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GENERAL FORMULAS AND CHARTS FOR THE CALCULATION OF AIRPLANE
PERFORMANCE

By W. BaiLey OswaLp

SUMMARY

Committee for Aeronautics for publication the general
Sformulas for the determination of all major airplane per-

Jformance characteristics are developed. A rigorousanaly-

sis 18 used, making no assumption regarding the attitude
of the airplane at which maximum rate of climb occurs,
but finding the attitude at which the excess thrust horse-
power 8 MATIMUM.

The characteristics of performance are given in terms of

the three fundamental parameters \,, \,, and \,, or their

engineering alternatives 1,, l,, and l,, where

\; & I, =parasite loading -
Ay & [, =effective span loading

N, b =thrust horsepower loading

»

These combine into a nezf@arameter of fundamental

importance which has the aleernative Jorms: ™
Iy 1
X = ta b
M A K

<\ correction 15 made for the variation of parasite re-
sistance with angle of attack and for the nonelliptical wing
loading by including in the induced drag term a factor e,
called the ‘‘airplane efficiency factor.”” The correction is
thus assumed proportional to C,°.

A comprehensive study of full-scale data for use in the
SJormulas is made. Using the results of this investigation,
a series of performance charts is drawn for airplanes
equipped with modern unsupercharged engines and fired-
pitch metal propellers.

Equations and charts are developed which show the
variation of performance due to a change in any of the
customary design parameters.

Performance determination by use of the formulas and

charts is rapid and explicit. The results obtained by this .

performance method have been found to give agreement
with flight test that 1s, in general, equal or superior to re-
sults obtained by present commonly used methods.

I. INTRODUCTION

The present report was started upon the suggestion

P

that a rapid algebraic or chart method of performance

In the present report submitted to the National Advisory = Stimation would be of value to the industry. The

' analysis starts with the basic equations given by

Dr. Clark B. Millikan in reference 1, and uses param-

| eters of the airplane similar to those there introduced.

of Mr. Arthur E. Raymond, assistant chief engineer of |

the Douglas Aireraft Corporation and professor of air-
planc design at the California Institute of Technology,

. The general equations for maximum rate of climb
are obtained by differentiating and equating expres-
sions for thrust horsepower available and required,
and using the excess horsepower at the optimum speed
so determined. The accuracy of the charts therefore
depends almost entirely upon the accuracy with which
any general propeller and thrust-horsepower data
represent the case at hand.

General supercharged engine data may be substi-
tuted in the general equations to give a series of charts.
Variable-pitch propeller data may be used to give a
series of charts. In short, the formulas developed ure

general formulas. The calculation and construction_ _—

of charts for any general type of engine or p:peller
requires considerable labor; however, ciice the series
of charts has been constructed, the caleulation of the
performance characteristics of any airplane similarly
equipped may be carried out in a few minutes.

Besides giving to the designer the advantage of
rapidity in performance calculation, the charts readily
show the change in performance of the airplane with a
change in any of its characteristics: Weight, span,
equivalent parasite area, design brake horsepower,
maximum propeller efficiency. The designer mayv, by
the use of the charts, weigh the relative merits of a
change in airplane characteristics in obtaining any
desired performance.

Another advantage in the use of the charts is the
fact that the absolute ceiling, maximum rate of climb,
and the maximum velocity, having been specified, the
charts may be solved in reverse order to determine
the airplane characteristics necessary to give the
specified performance. The designer’s requirements
and limits are definitely set, and his problem im-
mediately becomes one of structure. Likewise, flight
test data having been given, the charts may be solved
in reverse order to determine the actual values of the
airplane parameters.

It hardly need be pointed out that the selection of
propeller is made easy by the use of the charts. Maxi-
mum velocity depends upon propulsive effi iency .

3
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which in turn depends upon maximum velocity.
cyclic process is rapidly solved by means of the charts.

The physical discussion of \’, presented in Section
II B, is due to Dr. Clark B. Millikan’s timely dis-
covery of the fundamental physical nature of thig
major parameter of airplane performance.

The general performance formulas have been
developed in Sections IT and IIT in terms of the

This

physical parameters X, A, A, and A’ in order that

the results may be readily extended to any system of
units. The results are extended to the American

engineering system of units in Section V preliminary

to the construction of the performance charts, which
make use of the engineering parameters [, [, [,
and A.

The method of performance determination is out-
lined in Sections VI and VII. Charts for the complete
caleulation of the performance of any airplane equipped
with modern unsupercharged engines and fixed-pitch
metal propellers have been collected at the end of the
report. Hence, for the purpose of solving actual per-
formance problems, Sections VI and VII may be
read and used independently of the previous sections,
and without the necessity for any reference to the
contents of the earlier ones.

The author wishes to take this opportumtv to |

express his appreciation of the many helpful suggestions
and comments furnished by the members of the staff
of the Guggenh Graduate School of Aeronautics,
Tatth el . Mstitute of Technology. In addi-
tion, fe is gratitude to the Army Air
Corps for: datn i hed, and to others who have
given valuable. gid m.\the preparation of this report
-The author wishes particularly to express his apprecia-
tion of the sontributio i to the report in Section I1 B
furnished by Dr. Clarje®. Millikan.

-
Prod

: J‘
Il. GENERAL A'!:GE;BRAIC PERFORMANCE FORMULAS

A DEVELOP\(ENT OF THE FUNDAMENTAL PERFORMANCE
EQUATION

The fundamentual equation of airplane performance
may be written m any consistent set of units in the
form:

dh_(thp.~thp,)
AT W 2.1

where,
h = altitude

¢t = time
t.hp, = thrust horsepower available
t.hp, = thrust horsepower required
W = weight
A =horsepower conversion factor; 550 in Ameri-
can units and 75 in metric units.

If we define,

tap“ ‘rising speed ”’ (2.2)

=

W =AE%,&= “ginking speed”’ (2.3)
then equation (2.1) takes the form,
dh
m =Wy (24) \

The maximum horizontal velocity occurs at g@

i =0

) . . dh N
maximum rate of climb at maximum d ; absolute

t

.- . dh
ceiling at maximum dt =0, ete.

Splitting up the drag into two terms in accordance
with the Prandt! wing theory,
where,

D, D,
+”)V
D =total drag

D, =parasite drag (that portion of drag whose coeffi-
cient 1s constant)
D, =effective induced drag (that portion of drag whose
coeflicient is proportional to (7;?)
V= velocity
Cp=lift coeflicient.
From the Prandtl wing theory,

I3
rqb.?

‘ws=—”7= (2.5)

D=

2.6)
where,
=lift
p— mass density of air
q= 2 sz
b, = effective span.

For horizontal rectilinear flight, and angles of climb
for which the cosine of the angle is nearly unity, the

weight may be substituted for the lift. Hence,
D, 2 -
W 1|'p‘/’"’b,,2 ~(2")
Defining f as the equivalent parasite area:
D, qf—— Vi (2.8)
Dy, _»p f

This definition of f is consistent with that used
abroad, and is desirable because of its essential physical
significance and freedom from constants. It differs

. from the present American definition of f by the factor
 1.28. In the American definition fis called the ‘‘equiv-

|
\

'
t

alent flat plate area” and is defined by the equation

D,=1.28¢f.
The sinking speed becomes then,
e J 2W 1 .
ws_zl,rva'*'ﬂ_pbeg T (210)
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It has generally been customary to define b, as the
equivalent monoplane span kb, where k is Munk’s span
factor and b is the largest individual span of a wing
cellule. This case corresponds to the ideal case in
which the lift distribution is elliptical over each wing
and the parasite drag coeflicient is independent of Cr.
There 1s actually an increase in drag over this idea]

condition caused by interference, variation of parasite, :

and nonelliptical lift distribution. It has been found

that the additional drag may well be represented by 1

4 correction proportlon.:l to (.2 The correction may,
therefore, be included in the induced drag term by
mtmducmg therein a factor e,

‘“airplane efficiency factor.™” Hence, we define,

byt = e (hb)?

where, e=airplane efliciency factor

k=Munk’s span factor

b=largest individual span of the wing cellule.
The airplane efficiency factor is quite fully discussed
in Section 1V. In view of this definition, equation
{2.10) becomes,

201

) -Ei [ I S N ¢ :
e SV gy (240)

. -
Writing a—f——mlatue air densﬂ;}, where p,=

standard air density at sea level, und defmmg,

Ap= i?f & parasite lon‘ding

he 2 W loading (2.1
" . e (kb " 7,52 & ellective span loading ( a)

so that both X\, and A\, have the dimensions of (ve-
loeity)?, we have from (" 10a),

7
w,= aI——— + L )"
al

N (2.12)

[f we similarly-define, ‘

1 W 1w

A bhpar,

1 thrust horsepower (2.13
ol t.hpn 13)

he= loading,

where,

V= design maximum velocity at sea level
b.hpn =brake horsepower at 17, (s=1)
1= =propulsive efficiency at 17,
t.hpm = thrust horsepower at V7,
Then,

1 t.hpa(at V, o)

A t.hpa

Wy = ‘/1 t‘%/p“ )

(2.14)
or

| . .
=.-T.,7T, (2.15)

which is called the !

(2.11) -

QO

1

where, 5
T, -t hpt? l‘:;t),‘v:il;o;/lev v (at seu level)
==function of 1—‘,/
t.hp, at altitude . i ' .
Ta= t.hp at sea level \* (at constant velocity V)
‘i . ‘7
| =f{unction of ¢ and v

’ Substituting equations (2.12) and (2.15) in (2.4) we
get,
dh 1 V3

di =x, Telemo 3

1A,

TR e (2.18)

Since the propulsive unif characteristics 7 . and T,

are expressed in terms of —‘}.L' Vo will be introduced
m .

explicitly in equation (2.16). Defining,

J

|
|
1

R,= YI,— =dimensi0nless speed ratio,  (2.17)
we have, \ “
dh 1 »
(_i?=" oﬁ"\ N —a_R*TT' (2.18)

In order to brmg out tﬁe physlcal basm of this equa--
tion we note. that T A—-&-d- the S‘peed at which the
airplane would rise xf the tlirast horsepower req\ured

RY

for horizontal flight were zero.* The entire t.hpy woald~" "

then be used in lifting the mrplannvertxcally ataspeed ... -

we might well call the-*‘design rising speed”’ =(d{) ’
. d

| The symbols )‘i and <g?> will be used interchangeably
14 4

throughout this section. It is obvious that the actunl

rate of climb will depend very-markedly on ( aF

itis natural to write the latter as a multiplicative factor
In this way we obtain,

dh /dh N 1A,
: .E=(dt>,[T«Tv“’R°3r,Vm“;,er:T':: (2

dhy 1
(cTt”) Ry
In this form, the fundamental performance equation

contains three design, parameters,.

( 1 X'V{ad
4

.19)

(2.20)

A )\,

V'

ThlS is the same number w1th which we began (), A,
A¢), so that no obvious simplification has as vet been

attained. However, the explicit use of V,, and the

~ dimensionless speed ratio R, does actually lead to
- considerable simplification and produces a new funda-

|

mental form of the performance equation. For con-

sider the conditions for V.

