effect depends also upon
the particular combination of wing loading and power loading imvolved in
8 given airplane, the table considers various wing leadings and, for
each, several take—off power loadinge over the rangs likely to be en-
countered. The power loading 1s the weight of the airplane divided by
the rated take-off power of the emgine (or their sum if more than oms
engine ) at sea level,

b. Rate of Climb

An airplame olimba because the thrust horsepower available from the
engina is in excess oI that required for level flight at tho same airspeed,
The power is by definition a force times a velocity. The thrust horsepowar
is twerefore, thrust times the speed of flight and the pwrer required for
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level fiight is the drag of the alrplane times the speed of flight, It
has been seen in the discussiop of the take—off distance that, so long

as the lift force on the alrplane remains equal to the weight, ths drag

will remain constant. In any straight and steady flight condition the
1ift load on the wing is approximately equal to the weight of the airplane.

. Since, as has been pointed out above, the drag is proportional to the
product of density times the square of asirspeed and power is equal to drag
times airspesd it follows that power required is very mearly proportional
to the cube of the airspsed times the density. The thrust horsepowsr
available is squal to the brake horsepower of engine tlmes the propulsive
efficlency and gererally tends to increase with increasing airspsed. Simce
the rate of climb results from the difference between thrust horsspower
aveilable and power reguired, it i1s usually convenient to ploi these two
quantities against sirspeed as has been done in Figure 1., As has been
pointed out in the discussion of the take—off distance, the brake horse—
power and therefore, ths thrust horsepower are epproximately proportional
to the density. This is indicated by several cumrves of thrust horsepower
available for each of several densities in Figure 1. As the density
decreases the speed required for level flight increases in order that

the product of density times the square of velocity and therefore the
11ft remains constant, Since the velocity muat inecrease so therefore,
must the horsepower required for level flight. This is also imdicated

by several curves on Figure 1. The combination of these two effects

of densl ty upon horasepower required and thrust horsepower availabls

~1s such that the difference between these two powers and therefore, the
rate of climb reduces with decreasing density. The magnitude of this
effact is illustrated by the quantity shown in Table IT, which also
conaiders wing and power loadirg,

c. Stalling Speed

The stalling speed of an airplame is the lowest speed at which the
1ift load on the wing may be equal to the weight of the airplamne, For
the reagson that the 1lift load is proportional to the produet of density
and the square of speed, it follows that if the density be reduced the
sped must increase in order that this product remain unchanged. Table
ITI has besn prepared to indicate the magnituds of this variation.

The stalling speeds shown in the Tabls are representative of those
which would be obtained for a plain wing without any higk 1lift devices,
They will not necessarily correspond with the stalling speed far any
particular airplane, but such comparisons as it has baen possible to
make batwesn these speeds and the results of actual tests indicate
that the values shown in the Table arse representative of tha resulis
of tests for alrplames of good design, It should be bornes in mnind
that the stalling speed here discussed is the actual speed of the air=
Plare with respect to the air through which it moves. Tt is net the
speed with respect to the ground nor yet the "spesd™ read from the alr—
speed indicator except under a very spacial set of circumstances

almost never encomtsrsd in actual flight in an actusl airplams., The
airspead indicator is however a pressure instrument and is s0 cali-
trated that when corrected for all lmown errors associated with its
installation its reading is indespendent of density, i. e., for an
airplame of a given wing loading and at a given outside air temperature
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the indicator will read the same &t the stall at any altituds.

CONCLUDING REMARKS

It may be noted that each of the items of performance considersd
above has been related to ths density or welght of a cubic foot of
the alr in which the airplame operates and fwther that as this weight
of a cublc foot of aur decreases the take-off dlstance is increased,
the rate of climb is reduced, and the stalling speed is increased.
Nothing has besn seid about altitude. The apparent effect of &ltituds
upon thess, or for that matter, any other 1tems of performancs, is dus
precisely to the fact, as has been lndicated earlier, that the density
of the air tends to decreass with increasing altitude. This reduction
in density with increasing altitude 1s however, due not to the altitude
but to the pressure and temperature which may exist at an altitude.
In othar words, altitude as guch has no effect upon parformance at all
but presswre and temperature do effect it critically and there happens
to be an approximate relation among alti tude, presswre, and temperaturu
such that altitude appears to affect performance directly. This illusion
is further lmightened ty the fact that the stmosphsric pressure gage
(altime ter) in the airplanes is calibrated to read feet of altitude,
Since the altimeter measures nothing but pressure, it yields no
information concerning the weight of the air and this can only be
learned by considering also the temperature, Tables I, II, and III
have therefore, besn mrepared in terms not of altitude or demsity,
neither of which may be measured directly by means of any imstrument
installed in an airplane, but rather in terms of %altimeter reading®
(1s6+ pressure) amd outside air temperature, With & ssnsitive alti-
meter, this reading should be taken with the instrument set at 29,92
inches of mercury.