' Then,

S dh
—Tu—lb.-—llm(lat—

=R,
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Equation (2.19) then gives,

N A

Moysal ) 29
X\, Va'=1 [ (2.21)
-Substituting this into equation *2.19) we obtain,
di 1 . . 1 ) AA
Cho —oR})+ - LM (2.99
RE A, [(TrzTr oR, ) (f"l‘ . oR, Vm ( )
Furthermore, from (2.‘31),
A \ g
m )\ h <1 n: ; (2'23)
or,
V,,. Ay ( AR -
E )
s (1) 2.24)
T T
7 + | : ]
6 - |
| /
5 - /
: -
. DA
’<‘Q. T i v i
< A
3 7
. / T
//
.2
i
y I
! ¥
v —— :
i ! ! N
A N
| ' i I |
L A L
a ./ .2 3 4 .5
A’
FIGURE 1. A{,i'ns a function of A’ = \‘:;/':!
Now defining,
A ‘
A= ;p:ﬁ (2.25)
Equation (2.21) gives,
,/_§‘T Rl _)‘s ‘\A ' 99
A= (1 P ) (2.26)

The relation between the dunuensionless design

parameters A’ and A given by this equation has

V

been plotted in Figure 1 and is used continually in the

later calculations.
The fundamental

performance  equation

|
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parameter A’
equation (2.26),
performance equation (

f{; =; [(function()) of o, R}~
(function () of ¢, R,) (function of A")]

In schematic form, and employing
we may rvewrite the fundamental
2.22) as,

(2.27)

where the term in the brackets is dimensionless.

The essential advance in the present theory lies in
the fact that it replaces the normally 3-parameter
performance problem by two successive 2-parameter
ones. For V. is first determined from (2.26) as a
function of A” and A, A, and all subsequent perform-
ance characteristics are then obtained from (2.27) in
terms of the design parameters A\, and A’. Indeed all

characteristics for which g—};=0, e. g., absolute ceiling

and speed ratios at altitude, are given in terms of the
single parameter A’.

Schrenk and Helmbold (references 2 and 3) have
discovered the possibility of a reduction in the number
of parameters for the power-required portion of the

! performance problem. However, they give no ana-
t lytical discussion of the power-available problem.

Indeed, it would be rather difficult to introduce this
element into their analyses, since either the velocity
for maximum L/D or that for minimum power required
is taken as the fundamental velocity, instead of the
design maximum velocity which is used in the present
discussion. Driggs (reference 4) introduces analytical
expressions for the variation of power available which
are similar in nature to those here employed; however,
Driggs’s analysis rests on somewhat arbitrary assump-

" tions concerning the attitude of the airplane at which

the various performance characteristics occur. Fur-
thermore, in Driggs’s papers, general characteristics
at altitude are not discussed. The reduction in the

- number of design parameters from three to two is not

(2.16) -

has thus been materially simplified <ince, in the form |

given in (2.22),
1 dh)
dt

(2.2(1\ ax u definite funetion of the fimdamental design

it contains only the two parameters |

i
i
|
!

|
|

A L . ! ; ]
nd—I’-.»)\J, and the latter is ziven by equation of what we shall call an

apparent and the fundamental parameter A’ does not
appear explicitly. Hence, the new form of the per-
formance equations here presented is of some theoreti-
cal interest. It is also of practical importance, since it
leads to the construction of the simple charts developed
in this paper, and these in turn may be of considerable
assistance in working out actual performance problems.
B. PHYSICAL SIGNIFICANCE OF THE PERFORMANCE
PARAMETER A’!

It is apparent that the parameter A’, which has been
unearthed and shown to have such importance by
the procedure outlined above, should have some
simple physical significance. In the attempt to dis-
cover what this physical interpretation may be, it will
be convenient to consider the sea-level characteristics
‘““ideal airplane.” This

1 This section (II B) was contributed by Dr. C. B. Millikan, of the California
Institute of Technology, aeronautics staff,
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will be defined as an airplane for which the thrust
horsepower available is independent of speed so that
T,=1, and in connection with which the phenomenon
of burbling does not occur. The latter requirement
implies that the equivalent parasite area, as defined
above in Section Il .\, remains always constant and
that the lift coefficient hus an infinite maximum value.
In other words, an ideal airplane is one that obeys the
performance equation for all values of the velocity
V", and for which (at least at sea level) t.hp,=t.lipm.
The power-available and power-recuired curves for a
normal airplane and for the corresponding ideal air-
plane are indicated in Figure 2.

CIRCULATION OF AIRPLANE PERFORMANCE 7

! . .
A’ and V? may be calculated numerically from equa-
n

tion (2.29). This has been done and the result plotted
in Figure 4. It should be noted that for practically
all normal airplanes A’ <0.15 so that in practice,

+=7 approximately.
Vi

A (2.30)

The significance of the parameter .\’ is how apparent.
[t determines uniquely the ““ideal speed ratio” of an
airplane and for normal planes is very nearly cqual to
this speed ratio. In attempting to visualize the
effect of the ideal speed ratio on performance it is

Let us consider the conditions for the sea 300 A T —yr
level horizontal flight of such an airplane, de- \ : : ’/A/ ' /
noting the velocity for horizontal flight by 17,.! }\ f-hPia ffl7?: ’1/-00 | 7 /
The conditions are, : !\ Afmanl t.hp, ("lssw[mhg‘r,, TR, o..s}i,/‘ //:

i L i

ds - T \[Total 75, E : ' :

0’=T,,':Tg=1,at=0, | :Rﬂxmth' vs\neglecf_inpgr L /f L/( L

) ) a ; _:‘,Jurb//ng | 1/ :

Introducing these into the fundamental per- <200 L = : 7 ;

formance equation (2.19) we obtain an equation (< " ny L/ :

exactly analogous to (2.26), i. e, “é ' \ [// 1

1/3 M j - .

\ =)l%7)§t( 1 _5{]2) i (2.28) © ; T?fa/ 1. Ao, / :

o T E facral o, | A ;

For simplicity in writing we may express this s : 7 - ;

in the form, § 100 . \\\ / /P“‘ o H

s ' N orasite 1 hp.|

A =T1-1)3,; p=te (2.29) 5 L ARV R 1N

» 12 W )4 Vo

For a given A’ this is a fourth degree expression : ’4 ! '

. . . . 9 “, : / \l |

for T which is plotted in Figure 3 for positive ; v = +

values of T'and A’. There are two real and : Induced 't hp,. Tt

two complex roots of this expression for the ‘: L "F[ °"if 'IO !

range of values of A’ which are of interest for 0 50 700 750

the present problem. For a definite value of
A’ (for example A, in fig. 3) the smaller of

these real roots (say I'y) is obviously given by ¢,

AAe . .
o= 'f;"! since it corresponds to the largest value of
m

17 satisfying the sen level horizontal flight.condition.
Hence, the portion of the curve hetween I'=0 and
I'=0.75 is identical with Figure 1. The larger of the

. Ash . .
two roots may he written as [‘,,2=%—' where 17, 1s

o
the minimum value of 17 for the sea level horizontal

{light of the ideal airplane defined by the design para-
meter A,”. The velocity of V7, is indicated in Figure 2
and may be called the “ideal minimum speed.” The

and will be called

bd

rul ‘o

. Faz B I'm
“idenl speed ratio.” From Figure 3 it is obvtous that
to every permissible value of A’ there is a definite

vilue of the ideal speed ratio. The relation between

ratio of the two roots is

tIn this section (II B) the subscript A represents horizontal flight and does not
follow rthe convention given in the Summary of Notations,

Velocity, mp.h.

FIGURE 2.—Tower curves for a normal airplane and its associated ‘‘ideal airplane.”” Assumed air-
plane charucteristics: A, =250,000: A, =800; A(=0.025; A’=0.0523; W=4000 lh; S=400 sy, ft.;
=145

very instructive to draw a series of actual and “ideal”
power curves in which the span, parasite, and thrust
horsepower loadings are varted individually. This
procedure brings out very clearly the manner in which
the various iondings affect the ideal speed ratio, and
brings out the qualitutive relation hetween the latter
and the actual performance characteristics.

In addition to its intimate connection with the
ideal speed ratio, A" also has the property of uniquely
determining the speed ratios for maximum L/D and
minimum power required. It is easy to show from the
basic expression for sinking speed (see also Section VII)
that,

M Ai_ (3479) 4 and M

= (A"} M
v, =A%)

(2.31)

Vir

where Vyp=velocity for minimum power required
and V., =veloeity for maximum LD, But since
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LR a definite function of A’, it follows that Vier |
Vi Vo
and VD are also definite functions of A’. These :

relations have heen calculated numerically and the
results included in Figure 4. It is worthy of note that

for A’=0.4725 the velocity for minimum power re- .

quired (Vip), the ideal minimum velocity .(17,),
and the design maximum velocity (V,), all coincide.
Hence, an airplane for which 4" = 0.4725 could not
leave the ground at sea level. This definite limit for
the fundamental design parameter A’ is one of the
most interesting theoretical results brought out by
the analysis of the present paper.

-y

109

~<
I / Tw = i%_‘h ' ?
<.2 7 = l
|
Q
) / -
(2] 2 4 & N-4 1.
r=Asd,
23

F1GURE 3.—Plot of the fourth degree relation connecting A* and I

C. GENERAL FORMULAS FOR VARIOUS PERFORMANCE
CHARACTERISTICS

Equations for the various performance character-
istics of an airplane may be developed from the funda-
mental performance equation (2.22) and equation
(2.26) for A’ through the introduction of the appro-
priate special conditions governing each characteristic.
The general formulas for the more important per-
formance characteristics are given in this section.

These formulas are expressed in American engineer-
ing units in Section V. The effects of down load on
the tail and inclination of the thrust axis are there
numerically discussed.

Maximum velocity at sea level.—The two important
forms of the maximum velocity equation have been
developed earlier in the paper in equations (2.24) and
(2.25) and are here rewritten for continuity, -

-
Sty
'g*A(

(2.32)

1/
'!

(2.33)

COMMITTEE FOR AERONAUTICS

Equation (2.33) is plotted in Figure 1. This figure

is used in obtaining A’ from V ‘ throughout the report,

. since the equations to be developed express perform-

! ance In terms of

?k’
Rid
final results be given in terms of A’.

Maximum velocity at altitude.—The condition for

and it is more desirable that the

| maximum velocity at altitude is ((ii—h =0. Introducing
i this condition equation (2.22) gives,

A, X,_ T.T,0o R,,,,—d'z Rv,,.

5 _ 2.34)
v, - R,
/.2 //
| | v
Vo
.01~ Ronge of
——normal —> P
irpl
\—airplane ! / //
g L P /
T P Ye Y
A Ve /
.2 v 3
2 A / 
56 L4 7
Q / 1 /
§. 7 /
p i
“ // 4
/ / L Ve
/ el
e //
o .z .2 .3 4 5
A
FIGURE 4.—-Imbortaut speed ratios as functions of A’. Ve=design

maximum velocity; V.=ideal minimum velocity; Va p=velocity for

minimumpower required; V,,=velocity for masimum F' —:%'.-
ideal speed ratio
where, )
R., V maximum at altitude V "‘J. (2.35)
~ Vmaximum at sea level =99
Substituting equation (2.34) in equation (2.26), we get,
v T.T,oR,,—a* R, ¢
¢ 1-* R, ¢
(2.36)
(1_£Tp0‘Rum—(T2Rgm‘ }é'
1= R4

Equation (2.36) is the general formula for A’ in
terms of ¢ and R,,. The substitution indicated for
obtaining equation (2.36) from (2.31) is readily per-
formed graphically from Figure 1, which gives A’ as a

1
. function of )\’,)\"
i ! m




GENERAL FORMULAS AND CHARTS FOR THE

It is seen then, that for any general type of airplene,
i. e., for any specific functions T, and T, B, _is given
as a function of ¢ {(corresponding to altitude) and A’.
The maximum velocity at altitude V, » 18 then obtained
from the maximum velocity at sea level and R,
according to equation (2.35).

Equation (2.36) has been plotted in Figure 5 for par-
ticular functions 7', and 7', corresponding to ‘‘normal
present-day propulsive units” with unsupercharged
engines to show the nature of the dependence of R,
on A’ and altitude (o).

Maximum rate of climb at any altitude; speed for
maximum climb.—The speed at which maximum rate

of climb occurs is obtained by differentiating ((11—1;' with

10

| | [ %
— “\ Seo I/eve/-'
N
T
X-2000 1
8
\f‘w,ooo rt.
Yop.000 £+
.6
R.,
4 -
2
0 Y, 2 3 4 5

FIGURE 5.—Rvy, as a function of 4’ and altitude (s)

respect to R, and equating to zero. The rate of
climb at this speed, hence the maximum rate of climb
is obtained by incorporating the above result in the
equation for rate of climb. Differentiating equation
(2.22) with respect to R, and equating to zero,

d dh_1[/dT.T,
a—za.arx,[ R, 3B/
(2.37)
- R UR 5 3aR,¢>] 0
~imm, | (o, Bt -30RY)
re N
)‘)\ (2.38)
t

where,

R _Speed for maximum climb at any altitude
e Maximum velocity at sea level

dT,T, d(T.T)
3R,, ~ oR,

88258—32

at I2,, (o constant)  (2.39)
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whence,
0T, T,
-oR,? (5
MNA_ dR., SR, t3 (2.40)
Ve 1+3 az R c‘

Substituting equation (2.40) in equations (2.22) and
2.26),

1
Ae Crm= R%[(T., T, oR,~a* R, 1)~
0T, T,
— 2 7 4
(1—a® B, %) Y 7 ’°]<2.41>
e 173 R, K
where, (', =maximum rate of climb.
1.0 [/
. o]
o0 el
el
O
)y~
£
R Z ‘ T
4
.2
o , 2 .3 4 5
A

FIGURE 6.—R., as a function of A’ and altitude (o)

oT., T,
OR,,
1+3 o'zR,,*

_ >T, T, %,
(1_ o B2 ST +302R4>

1+3 ¢ R *

The substitution of the equation (2.40) in equation
equation (2.26) to obtain A’ is most readily performed
graphically by means of Figure 1, instead of analyt-
ically as has been done in obtaining equation (2.42).

Assuming the ‘“normal propulsive unit’’ expressions
for T, and T', which were used in obtaining Figure 5,
equation (2.42) has been plotted in Figure 6. Equa-
tion (2.41), when combined with the results expressed
in this figure, gives A, C, as a function of A’ and
o, and this relation has been plotted in Figure 7.
These two figures indicate clearly the nature of the
dependence of R, and X\, C, on an airplane’s design
characteristics (A”) and on altitude, and hence lead to
a very rapid determination of the speed for best climb
and the maximum rate of climb of the airplane at any
altitude.

~oR,? +30* R,

A=

(2.42)
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Maximum rate of climb at sea level is the special
case of maximum rate of climb at altitude for which
c=1and T,=1. The generzal statements made in the
preceding paragraphs concerning maximum rate of
climb at any altitude apply to the maximum rate of
climb at sea level.

Absolute ceiling; speed at absolute ceiling.—At

absolute ceiling, the maximum rate of climb is zero.
Therefore, putting C,=0 in equation (2.41), we get,

l—og’R, ! _
T.Tyoultyy—ou'R, .}
(2.43)
1+ 30’32R054
oT, T
- O'HR.;H2 ?};“;j‘*‘ 30‘32R,H‘
PN
<4 N
AN
o
3 " .
< o
% S .
< - \\
(=]
2 Q
w] R N
MR \R
U \ ‘ A
N A
o Az 2 .3 .4 5
A'
FIGURE 7.—A; C as a function of A’ and altitude (=)
where,
I .
R Velocity at absolute ceiling (2.44)

2~ Maximum velocity at sea level v
cz=relative density at absolute ceiling.  (2.45)

Cross multiplying, collecting terms, and dividing
throughout by egR,y,
T,T,(1 4304 RY) + R, SeL
" OR,,
(2.46)
(1—ox’Ryy') — 4R, > =0.
Equation (2.46) shows that for any general type of
propulsive unit, R,z (the speed ratio at absolute ceil-
ing) is a function of ¢g (corresponding to altitude at

absolute ceiling). Putting%b=0 and ¢=o¢y in equa-

tion (2.22), and replacing Rv by the value of R,,
given by equation (2.46), we get,

Mz - Tu TvO'HRvK - UH2RuH4
Ve 7T 1=l R

-4

|
l

(2.47)
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and,
- TaTgO'HR,H‘O'HQR 4

vy
1— UHzR,,H*

A

(1

Equation (2.48) gives A’ as a function of absolute
ceiling, since R,, is a function of absolute ceiling by
equation (2.46). The value of R, corresponding to
any oz must be found by a trial and error solution of
equation (2.46). A’ is then determined from these
corresponding values of R,, and oy. Therefore, by
means of equations (2.46) and (2.48), absolute ceiling

is obtained as a function of A’ for any general type of
propulsive unit.

(2.48)

_ ToTouR,,— aH?R,H*‘)H

1-— O'HQR,H‘

1.0

8 \\

\\\
\
\\

6 ~
R.,

<

2

0 /G000 20,000 30,000 40000 50000

H,Absol/ute ceiling, 1.

FIGURE 8.—R.y 88 a function of absolute ceiling

Equation (2.48) is best solved graphically from
equation (2.47) by means of Figure 1. The solution
of equation (2.46) by trial and error is not particularly
difficult when 7', and T, are specified, i. e., the type of
propulsive unit is specified. The solution then applies
to all aiplanes similarly equipped. Equation (2.48)
has been plotted in Figure 8 assuming the ‘‘normal
propulsive unit” mentioned above. The results
given in this figure have been combined with equation
(2.48) and the results plotted in Figure 9. These
curves indicate the nature of the dependence of abso-
lute ceiling on the airplane parameter A’ and of the
speed ratio at absolute ceiling on the ceiling altitude.

Absolute ceiling as a function of A’ may be com- .
pletely solved graphically from the maximum-rate-of-
climb-at-altitude charts. At any altitude, the value of
A’ at which the maximum rate of climb becomes zero
is the value of A’ for absolute ceiling at that altitude.
(See figs. 7 and 9.) It is suggested, therefore, that
when curves for maximum rate of climb have been
calculated, absolute ceiling as a function of A’ may be

; obtained most easily in this manner.
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Service ceiling.—By definition, service ceiling is the
altitude at which the maximum rate of climb has a
certain constant value Cs,. The cquations for service
ceiling are, therefore, equations (2.41) and (2.42) for
maximum rate of climb at altitude in which the sub-
stitution €= C,, is made.

Service ceiling as a function of .\’ and A\, may most
readily be solved graphically from charts for maximum
rate of climb at altitude. At auny altitude, the value
of A’ at which the maximum rate of climb becomes
O\ is the value of A’ for service ceiling at that
altitude. For any value of X, then, service ceiling may
be plotted as a function of A’. A fumily of curves for
a range of \,/s covering all normal values may be
plotted in this manner, thereby giving service ceiling
as a function of A’ and A, TFigure 10 has been pre-
pared in this way for the ‘“normal propulsive unlt”
used above.

50,000
40,000
»
30000 —
A
Y \

20,000 \
N

/ Q 000 \\

~.

™~~~

o A .2 .3 4 .5
A’
F10URE 9.—Absolute ceiling as a function of A’

-

Minimum time to climb to any altitude.—The time
required to climb through an infinitesimal change in

altitude dA is g;:, dh Where dh is the rate of climb. The

minimum time required may be expressed byzl,-dh,
A

since (', has been defined as the maximum rate of
climb at the altitude considered. In order to find the
minimum time required to climb from one altitude
hy to a second altitude k,, the above expression must
be integrated between the limits 4, and k,. Then,

T= dA (2.49)

hy Ch

where T=the minimum time required to climb from
altitude A, to altitude h,.

The equations and charts for maximum rate of
climb have expressed the results in terms of A\,C, and
not simply C, Equation (2.49) must be divided

throughout by A, in order that the integration may be
performed in terms of \,C,.

T (& 1
Tt— Ay kICTA

Equation (2.50) shows the method by which time
to climb must be determined. For any values of A’

di (2.50)

a curve giving )\—167 against altitude is plotted. The
t“h
integration of this curve between the desired altitudes
leads to the corresponding values of g according to
t

equation (2.50). This procedure is repeated for
several values of A’. In this manner a chart is

obtained giving %' as a function of A’ and altitude.
¢t

The integration indicated above must be performed
graphically, by Simpson’s Rule or some similar method.

General time-required-to-climb curvis may be
obtained in this manner for any general type of air-
craft propulsive unit. Such curves are based on the

30,000 \
AN
AN

t .
J 4 L -
# \\\\?\'\\0 ‘ e
10,000 N Qo\?o‘ 4 —,—
2 Q B
N
o J 2 .3 4 5
Al

F1aURE 10.—Service ceiling as a function of A’ and A

actual rates of climb at altitude as determined by the
fundamental equations for maximum rate of climb at
altitude. The results obtained therefore have the
same accuracy as the maximum rate of climb results.
The complete integration need be performed only
once for each general type of propulsive unit. Time
to climb for airplanes having this type of propulsive
unit may then be immediately obtained from the
general chart. Figure 11, based on the ‘“normal pro-
pulsive unit,” shows the type of relation obtained
between time to climb T, airplane design characteris-
tics A’ and \,, and altitude attained in time 7'

III. VARIATION OF PERFORMANCE WITH A CHANGE
OF PARAMETERS

One of the greatest advantages of the formulas and
resulting charts is the explicit manner in which the
dependence of each performance characteristic of the
airplane upon its various parameters is shown. The
variation of performance with each parameter of the
airplane may easily be seen. Thus the particular

20,000 \ \\\ |
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parameter that need be changed and the amount of
change that will be necessary when a certain variation
of performance is desired, consequently the particular
detail of the airplane that need be changed, is readily
determined. The parameter that is most effective in
producing the desired change in performance is not

necessarily the parameter that is most economically :

altered. Through the formulas and charts developed
here, the relativd merits and effectiveness of each
parameter in producing the desired change in perform-
ance may be weighed. The designer is thus given a

200,000

20005 77
10,000 f1

N
_‘9
o

E T S e o
nmn-nu-mm«ummnm«)
s du o, N

direct tool for making changes to fit his’ partlculm

requirements.

The algebraic formulas of Section Il and the accom-

panying curves are here used to develop simplified
expressions which show explicitly the dependence of
performance upon the parameters. These expressions
may be used in combination with general performance
curves for any type of propulsive unit to construct
charts giving the change of the various performance
characteristics resulting from a per cent change in the
parameters: Weight, design thrust horsepower avail-
able, eflfective span, and equivalent parasite area.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Thus for reasonably small percentage changes in tho
parameters, the variation in performance is found by
multiplying the change due to 1 per cent by the
percentage change. Such curves have been drawn {or
airplanes equipped with unsupercharged engines and
present-day metal propeilers. The curves are shown
in Figure 37 and their use described in Section V1.

Variation of maximum velocity at sea level.—[rom
equation (2.23),

)
=) (

All symbols are defined in Section II and in the Qnm-
mary of Notation. The effect of the variation of the

¥
. 3.1)

i second parentheses upon maximum velocity is smull,

so to a first approximation we may take,

(M A t.hpa\} .
! ,,.—Ix()‘ ‘> —0.98()\‘> —15.8( 7 > - (3.2)

Equation (3.2) may be used to obtain maximum ve-
locity within 1 or 2 per cent accuracy. The constant
Ash;
which corresponds to a A’ of about 0.06 (an average
observation airplane).