The calculations involved in the preparation of the tables are
outlined in Appendix I.
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APPENDIX I - CALCULATIONS

The calculatiocns upon which Tables I, II, and III are based assume
the _rplanes equipped with sea lsvel engines and fixed pitch propellsrs.
They further assume that, for an engine operating at fixed throttle
setting and RPH in the standard atmosphere, the variation of power with
density is:

BHP = 1,132 @@ =.132 (1)
BHP, &

and, for departures of the temperature from the standard value for a
given pressurs in the standard atmosphsre, the varlation of power is:

BHF - (Is _{2)
BHF T

An analysis of the 105 airplames of Appendix IV to Flight Engineering
Report No. 5 indicates the maximum 11ft coefficlent to increase with wing
loading at a rate approximated very closely by the following equation which
has been used throughout.

c = 1,20 ¢ 0152 w (3)
Loy

Although the actual variation of RPM and propulsive efficiency at
constant throttle setting and indicated alrspeed with density will actuzlly
depend upon the sslection of a2 particular propeller for a particular
airplane engine combination, it bhas been assumed that these remain constant
and further, that under these conditions, the power output of the engine is
rroportional to RPi.

The following have also been assumed as representative and constant
valuess

Coefficient of Rolling Fyictlion, 4« = 0,050
Minimum Parasite Dreg Cosfficlent, CDO s C.02750

Atmospheric density has been cilculated by means of the following
exprogsions

€ = .0412 x Prassure (®HG) (4)
Absolute Temperaturs (OF)
The cslculations apd the remaipnder of the assumptions are outlinsd
below for each of the items of performance considered.
IARE~OFF GROUND RUN

The teke-off groumd run may bs expressed:

= 1o

S
t=0 .

S

Where: V = the take-cff speed im feet/sec,
a = an sffectivs constant acceleration.

I~1
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It is asoaumed that:
Loax
Now 2

a = g (T-R)
w

-3
[

550 BHP 9
Vg .

R =W 4% €02 s, where ¥ ® airplane weight;
That 1s3

& 1s a function of velocity during the take—off ground rup and the
expression for R assumes the airplane to operate at zero lift throughout
the run. The actual calculation of the variation of a mth V, for a great
many cases indicates the actual value at V, = 0,70 Vy_, is a very close
approximation to the effective constant value involved in equation (5). It
is thsrefore- asgsumed that:

¢ Lmax Lma:c

Then:
T = 3505 BHP:! 303 Eﬂgz JQCLM
w v
J ec

RewW 41,188€w ¢ -_-,.ns.n_i%_
EEC

Ynay “Tna

Where " = wing area in square feet,
Nows £ = CD 5 w 0,0275 5
o

. - ¢

e R —/M) wS + 00163 é L}J Lm + 00163)’
Lmax I‘max

and: a=g Es.m’.f.fm. ¥S s Than 4 .0163)]

i “Inax

- e -
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i
oe

{-5 52 gy = (o .0163) ]
pf w
=g [505 DFLmu --“"ELmax 4 -0162]

p{W’ CLmax
c.% o,
ag 5050 €% Ipax —pew max ¥w ~,0163 YW p
[ 4% Gy
Finally :
72
S = t—0 = 1,2l x 2w = 1,2l w
t-o 2°a 2 aECL a@cC
¢, max Loax
1_ w pf— “max
g€ [505 [ Xs3 cLag, ~DauC; W —:0103 pAW |

g @ [5059 CL3% [ - LwGp +OL5)]

The solution of this equation contaimsd 1n Table I 1s hased upon
the assumption that the propeller has been so selected that at 70% of the
take—off speed the enging turns 90% of the rated RPAM and the propulslve
efficiency is 0.450. Then:

P =i
BHP

BHP = BHP, (1.132 €, -.132) ‘Eg
T
BHP,= Ratad Take-O0ff Power

9,,= «002378 Slugs par Cubic Foot.

RATE OF CLIMB

The rate of cliwb of an airplane i1n feet per minute may be expresasds

= 33,000 |Bp® -®r+v3 2w? ]
W 1,100 550 Qe b V

Now:

- 2
f= ©° 5 =0.02758, ands AR=D , wnhence: b2= AR5
5
Also:
w ¥, and p=
S Err



- Hakdng these substitgtionsz

G-‘\
233,00 (% -~ Yo v - _ 2w
P T,IOCI w 5501‘|‘Qe ARV

For ths purposes of Table IT, it 13 assumed that the climbing airspsed
is 150 percent of the indicated stalling speed; i.s.

V=15 [ 2w = 2,120%
e l A

Then: 3
¥
c=33,000 (% -9.5€ D % =25 €3 Lpay )
1,100 1,1657

| we Iﬁaai'x Sweeggw

233,000 (3 ~00866 Do wF  ~s000546 ut L nax )
2 z 6% €% o 4R

max c‘%‘ g

C
A
= 33,000 3 =~ 226 Dy w2 ~18 w2 __ Imax
P EE CL% e% 9 AR
max

Calling ¢
GDO = 0,0275
Y = 0.70 $ Representative Valws
6 = 075
AR = a8
ol
Then:
.
¢ = 22,000 = 7. aas‘é - 3.00) CLpgy (6)
P C; %%, N €

=k
STALLTNG SFEED

S =o.6818f___ = o.%jﬂ?” {7)
eC

6
P

B e