We are well justified in substituting equation (3.2)
for V', in the term containing V, on the right-hand side
of equation (3.1). Thus for an explicit and accurate
expression for maximum velocity at sea level,

Ve (Y (-2 k)
m A A 0.08

() 0 - aay =t (2R
()\) (1=1.024)%=T73 (=5 (3.4)

W2 f%
t.hpat*bs
Where great accuracy is desired equation (3.4) should
be used.

In order to find the variation of maximum velocity
with the parameters of the airplane, V,, from equation
(3.4) is diferentiated with respect to each of the vuri-
ous parameters as a partial differentiation. Differen-
tiating with respect to f, and dividing by V,, we get,

0.98 has been obtained by using a mean

=15,

3.3)

(1—0.006419

(—% 0.006419 %
4 (w2 o
W s N\
Il d;;"'df= AT - %(1 0.006419 jp 4y {ﬁb -
" 77.3( 'f"‘) (1—0.006419 B

1 1
dv, 11,1 ~3 102y ?)]
(Téf)f=|:_§f’ < 1—=1.02 A’ df (
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whence for the percentage variation of V', with respect
to a certain percentage variation of f,

df

1 024" \df_ -

> ( 3 91—10‘>\> 7 67
Similarly for the variation with t.hpam,

AVa) (L d 102 dthe_dthee g

Vo /thpa \3 91-1.02%"/ t.hpy t.hpm

For variation with W,

d‘ 1.02 \’ d“v_ d”.
( ) ( 3isroen) T Y g B9
For variation with b,,
d‘/ 1.0247 db
' )b (3 1—-1.02% ) ¥ (3.10)

It should be noted that the pseudomnstants a, B, —7,
and v are functions of A’ and A’ is a function of each
parameter. The percentage variations must be plotted
against A,

The variation of maximum velocity at sea level with
a change in any parameter is readily determined from
equations (3.7) to (3.10). These equations give a
method of good precision for finding the effect of a
change in any parameter on maximum velocity., If
the change in the parameter causes considerable
change in A’, the value of the pseudoconstant «, 8, or
v corresponding to a mean A’ should be used. This
practice is seldom necessary. It is generally suffi-
ciently accurate to multiply the variation due to a 1
per cent change in the parameter by the percentage
change in the parameter. The curve for variation of
Va is plotted in Figure 12, and is indicative of the
general nature of the variation curves developed in
this section.

Variation of maximum rate of climb at sea level.—
The variation of X, () with A’ at sea level is very ap-
proximately a straight line, as may be seen in Figure

7. At any A’, assuming the straight line variation and !

denoting O, at sea level by C,, we have

A Co=B—DA’ (3.11)
where,
B=)\,C,,a.t,A'=0
— D =slope.
Then,
_B_ ,thpa o, W
"’—‘A. D —B w Dt.hpm”b.2° (3.12)

Differentiating w1th respect to each parameter and
dividing by C, in order to find the percentage varia-
tion of C,, we get, for variation of C, with W,

t.hpy i
—ptbe _ 1y
140, . wr D o
& iaw = s W 319)
I T hpahy

1

13

a, B-Dy’ dW dW
(d ==y sy B4
Similarly for variation with t.hpm,
do, (B DAY dt.hpy _ dt.hpa
(ﬁ)t.hp; B=Dy ) thpa " thpa 19
TFor variation with bc,
dc - 2DA’ ) db,
(“Cwo B D‘\r 6t (3.16)
1.0
.8
8-
1.hp, ’y/ ,
& RN
] 7
4 /// //
— ba, /
2 ]
3k ]
E a</
O \
b '

~
\L 4

-4 _VL\ \ ~

. ]
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FIGURE 12.—Per cent change in maximum velocity due to 1 per cent (+ 1
per cent) change {n parameter

For variation with f,

d_g> (—%DA
(00 ~\B-DY

Equations (3.14) to (3.17) furnish an excellent means
of determining the variations of maximum rate of
climb at sea level with a change in the various para-
meters. The pseudoconstants are functions of A’ and
also depend on the type of propulsive unit (T, and
T,). Their numerical values have been determined
for the specific tvpe of propulsive unit considered in

)df——td—f (3.17)

+ Sections V and VI, and the corresponding curves are

plotted in Figure 37.
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A similar analysis may be used to give the variation |

of maximum rate of climb at any altitude with a
change in parameters.

Variation of absolute ceiling.—For small variations
of A’, i. e., for airplanes of the same type, the variation

H with A’ may be assumed to be linear. Then,
H=F-@GnN (3.18)
where — G =slope
and
dH (F GA’ dA'_ (3.19)

Differentiating A’ with respect to the various param-
eters, we get for the various equations of variation,

() (Gl (5

dI_I t.hpm F”—G gj&’)% lﬁg: v d: ﬁg: (3.21)
(%o, (F2G(§:\ )db (3.22)

H = — )df d (3.23)

Equations (3.20) to (3.23) may be used to find the

variation of absolute ceiling due to a variation in_ the
_paramecers, and show the relative effect of a variation
in each. The numerical values of the pseudocon-
stants are given in Figure 37 in the same manner as
has been done for the constants of the preceding
paragraph

Variation of time to climb to altitude. —Considering

the variation of %Wlt‘h A’ to be linear for a small range
¢

of variation of A’, we obtain, as in the previous analysis
for maximum rate of climb, the equations of variation
for time to climb.

(dT) —xdW (3.24)
(‘-i—}')mma —ydipes (3.25)
(d—f)b.l - 62‘% (3.26)
(d—f)f z ‘% @3.27)
The values of the pseudoconstants z, —y, —62, and z !

have been determined for the time to climb to

5,000

and 10,000 feet for the type of propulsive unit con-

sidered in Sections V and VI, and the results indicated
in Figure 37.

Variation of the major parameter of performance,
\’.—The variation of A’ with the various parameters

—
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of the airplane is readily determined by the use of
equation (2.25) for A’ given in Section II,

A’=)\')"”= 2W W% p i
AP bl A¥t.hpgtt 2511
1wy (3.28)
= A%p Bt.hp, 0,2
1 W
A =0.5055 g ,‘W (3.29)
The variation equations are,
da’ dw
_AT) =237 (3.30)
di 1d
( , )f 33{ (3.31)
. _ 4dt.hg,.,
T\T)t.hpm‘ ~3 T hpa (3.33)

It is notable that all variations that tend to decrease
performance cause an increase in A’. Hence an
increase in A’ is accompanied by a decrease in per-
formance of the airplane.

1V. INVESTIGATION OF FULL-SCALE DATA-

The general fundamental performance formulas
have been developed in Sections IT and III. For the
application of these formulas to any general type of
airplane, the functions 7, and T, (see equation (2.15)),
must be expressed analytically, or graphically as
functions of R, and ¢. 'The best value of the efficiency
factor e (equation (2.11a)) for any type airplane must.
be determined. This section deals briefly with an
investigation of full-scale data for determining these
characteristics.

Brake horsepower variation with r. p. m.—Modern
airplane engines quite generally have their rated
brake horsepower occurring at an r. p. m. which is
less than 80 per cent of the r. p. m. at which the peak
brake horsepower occurs. From an investigation of a
number of brake horsepower curves, it has been found
that below the rated horsepower, the variation of
brake horsepower with r. p. m. is well represented by
the simple relation,

b.hp=KXr. p. m. (4.0)

where K is a constant depending upon the particular
engine, or
b. hp
b. hpm

where subscript m denotes rated. This variation has
been suggested by Diehl for use with modern engines.

_I.p.m.
T r.p. Mg

(4.0a)

! (Reference 5.)
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In all calculations to follow requiring the variation
of brake horsepower with r. p. m. a general linear
variation corresponding to the equation (4.0a) is used.
The general performance charts presented at the end
of the report, which are developed for modern air-
planes with fixed-pitch metal propellers, are based |

on the linear variation of brake horse-
power with r. p. m. (below the rated
maximum r. p. m.)

Fixed-pitch metal propeller data.—
The fixed-pitch metal propeller (ad-
justable on the ground) is the type
that is most in use at the present; so
the following discussion applies in
particular to this type. National
Advisory Committee for Aeronautics
Technical Report No. 306 (reference
6) presents complete full-scale charac-
teristics of Navy propeller No. 4412,
In a subsequent report concerning an
investigation of five metal propellers
(reference 7), it may be seen that the
change in characteristics for the var-
ious propellers is small. Owing to
the fact that the characteristics of
any propeller change with the type

\installation, it is felt that the charac-
teritsics of Navy propeller No. 4412
may well be taken as the general rep-
resentative of all fixed-pitch metal
propellers, Efficiencies given are pro-
pulsive efficiencies and are of great

value in determining performance as
a meanp slip-stream and a mean cowl- §p

ing effect are thus included.

Figure 13 has been plotted directly
from data of National Advisory Com-
mittee for Aeronautics Technical Re-
port No. 306. The proper propeller
diameter and setting for any airplane
and engine combination is found by
use of this chart. The airplane and
engine combination determines a
particular value of the coefficient

C,, from which is found the F}/l_)

ratio corresponding to the ‘‘Best
performance propeller’’ or the ‘‘Peak
efficiency propeller”’
defined by,

p}é "

A o

Propulsive efficiency,n
Y ;

1.4

where,
) =diameter in ft.
N =revolutions per second of propeller
V= velocity in ft./sec.

(A chart for the solution of C, is given in Figure 26.)
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Fi1GURE 13.—Propeller characteristics of Navy metal propeller No. 4412.
Aeronautics Technical Report No. 308.) Propellers set for hest performance and peak efficiency are indicated

as desired. The coefficient is

4.1)

(4.2)

8 re 16 2.0 24 2.8 3.2
C, ’

(National Advisory Committee for

Assuming that the maximum rate of climb of an
airplane occurs at R,,=0.625, which has been found
from Army flight test data to be a good mean value,
an investigation has been made to determine at what
position on the propeller-efficiency curve maximum
velocity should oceur in order that the airplane might
have the maximum possible rate of climb. The results
are clearly set forth in Figures 14a and 14b; the results

are plotted in terms of (7, and ALD It is well known
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that for maximum possible velocity the propeller

should be set so that 17, occurs on the enwlnpe of

The ratio £

(", peak
at which this occurs is represented by the curve

the efficieney versus C, curves.

labeled ““FOR MAXIMUM VELOCITY.” Obvi-
ously with Vg, set on the peak of the etliciency curve,
Gt Vo 100, this line is designated “PEAK
C; peak >

PROPELLER.” The setting of the propeller at 17,
in order that maximum possible rate of climb he at-
tained is represented by the curve labeled “TFOR
MAXIMUM CLIMB.” This curve discloses the very
interesting and fortunate fact that the propeller should
be set at approximately the same setting both for the
attainment of maximum possible velocity and climb.
Thus a propeller for which maximum velocity occurs
at- the peak produces both a lower maximum velocity

1.0

LR

L P
Pechk propeller
|

For mox. c/imb#‘f‘or‘ max
i /

//{"Besf performonce propeller

/

(W/NDj af Va /(V./ND} peak
PO o X

/

.8 Lo re

.8
(V/ND) ot V,
F1GURE 14a.—Comparison of propeller settings at Vma: for obtaining best maximum
_ climb, best maximum velocity, and propeller set on peak efficiency
- e
and a lower maximum rate of climb than a propeller
set for maximum possible velocity. This result follows

from the fact that for a maximum velocity propeller
the decrease in the r. p. m. at full throttle with a

decrease in velocity is not so great as in the case of
the peak propeller.  Consequently at any velocity the
brake horsepower available is greater; and as the
efficiency holds up well, the thrust horsepower available
is greater for the maximum velocity propeller than for
the peak propeller. The only redeeming feature of
the peak propeller lies in its more favorable take-off
characteristics.

It is therefore concluded that for maximum possible

15 generally less than 5 per cent. Charts are later

- developed for both propeller settings.

. in Ficure 15,

An investigation of the propeller settings on a
number of airplanes by the method of the decrease
in r. p. m. at speed for maximum rate of climb from
r. p. m. at V', has been made. The results are plotted
Curves have been drawn showing the
decrease in r. p. m. to be expected for a propeller set

{or BEST PERFORMANCE and for a propeller sct

L 0.55 to 0.70,

on the PEAK EFFICIENCY, for values of R, from
The speeds for maximum rate of climb

- of all the airplanes investigated lie within these limits

all-around performance in the air, a metal fixed-piteh .

propeller should have the setting corresponding to the
envelope of the efficiency curve against (',

A pro- .

peller having this setting is called “BEST PER-

FORMANCE PROPELLER

" throughout this report;

the propeller set on its peak efficiency is called |
“PEAK EFFICIENCY PROPELLER.” The pro-
peller setting is not eritieal however, since the differ-

ence in maximum rate of climb between the w0 cases

of £, The decrease inr. p. m. at speed for maximum
rate of climb has been calculated from Army flight
tests of more than 350 airplanes, and these points have
been plotted on the same figure. This figure shows
very strikingly that the propeller settings of all the
alrplanes correspond to no one case; however, the

1.0 —r T v
Wl i | ) ) ;
| “Peck propeller >
: ' 5
| //

.9 : 4
~§ / \ For maximum
g For max.climb Lz /  velocity
g ‘y‘ /
S e /
RE
N
o
% _Best performance
- prope//er‘
Q.7 /

7/
&
(] .4 .8 12 1.8 2.0
€y, =C 0t Vn

FIGURE 14b.—Comparison of propeller settings at Vmes for obtaining best mgx-
imum climb, best maximum velocity, and propeller set on peak efficiency

grouping taken en masse seems to center about and
along the BEST PERFORMANCE PROPELLER.
Propeller efficiency at maximum velocity.—Curves
have been drawn from which the propulsive efficiency
at maximum velocity V, corresponding to the BEST

PERFORMANCE PROPELLER and PEAK
EFFICIENCY PROPELLER may be found. (Refer-

ence 6.) These curves are given in F igures 16a and

\‘D and €,

respectlvely The subscript m denotes at deszrm
maximum Leloc/ty The curves in Figure 16b are to
be preferred in general, since for any one airplane and
engine the value of the coeflicient C,,, 1s very approx-
imately constant, hence the relative e{ﬁcmnmes of the
two cases are readllv geen. For the same airplane

>

16b, which give the efficiencies against

and engine combination, the NTL is different for the

two cases since the diameter is different. Since .
is essentially a parameter of the airplane, whereas

bd

ND is a compound parameter of the airplane and the
4
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propeller, it is recommended that the parameter C, |
be used almost exclusively in considerations of airplane
performance. i decrease propulsive efficiency 1 per
A few remarks follow on the choice of a propulsive
efficiency to be used in computing performance.

cent.

.o
b
§ XL8-5(b)
\‘\_
NN
N N
] \~\:\
i N .b\\ xL8~5(o]
Q.95 NG }
N o
p N N S
Q'~ \ N A)-C
N NN 18-3
Q o XP-6
£ 4 N _
= NV 3 vo-1
Y C-3 4018 L p}
X _aun/m\r_ 5 l
B W o "
s - ):'F'r-.? 0-2;4?1‘\/3—%‘
| erisa © XA-4 " 0-IA
&
-t
N
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(2) For every 10 per cent increase in % ahove 0.40

(3) For pointed narrow engine cowling, decrease
propulsive efficiency from 0 to 2 per cent.

(AN
90 X017 p-2a 420N 0T e
82 c-2lYa o NP %
XL8~,
555 —xg-/ xp—{e —xﬁ%
= iy couriEg ) Pw- Sy
Peak propelier, Re=0.70~ | o ¢£M| s)\k\\ \i"Qo
L YA-4M ' S . S/,
. P o B P NI A W BN NG 3
52871 otase | NG | N NRe,t
i X N N2
BEPRYS Jp SR SRS i S ) U QP Sy HRS U =7 - - A \ N B
55 3 - Pl e B B e Yo
! | | : \‘ ~ NI,
" “ ~ = 0.55-%, r-2 N N
X R R e e N g
ST EF TS E s ST S e s e Rl e e e E = F = < O\S\i
-~ o - 6;1
o / .2 .3 .4 .6 .7 .8 .9 /0 7‘/\ 1.2
(V/ND) at Va 3
F1auzre 15.—Curve for investigation of type propelier setting of various airplanes from flight test
1.00 1.00
< ’
K S R REEE
3 %0 5 50 Best per-for'monce propeller
> > ~
g = —
Y a0 Pl 9 b P
\g . r Y 80 7
- / b A/
" /| f : v /
g 70 7 g .70 -
9 /{ %’ // ‘/
[~ Best performance ond 3
.60 = 8. A 4~
% peck efficiency propellers h. 60 t Peck efficiency propelier
" " S i PR | 1
& 50 & ! HENREREE
¢, 6 8 0 i So——% G0 Ii5 20 25
(w5)=(v5) o = € 7 ¥ = Con
' F10URE 16b.—Propulsive efficiency at Vmes as a function of Cim
F1GURE 166.—Propulsive efficlency at Vimas 83 a function of (;ﬁ‘) - . . .
(4) For National Advisory Committee for Aeronau-
(1) For modern 2-blade metal propellers with nor- | tics cowling increase from 1 to 2 per cent.
. . d . . 5) For unfavorable body shapes and cowlings
mal engine cowling, and where D (the ratio of engine (5) y p =

i decrease from 0 to 5 per cent.

diameter to propeller diameter) is approximately 0.40,

use propulsive efficiencies obtained from Figures 16a, | apply tip-speed -correction.
-16b, or, better, Figure 27. | reference 8.)

88258—32——3

(6) If tip speed is greater than 1,020 feet per second
(Apply only at

-
‘¢ maxy
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(7) For 3-blade propellers decrease 3 per cent.

The above results are obtained from references 6, 7,
8, and 9.

Variation of r. p. m, with speed.—The variation of
r. p. m. with velocity has been calculated both for the
BEST PERFORMANCE PROPELLER at séveral
seitings and for the PEAK EFFICIENCY PRO-
PELLER. The 19.5° setting has been taken as repre-

1.00
—-/5.5°a?0.75 tip ramui”,//< z
& Egso 0.9 T A
REESH re’ /’,_/; -
< 4= A
R T =20
sopfl2a o
0 2 4 ] 7.0
R.s}?"

F1aURE 17.—Variation of full-throttle r. p. m. with veloecity. Beat
performance propeller

sentative of the general peak efficiency curve. The
curves are plotted in Figures 17 and 19, respectively.
Each setting corresponds to a definite C,, and n, for
the BEST PERFORMANCE PROPELLER, as
indicated ; the curve for PEAK EFFICIENCY PRO-
PELLER is general for all values of C,,.

Variation of r. p. m. with altitude (constant veloc-
ity).—T .e variation of r. p. m. with altitude has been

,

00
23.5° c,-ﬁs)/
.80
/
y
27.5% G220~ A7 | \150°% Co=0.9
60 ;/f’/ ]
0| 18 5% Cop =13
g va =
T w
oL
/r
o z 6 ; 7.0
R,,=;7"n

FiaURE 18.—Variation of full-throttle thrust horsepower available
with velocity. Best performance propeller

calculated for the cases of BEST PERFORMANCE
PROPELLER indicated on the curves in Figure 21.

The calculations have been made on the basis of the
expression for C, at altitude. (Reference 6.)

O, =HC,, (4.3)

where
C,,=C, at altitude

C,,=C, at sea level.

The effects of changes in R, and propeller setting on |

t.hp, variation with altitude were found to be so

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

small that no further computation of other cases was
necessary. The computed variation of r. p. m. with
altitude, using the full-scale propeller data, gives good
agreement with the variation found in flight test by
the Army.

Variation of thrust horsepower available with
speed.—Using the linear variation of brake horsepower

,.00 L) L T L T
/19.5°at0.75 tip rodius
£ ¢ ' )i
Yo e
Ll
.80
g 2 .4 6 .8 1.0

"
R.=K

FiaURk 19.—Variation of full-throttle r, p. m. with velocity. Peak
efficiency propeller

with r. p. m. as has been found most representative
of modern engines, the variation of r. p. m. as given
in Figures 17 and 19, and the propeller curves in Fig-
ure 13, the variation of thrust horsepower with speed
has been calculated for all cases of the BEST PER-
FORMANCE PROPELLER and for the general case
of the PEAK EFFICIENCY PROPELLER. The
results are to be found in Figures 18 and 20, respec-
tively,

1.00
P
P
.80
e
/]
//
.60 7
[}
&d
e 40 /‘\A// Com. O/ peOk
/ propeller settings
/|
20 //

o} 2 4 £ 8 1.0

v
R.,=‘V;

F1GURE 20.—Variation of full-throttle thrust horsepower available with
velocity. Peak efficiency propeller

7

It has been found that for values of B,= !

Vo
than 0.5, T, (the ratio of thrust horsepower at velocity
V to that at V) may, for the variations according
to Figures 18 and 20, well be represented by a function
of R, of the type:

greater

T,=R, (4.4)

The quality of the representation may be seen by the
accompanying table.
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TABLE I

!
|
1

1
Peak efficiency
Best perforrnance propeller propeller
Setting 15.5° 19.5° 2. 5° 27.5° AllL [
i
Cin 0.90 1.20 1.60 2,00 AlL |
Im 0. 45 0.65 0.85 1. 10 AllL
Ty Tom T. Tom Te Ty= Te Tem 7. Tyow
fig. R, 8% fg. R, 8 fig. R,-% | fig. R,-% fig. R, ®
18 18 18 18 20
Rey=1.0011.00 1.00 {1.00 1.60 [1.00 1.00 | 1.00 1.00 1.060 1.00
.80 | .868 .888 | .873 .873 | .884 .884 . .878 .884 | .806 .88%4
.60 .718 .717| .732 .733| .757 .7886| .761 .785| .788 .78
40| .534 .850 | .546 .571| .577 .605| .500 .605 .585 .605
0.20 L302 .351 7 .308 .375 ] .207 .414 | .288 . 414 0.342 414

In view of the excellent representation of T, by the

empirical formula R,,, the performance charts are

1.00

gle w 195°010.75 #i ‘radius e A

qd 275° o
805 70,000 | ,.?aaoo

. a0
Altituce, 1. r

FIGURE 21.—Variation of full-throttle r. p. m. at constant*%elocity with altitude
1.00

.50

.80

.70

F

&

g

£

49 50

50

.40

.30

0 10,000 20

Altitude, 7.

FIGURE 22.—~Variation of full-throttle brake horsepower at constant . p. m. with
altitude

30,000

developed on this basis. The particular value of m
corresponding to each C,  (or each setting of the pro-

peller) may be seen in the table.

Variation of thrust horsepower with altitude (con-
stant velocity).—The variation of brake horsepower
with altitude that is used in computing the t.hp, vari-
ation desired has been plotted in Figure 22. These
data have been obtained from National Advisory Com-
mittee for Aeronauties Technical Report No. 295 and
British A. R. C. Reports and Memoranda No. 1141,
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which are believed to give the best data available.
By the incorporation of the brake horsepower varia-

. tion with altitude at constant r. p. m., the variation

of r. p. m. with altitude as represented in Figure 21,
and the propeller curves of Figure 13, the variation of
thrust horsepower with altitude at constant velocity
has been computed. The cases were investigated for
which the variation of r. p. m. with altitude were com-
puted, and it was found that the variation of thrust
horsepower with altitude may be represented by a
single curve for all speeds of flight R, and all settings
of BEST PERFORMANCE PROPELLER and
PEAK EFFICIENCY PROPELLER. The curve
obtained is plotted in Figure 23. This curve is to be
the general representative for modern unsupercharged
engines in the charts that are to be developed. The
variation function 7, is therefore a function of ¢ only,
being independent of R,.

In seeking for an empirical formula to represent the
curve in Figure 23, it has been found that the type of

1.00;

N
N

.50

N,

.80

.70

.60

?j g.so

.40

.30

A0

o 20,000

Altitucte, t
Fioure 23.—Variation of full-throttle thrust horsepower available at constant
’ velocity with altitude

30,000

formula proposed by Bairstow some years ago will,
‘'with proper values of the constants, give an excellent
representation of the curve. The formula follows:

a—0.165

Ta="%335

4.5)

where, )
t.hp, at altitude (constant

t.hip, at sea level velocity)

Te=

The quality of representation may be seen by the
accompanying table.

a™
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TABLE II for sioking speed w,. The parasite drag coefficient
was defined then as the total drag coefficient minus
. the effective induced drag coefficient which was cal-
culated as the minimum induced drag produced by

|
Altitude Ts (fig. 23) | T4 (eq. (4.5))

|
i Sea level. 1000 | 1. 000 . .
\ N o I an effective span. The customary definition of the
. zx 388 | 388 parasite drag coefficient has been that expressed in
| ] the past by the equation
1.6 ' 1.6
Co= G Gy C =tq£’_
o 4.5"3/ /4.’ e P I 3x
1.4 - 1.4 5. -
c\bpc / /r/ /Ca Cope Cop //// \g’-"
L2 \}"-\/ [t o ~< 12 3Ly e
/ / Iy 4’ /"/c,
L0 L4 7L / A

/
| . —A4 L0 7
/y/, / | l! // /
v / .a , /. 4 /
/ C /' /
X

- (a) f (b)
o) 04 08 iz 46 20 24 28 o 0408 4z I8 20 2f .26
L6 I - 1.6 d |
T ) . N 2 : N Oy e ¢
& | f O Ty G | oz
X /*’ 74 - o v
Cope W 7N O e / /\/C};
(A ]
12 F 12
174 VeV

10 f : [ 10 /
Cbs /

(e) (4a)

o .04 .08 g2 48 .20 24 .28 o 04 .08 Je2 16 20 o 8

c,p Cn
F1GURE 24a.—~Flight test polar diagrams showing the effect of introducing the airplane efficiency factor, ¢
. Cb,=Co=Coi; Co,,=Co— % (a) Douglas X0~14, =075
(Ref. A. D. M. 3112); (b) Sperry Messenger, ¢=0.85 (Ref. National Advisory Committee for Aeronautics Technical Report No. 304); (¢) Fairchild F. C.—

2W2, e=0.90; (Ref. National Advisory Committee for Aeronautics Technical Note No. 382); (d) Vought V., B, —7, ¢=1.00; (Ref. National Advisory
Comumittee for Aeronautics Technical Report No. 202)

AIRPLANE EFFICIENCY FACTOR

It was pointed out in Sectioh II that the variation
in parasite drag coefficient could well be expressed as | where Cp, represents the induced drag coefficient
a correction proportional to (% thus it could be | based on the equivalent monoplane span (kb). The
included in the induced drag term of the expression | parasite drag coefficisnt as calculated according to

o —_— 4 8/
ODr’CD(com) CDt(mm (4.5)
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this definition for eight flight test polars is seen in
Figures 24a and 24b. The curve Cp, may be scen

| and assuming that the variation in the paracite
resistance coefficient is proportion to (', we ger:

to have, in general, a parabolic shape over the normal | CDcmm_ o o
flying range. This shape might have been expected | CDpazco——‘e_ =(Cp—Cp,, 4.7
since the total induced drag has not been accounted for | where,
.6 : 16 -
Cy
1.4 3+ 1.4
Cope 7/ A ‘55 Coy Co
1.2 £ o 7.2 b
/ ‘ Vv cnp"lcnp- / G
/ yd * (o] A7
1ok 3 4 4\/ .0 / Al
' A o / 4k / ¢
8 '/1 /) " 8 A /
+ O 1 l / / C. / . / /
2 bg / I / 'L /
S—11 / .6 A
/[ [/
4 4 4
] [
2 2 1
(f) { (8
o .04 .08 N4 46 20 24 28 4 04 o8 12 16 20 24 28
ap r CD
1.6 1.6 =
Co c -
. \ of 4
1.4 . z 1.4 of—+ z
C’P‘ Ch f/¥‘_‘ -% =2 cbp. / C. _D\ .
\ } / / e m \ ) X 2\ ny
12—t J ) T il S NN P
4 A
; // [ pe 7’ /
s /4 / 1.0 1/ /
: | / / f{ / |
o, W/ |
8 8 / }
ol Vi “L L/
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FI1GURE 24b.~Flight test polar diagrams showing the effect of introducing the alrplane eficlency factor, e. Cp,=Cp—Cbp; Cn”=C,—C-;£‘ Data (rom

Co

Lufttahrtforschung, Mar., 1930, B. 6. H. 5. Y {from test. » assumed to get Cp. (f) Rumpler C IV, 7=70 per cent—60 per cent, e=0.80; (g) Heinkle
HD23, #=75 per cent —85 per cent, em=1.00; (h) Junkers W33,,=75 per cent -65 per cent, ¢=0.80; (}) Junicers A33, »=75 per cent —(5 per cent, £=0.80

because we have in no case an elliptical lift distribu-

tion corresponding to the minimum Cp,. There has
therefore been included in the parasite drag coefficient
In- .

a portion of the actual induced drag coeflicient.

cluding in the induced drag term, where it obviously °

| Op,,—Effective parasite drag coefficient at maximum

! velocity,

('p—Total drag coetficient.

C»,—Minimum induced drag coefficient for cquiv-
alent monoplane span.

belongs, this excess over the minimum induced drag, :
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Cp,,— Effective induced drag coefficient.
e—Airplane efficiency factor defined by equation
4.7).

Cp,, &ccording to this definition has also been
plotted in Figures 24a and 24b, and it is seen that

REPORT NATIONAL ADVISORY CON MITTEE FOR AERONAUTICS

[ Cf,, and the equivalent parasite area,

for all the airplanes there represented Cp,, is there -

very approximately constant throughout the flying

range. The effective span loading has therefore been
defined as

_2W 48

M o (RBYTe “.8)

All symbols have been defined in Section II and in
the Summary of Notation.

The sinking speed then, due to the parasite loading,
is that due only to the effective parasite drag coeffi-
cient at Vi, and the sinking speed due to the effective
span loading is that due to the actual induced drag
plus that due to the variation in parasite drag which
is assumed proportional to C;?. The correction for
variation of parasite drag proportional to O is be-
lieved to be of excellent quality, as the variation is
small and, by reference to the polars in Figures 24a
and 24b, it may be seen that a correction proportional
to Cp? will leave a portion called effective parasite
drag coefficient, which will not vary appreciably with
angle of attack within the normal flying range.

’lhe efficiency factor ¢ may be determined from

eaieglata by the method described in Section VI.
#has been computed for a large number of
# Lhe range of va.lues suggested for use in

“tqble.
) TABLE III
VALUES OF ¢ FOR VARIOUS TYPES OF AIRPLANES
Use value of ¢
Type of airplane varying with | From— To—
‘‘cleanness”’
Flyingwing_.._._......__... 0.95 -1.00
Cantilever monoplane.___..._ .85 ~1.00
Semicantilever moaoplane.. .80 ~.95
Single bay biplane......_..._. .75 95
Multiple bay biplane......... h 90

Airplanes with normal fairing and cowling corres-
v .od to the mean values of ¢; airplanes with square
bodies, rectangular wings, little fairing, and with
otherwise poor aerodynamic form correspond to the
lower values of ¢; airplanes with exceptionally smooth
bodies, elliptical wings, and complete fairing corres-
pond to the upper values.

EFFECTIVE PARASITE COEFFICIENT

The effective parasite coefficient has been defined as
that portion of the total drag coefficient which remains
constant with angle of attack. From the preceding
paragraphs and Section 11, equation (2.8), we have, for
the relation between the effective parasife coefficient

0y, =D2]

273 4.9)

and from the definition or A, in equation (2. 11) of
Section II,
f_2wi
S—posxp' (4.10)

The value of A, may be computed fromn the observed
maximum velocity measured in flight test, hence the

)

over-all parasite drag coefﬁcientsmay be determined

by equation (4.10). The value of f ha.s thus been

calculated for a large number of au'planes from Army
flight test data and commercial test data that are
believed reliable. The results are plotted in Figure 25.

For performance estimation%, hence the equivalent

parasite area f, may he estimated from Figure 25 by
reference to the corresponding type of airplane.

The para.met.eréls the most useful in determining

the over-all cleanness of the airplane. Tt is interesting

to note that the parasite drag coefﬁcientgof a wing

alone has a value of approximately 0.01.

V. PERFORMANCE FORMULAS IN ENGINEERING UNITS
FOR AIRPLANES EQUIPPED WITH MODERN UNSU-
PERCHARGED ENGINES AND FIXED-PITCH METAL
PROPELLERS

The analysis of the general performance formulas
in Section II was carried through using physical
quantities and parameters, in order that application
to any consistent set of units might easily be made and
that the physical meaning of the parameters and equa-
tions might be emphasized. It is, however, much
more convenient for the designer and engineer to use
parameters which are simple ‘‘loadings’’ without extra
constants. For practical purposes it is also a great
advantage to have performance formulas and charts
expressed in terms of engineering units. Hence in this
section the performance formulas previously developed
are rewritten using engineering parameters and the
standard American engineering system of notation.
The expressions for 7, and T, developed in Section
IV are introduced into these formulas and, from a
numerical solution of the latter, engineering charts
are plotted for the important performance charac-
teristics. If sufficient data were at hand relative to
the functions T, and 7,, the general cases of super-
charged engines and of variable-pitch propellers might
be developed in the same manner.

A numerical discussion of the effects of down load
on the tail and inclination of the thrust axis is de-
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seribed and corrections for these effects are given
where necessary.

THE ENGINEERING PARAMETERS

The engineerino parameters are defined as:

=E (engmeermg) pa,ras1te loading ‘
l,= w W -, TP (engmeermrr) effective (5.2)
Te(kb)?: T 52 "* 2 " span loading(lb./sq.ft.) )
W W__ 4\ _ (engineering) thrust i
l‘—b.hpmnmat.hpm A “horsepower loading (5.3) .
(Ib./hp.)
iy _ Wifn  xAdip (engineering)
A=Tw I% “t.hpa%b2~ 2% A= major perform- (5.4)

ance parameter.
The performance characteristics are given in the
following units:
Vm
miles per hour.
C), —maximum rate of climb in feet per minute.
H —absolute ceiling in feet.
ft. 1b./sec.
A —-550= “bhp

THE FUNCTIONS T. AND T, FOR AIRPLANES OF TYPE 1

Airplanes classified here by type 1 are all airplanes
equipped with modern unsupercharged engines and
fixed-pitch metal propellers. Modern engines are
" those for which the brake horsepower may be assumed
to vary linearly with r. p. m. for r. p. m.’s lower than
the rated r. p. m.

It has been shown in Section IV, equations (4.4) and
(4.5), that for airplanes of type 1 the functions T, and
T, may be expressed in the form,

T,=R"™ (5.5)

where,
m=0.65 for BEST PERFORMANCE PROP. C,,=0.9
=0.61 for BEST PERFORMANCE PROP. C,,=1.2

=0.55 for BEST PERFORMANCE PROP. C’,mzl 6
=0.55 for PEAK EFFICIENCY PROP. all G,

and
¢—0.165

0.835
FUNDAMENTAL EQUATION- -OF PERFORMANCE

The fundamental equation of performance (2.22)
becomes in engineering units,

di 330001
=gy =200 [(TT«R R

-3 OllfL'V (1-¢*R ‘)] feet per minute  (5.7)

which gives for airplanes of type 1,

3,900 [1.193 (0 —0.165)0R, ™ — o?R,*
t 4

1l
~301av, 1~ "2R°‘):]'

T,= =1.198 (¢—0.165). (5.6)

l[Cn-

(5.7a)

—design maximum velocity at sea level in |
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The expression for A becomes from equation (2.26),

Ll ll,)
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Equation (5.8) is used to give the relation between

(1 0.332 (5.8)

A and i,l throughout the report and in developing the

charts. Equation (5.8) is plotted in Figure 30 (in the
curve marked STABLE WING SECTION).

Maximum velocity at sea level.—Equations (2.32)
and (2.33) become respectively,

Vm=52.é(lr:’)”(1 ~0.332 %‘l)“(m. p.h) (.9)

V Id,
.- Va

These expressions will be found plotted in Figures
29 and 30, respectively.

It should be noticed that the above equations are
exact only for the case of an airplane flyving at maxi-
mum velocity with no down load on the tail. An
airplane with a stable wing section may be said to
satisfy this condition. Unfortunately, as stable wing
sections have not as yet come into general use, the

and

Vo

52.8¢ (1 0.332 (5.10)

. case of an airplane flying with a normal, unstable wing

section must be investigated. Assuming a mean cen-
ter of gravity position of 0.33 chord, and a mean length
from center of gravity position to center of pressure
on the tail surface of 2.75 times the chord, the down

load on the tail was calculated for airplanes with -

various speed ranges. Assuming a mean aspect ratio
of the wing of 6, and an aspect ratio of the tail surface of

. 3, the effect of the calculated down load on the tail

has been applied to equations {5.9) and (5.10), and
the results plotted in Figure 30. The results are also
plotted in the supplementary curve in Figure 29.
The curve labeled ‘“Normal Wing Section’’ represents
the mean curve obtained in this manner from the in-
vestigation of 5 frequently used airfoils, namely:
Clark Y, Gottingen 387 and 398, and U. S. A. 27 and
35 B. (Airfoil data from reference 10.) The down
load on the tail causes an increase in induced drag,
which is accounted for by a change in [, at V.

An approximate solution of equation (5.9) is ob-
tained by expanding and retaining only the first two
terms. In the second term the substitution V',

52.8(5—:’)’4 is made.

V,.=52.s(f—"’)"—o.u 1, (m.p.h.).

(5.11)

This form has been given by Dr. Clark B. Millikan in
reference 1.

For an airplane with no down load on the tail,
equations (5.9) or (5.10) are to be used. For an
airplane with normal down load on the tail, the cor-
rection indicated on the curves in Figures 29 and 30
is to be used.
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Maximum velocity at altitude.—Expressing equation
(2.34) in engineering units, we obtain

1l T.,T,oR,,— R,

¢ <
[ =301 =t (5.12)
where
R Max. velocity at altitude V,,._
°m "~ Max. velocxt;y at sea level ~ V',

For airplanes of type 1, equation (5.12) becomes

1.198(¢—0.165)0R, "' —* R,
u' v l—t)r:R,": = (5.12a)

Equation (5.12a) is used in conjunction with equation
(5.8) to develop the chart given in Figure 31. The
three values of m from equation (5.5) are used.

Maximum rate of climb at altitude; speed for maxi-
mum rate of climb.—Equation (2.40) for speed ratio
for maximum rate of climb becomes,

=3.014

_ T T,

Il g oR,, (5.13)

W=3.014 1+303R':

where,
R _Speed for max. rate of climb at alt.s V.
ve Max. velocity at sea level Vo
The engineering equation for maximum rate of
) (0 41)) -
=% 0001[(1’ T, s R, — 'R, 0~

(1-R,) arigo e ft. per min (5.14)

3014V, P : '

For airplanes of type 1, the last two equations become

L - 1.198(0—0.165)612,3“ +30%R, 4
0,.=-33 000 1[1 198(c 0. 165)aR i
7R, I,
O.ZR 4 lIll -
[ —(l—a)R"’)s 014‘7 (014&)

Equations (5.13a) and (5.14a) are used in conjunction
with equation (5.8) to develop the chart for speed for

aximum rate of climb plotted in Figure 32, and the
chart for maximum rate of climb plotted in Figure 33.

The effects of down load on the tail and inclination
of the thrust axis have been investigated for various
types of airplanes ranging from heavy bombardment
to high-speed pursuit. It has been found that the
two effects are of opposite sign and within 1 or 2 per
cent o8 the same value. It is concluded, therefore,
that at the attitude of the airplane for maximum rate
of climb, the combined effects of down load on the
tail surface and inclination of the thrust axis may well
be neglected.

Maximum rate of climb at sea level is obviously
the special case of maximum rate of climb at altitude,
in which ¢=1 and T,=1.

!
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Absolute ceiling; speed at absolute ceiling.—The

relation between oz and R,y at absolute ceﬂmg,
equation (2.46), is unchanged,

| 2T,T,
‘ T,,T.(1+ 3 a,,zR,,;) + By G (1—” R,
~404R,,3=0 (5.15)

where
' Velocity at absolute ceiling

Big= Max. velocu',v at sea level

ocg=o at absolute ceiling.

For airplanes of type 1, this gives,
1.198 (¢ x—0.165) B, ;™ (1+304°R,,*) +1.198m

R, ,"(05—0.165) 1—oz'R,*)—4o xR, 2 =0.
(5.15a)

Equation (5.158), when solved by the trial and error
method, gives the relation between speed at absolute
ceiling and altitude. This solution has been per-
formed graphically in developing the charts by finding
the speed at which the high speed at altitude and speed
for maximum rate of climb at altitude intersect
This method is recommended. The results are given
in Figures 31 and 39.

The equation for lv',l—' at absolute ceiling becomes from

equation (2.47),

T.,TwsR,,— xR
%=3 014 =2 '1"_6:,R:’:, "B (5.16)
which gives for airplanes of type 1,
—_ m+i_ o 2 ]
l{f;=3.0141‘198("” O'i(fl”:%f; oa R’ (5.160)

The solutions of equation (5.15a), R,,, and oy,
when substituted in equation (5.16a), give an equation
which, when used in conjunction with equation (5.8),
gives the-absolute ceiliig as a function of A. This solu-
tion has been performed graphically, however, by find-
ing the value of A at which the maximum rate of climb
at any one altitude becomes zero. This method is
recommended. The results are plotted in Figure 34.

Service ceiling.—Service ceiling is found by putting
C»=100 in exactly the manner described in Section II.
The corresponding engineering equations and curves
are to be used, however, instead of the physical equa-
tions there referred to. For alrpla.nes of type 1, the
results are given in Flgure 34.

Time to climb.—In engineering units we have for the
time to climb, from equation (2.50),

hy 1
hll ‘Oh

This integration is carried out in the manner indi-
cated in Section II, except that the engineering equa-

T=1, dA. (5.17)
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tions, parameters, and charts are used. Results for
airplanes of type 1 are plotted in Figure 35.

PERFORMANCE VARIATION EQUATIONS AND CHARTS

The variation equations of Section III are essentially
unchanged, since they express percentage variations.
They may all be immediately transformed to engineer-
ing notation by the substitution of A for A’ according
to the relation :

A=158.94". (5.26)

This operation is quite obvious and the equations
will not be rewritten. Making this indicated sub-
stitution and obtaining the necessary constants for
the equations from the performance charts developed
in Section V, a set of variation charts has been con-
structed in Figure 37. These give the variation in
performance characteristics due to a 1 per cent change
in the various parameters for airplanes with type 1
propulsive units. The charts are based on the design
C,,=1.2, and may be regarded as representative for
all propeller settings since the propeller setting has a
negligible effect upon the variation of performance.

GENERAL REMARKS

The performance charts have been developed for the
following cases:

(1) BEST PERFORMANCE PROPELLER for
C,,=0.9, or J,=0.45; m=0.65. ;

(2) BEST PERFORMANCE PROPELLER for
C,,=1.2, or Jo=0.65; m=0.61.

(3) BEST PERFORMANCE PROPELLER for
C,,=1.6, or J,=0.85; m=0.55.

(4) PEAK EFFICIENCY PROPELLER for all
sms 81 Jm; m=0.55.

The cases indicated here have all been plotted
throughout the charts, forming families of three
curves. A single curve is used throughout for the
PEAK EFFICENCY SETTING, while for the BEST
PERFORMANCE PROPELLER interpolation must
be made for the proper value of C,,.

A curve has been plotted for the graphical determi-
nation of A explicitly from the parameters [,, [,,
and /,. The curve is found in Figure 28.

For convenience in determining the major per-
formance characteristic of an airplane (the maximum
velocity at sea level, maximum rate of climb at sea

level, and absolute ceiling) a combination chart giving

zV:l@, l. C,, and H as functions of A has been plotted in
e

C

Figure 36.

V1. PERFORMANCE DETERMINATION

For the aid of the designer, the method of deter-
mining the performance of an a.lrplane through the

use of the charts developed above is given in this

section. After a few applications, the designer may
discover alternative procedures which are more suita-

ble to his particular needs, but in general the methods

88258—32——4

| convenient.
i example is included. The use of the charts in deter-
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of using the charts will probably be similar to those
indicated below, which the author has found most
After the general outline, an illustrative

CIRCULATION OF AIRPLANE PERFORMANCE

mining the airplane characteristics (parameters), when
the performance is known or specified, is also shown.
This reversed solution of the charts is of considerable
interest. Examples of this process are given. Finally,
a problem on the change in performance caused by
changes in the parameters of the airplane is worked out.
GENERAL OUTLINE OF THE DETERMINATION OF THE PERFORM-
ANCE OF ANY AIRPLANE EQUIPPED WITH A MODERN UNSUPER-
CHARGED ENGINE AND A FIXED-PITCH METAL PROPELLER
The following data must be specified:
w —Weight (Ib.).
S —Total wing area (sq. ft.). (Wing areas
include portion cut out by fuselage.)
Airfoil section.

S, —Area of the longer wing (sq. ft.).

S, —Area of the shorter wing (sq. ft.).

b, —Span of longer wing (ft.).

by —Span of shorter wing (ft.)

a —Gap (ft.).

b. hpm —DBrake horsepower at Vp,,. (Rated b. hp.).

r. p. my—Revolutions per minute at V,, of propeller.
f —Equivalent parasite area (sq. ft.).

The equivalent parasite area f is found either by
estima.ting the total parasite dra.g coefficient or by
summing up the drag coefficients oi che va.nous pa.rts
of the airplane. ™y

(1) Estimation.—For performance estxmsmon é.-

hence f, may be estimated from Figure 25 by careful

| reference to the corresponding type of airplane, proper

allowance being made for irregularities of each par-
ticular design. For a normal airplane the estimation
can generally be made to within 20 per cent of the cor-
rect value, which leads to an accuracy of within 7, 2,
and 4 per cent in the calculated V,, C,, and H,
respectively.

(2) Summation.—The equivalent parasite area of
the airplane is found by summing up the individual
equivalent parasite areas of the various component
parts including the wing profile drag. For conserva-
tive design, an allowance for interference drag should
be made. This allowance is generally made by mul-
tiplying the result of the summation by a factor I
varying from 1.00 to 1.30 depending upon the type of

airplane. A table of suggested values is given here.
TABLE IV
| A .

| Interference factor I |

Type airplane ’
From— To—
Flying Wing oo icacecacaaan 1.00 1.10
Cantilave: monoplane.... ... 1.00 1.15

Semicantilever monoplane.. ———- 1.03 1,20 !
Single bay biplane. .. ..o .. 1.05 1.25
Multiple bay biplane..______.___._... 1.10 1.30

Data are found in references 5 and 11,
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The following constants and parameters of the |

airplane are then determined:

¢— Airplane efficiency factor.
1v.) '
k—Munk’s span factor (k=1 for monoplane).
Charts for the rapid soluntion of k are given in
reference 5, chapter 2.

W
=7
= W
= b

C,, — Coefficient C, at V.. Figure 26.
= — Propulsive efficiency at V.
These values are found thus:
Find C,,, from Figure 26.
Find %, from Figure 27, and suggestions in
Section IV.

Calculate [;=

Assume a Vigas.

_w
b.hpn 1.

From L find Viax from Figure 29.
3

If this V,, does not check the 17, originally
assumed, make a judicious choice of a new
V', and repeat the process until a check is
obtained. This is a rapidly converging
process. .

D —Propeller diameter(,\zpls found from C,, in

Figure 13, whence D from equation (4.2), Sec.
V).
W
bhpm ﬂn.

%
Ll (fig. 28.).

l‘=
A='lpT
W
=g
Crony

MAJOR PERFORMANCE CHARACTERISTICS FROM CHARTS

(Table VI, Sec. VII.)

All major performance characteristics are now ob-
tained by the use of the charts, from the parameters
Iy, Uy 1, A, Ly, and Cp,.. Interpolation for the
proper value of C,, is made in the case of the BEST
PERFORMANCE PROPELLER. No interpolation
is necessary for the PEAK EFFICIENCY DPRO-
PELLER. Performance is obtained as indicated
below:

Landing speed.—From Iy, C;,, in Figure 40.

Maximum velocity at sea level. —Froml

in Figure
A

29, or find }/l from A in Figure 30. \Whence V,. (If
1
tip speed is greater than 1,020 ft./sec. apply correction
factor to [, in ll l‘;m' and A here. ({(Reference8.) Do
t t

not apply in obtaining other performance.)

(Table III, Sec. |

- for the proper valueof C,
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Maximum velocity at altitude —-Find R
altitudes from A in Figure 31.

om AL Various
Then Vi, =R, V7

Speed for maximum rate of climb at any aititude.—
Find R, at various altitudes from A in Figure 32,

Then V,=R, .V,

Speed at absolute ceiling. —U'ind R,n from
Figure 31.

Then Vg=R.g} ..

Maximum rate of climb at any altitude.—I"ind /,(; at
various altitudes from A in Fignre 33, Whence (7.

Absolute ceiling.—From .\ in Figure 34.

Service ceiling.—From A and proper interpolation for
l, in Figure 34.

A oin

P

Timeto climb to any altitude.—Find l[ at various alti-

Whence 7.

Special performance problems suich as muximum

tudes from A in Figure 35.

L
17
speed for minimum power, and thrust horsepower re-
quired at any speed and altitude are found as described
in Section VII.

EXAMPLE: The processes described for finding
e, k, nm, C,,, and D are either quite well known or
direct; so these will be assumed given for brevity.
Given:

W =15,000 Ib. ¢=0.85
for a single
bay biplane.

S=400 sq. ft. k=1.13
b.hpe =500 Cy,=1.40
f=19.2 sq. ft. 7m=0.83
bl =43 ft.
Clark Y airfoil section.
Then
{,=260,1,=2.49,[,=12.05, A=10.8, [,=12.3
Crp,, =127
§—P=21.6, 1,1,=30.0.
¢
Propeller is set for Best Performance. Interpolating

on tne charts, we get by the -

. method described above:

i Level flight Climb
Standurd : T ;
altitude ! L ! T
Vel Ry | Ve R Ve oo Tlor
H . : T
- 1‘ ‘ - ; ‘
0] M42.0 ... ... 0,378 2.1, 14,000 | 1,168 @ 0
5,000 ... 0,072 1 138707 540  $3.3 ° 10,280 | 853 .42 5.1 °
10,000 ... ... L0383 0 132.5 [¢14%1 23.6 ; 6,850 568 1.02 12.3
15,000 'l L8720 12400 IR ~8.0: 3,300 290 - 2,05 24.7
20,000 . . 6396 " a9.¢ LS YLe i 300 J S
" Serv. ceil. |
18,300
i
: [
Abs. ceil. ‘ :
20, 1N oot I3 BN '

Landing speed=62.0m. p. h.




GENERAL FOLMULAS AND CHARTS FOR THE

DETERMINATION OF THF PARMETERS OF THE AIRPLANE WHAN |
THE PLURFORMANCE 1S KNOWN

When the three majnr performance churacteristies
of the airplane, maximuw veloeity at sea level, maxi- |
mum rate of elimb ut -en level, and absolute eeiling,
are known, the turec fanfamental parameiers of the
airplane, 1,, I, and 7. may readily be determined.
This determination zives » method of finding n,, €, and
f from flight test data.  The methnd given below was
used in finding the values of ¢ trom Army flight test |
data for approximately 50 airplanes. The summary
of the results is to be fonund in Table, TI1, Section IV.

\

Having given the flight test data for——
H — Absolute eoiline |
C,—Maximum ruate of elimb at sea level
17— Maximum velocity at sea level

and having given

W, kb, b. hpa, 1. p. my,

the parameters of the airplane are found in the follow-
ing manner: ‘
From b. hpg, r. p. Mn, and V, determine C,,°
from Figure 26. !
Interpolation for the proper value of C,, is then !
made throughout the following development
From Figure 34 obtain A.
From A in Figure 33 obtain l,C’h

“Whence [ o
From A in Figure 30 obtam i1 .l Whence [,.
H

From A, I,, and [,, obtain !, from Figure 28, or
better, from V,, and Figure 29 obta.mg
t
Whence [,.

The values of the parameters {,, {,, and [, actually
developed in flight test are thus known. From the
definitions of these parameters f, ¢, and 7,, are imme-
diately found. From equations (5.1), (5.2), and (5.3),

” |
=) 6.1)
-1 6.2)

AT ©3)

This process is very rapid, and gives much valuable :
information. {

EXAMPLE: Let us suppose that the airplane for '
which performance was calculated in the preceding
example has been flight tested with the following

results;
V,a=140.0 m. p. h.

C,=1,100 {t./min.
H=21000 (t,

W=15,0001b.
b.hpy, =500
r.p.my= 1,500

(kb)) =2,360
C,,=1.38

A}
Ry

From Fioure 34 =102

9

4

7

From TFigure 33, [,C,=14,250; [,=12.95; from
equation (6.3) 7,=0.77.

CIRCULATION OF AIRPLANE PERFORMANCE

-

From Figure 30, v}vl"‘=4.98; l,=2.18%; from equa-
vt
tion (6.1) e=0.97.

£=20.7; 1,=268; from equation

A

From Figure 29,
(6.2) f=18.7.
EXAMPLE: Let us now suppose that a performance

- specification has been given, and we are designing to
© meet it.
' Specifications:

V=140 m. p. h.
C,=1,100 ft./min.

H=21,000 ft.
Assumed from type airplane:
e=0.85
£=1.13
C,,=1.40
7,=0. 83

Exactly as in the precedmg problem, A, I, I,, and [,
are found,
=10.2
l,= 12.95; from equation (6.3) b.hpy, =0. 0930 1V
l,= 2.18; from equation (6.1) 5?*=0.423 W
l,=268; from equation (6.2) f=0.00374 W
The characteristics are now determined by an estima-
tion of the weight. If the design characteristics can not
be obtained with the estimated weight, the latter must
be reestimated until the dimensions and weight are

compatible. If the final weight is
W=5,000 1b. then, b.hpm—465
b,2=2,110 b, =46.0 ft.
f= 18. sq. ft.

DETERMINATION OF THE VARIATION OF PERFORMANCE OF THE
AIRPLANE DUE TO A CHANGE IN ITS PARAMETERS

For airplanes equipped with modern unsupercharged
engines and fixed-pitch metal propellers the variations
of performance characteristics are readily determined
from Figure 37. The chart is based upon equations
that have been developed in Sections IIT and V.

The chart shows the percentage variation in the
major performance characteristics due to a 1 per cent
increase in each of the fundamental parameters:

t.bpm=b.hpm.1a
be=e"(kb,)
f
W

The rates of variation are functions of the major
parameter A, hence A must be known. For reasonably
small changes in a parameter the change in perform-
ance is given by merely multiplying the variation due
to 1 per cent by the percentage change in the param-
eter. In general, for changes larger than 10 per cent
the average rate of variation should be used, since 4§,
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and hence the rate, varies considerably. The average
percentage change in parameter should also be used.
EXAMPLE: Consider the preceding problem of
design to meet specification:
Specification:
Ve=140.0
C,=1100
H=21,000 :
Required characteristics:
W=5,000
b.hpy =465
F=18.6
by =46.0
As before, A=10.2.
From Figure 37:

Percentage variation of performanee due to 1 per
Parameter cent increase in pamma
varied

Ve (2 H Tiee Thome

t.hpm 0. 385 1.30 0.65 -1 4 -1.55
b, 045 .50 .95 -. 58 -85 .
&’ -.340 —10 | -.15 .10 .18
—. (45 -~1.50 -.95 1.55 1.85 ;

Suppose that after the airplane were in the assembly
line it became evident that it would be 250 pounds
overwelght but a change in engine were possible at 2
RS R horsepower. What brake horsepower is
0 meet minimum over-all specification?
Bable it 13 seen that the relative effect of a
g weight to a change in horsepower is the
Irextestdll the case of absolute ceiling; so this will be
the cnterlon

Ab.hp, Ab.hpa X 2)
100(0.05 465 T+ (—0.95) =5
250
+100(—0.95) £oor =0

(0.140 —0.038)Ab.hpy =4.75
Ab.hpy, = +46.5 (10.0 per cent change)
W=250+2(46.5)= +343 (6.S6 per cent change)
Resulting characteristics:
W=15343
b.hpm =512
F=186
Resulting performance:
H=21,000

C,=1100+1100(1.30X0.10—1.50 X 0.0686) = 1100 +
30=1130

Vn=140.0+140.0(0.365 X 0.10— 0.045 X 0.0686) =
140.0+4.7=144.7

It is notable and fortunate that the equivalent par-
asite area f has the least over-all effect on airplane
performance. For the airplane just considered a 10

per cent error in the estimated parasite area would
result in errors of 3.40, 1.0, and 1.5 per cent in V,,
C,, and H, respectively. A 10 per cent change in any
of the parameters, b,, t.hpn, and W, would cause at
least a 10 per cent change in ~one characteristic of
performance,

THE ENGINEERING SIGNIFICANCE OF PARAMETER A

The parameter A may well be called the major (or
characteristic) parameter of airplane performance,
for A appears as the abcissa of all performance charts
developed in this report, and occurs insistently in the
algebraic formulas. For the modern unsupercharged
engine for which the charts are developed, it may be
seen by reference to Figures 33 and 34 that for a value
of A of about 70, the absolute ceiling of the airplane
considered is at sea level. For values of A greater
than 70, the machine under consideration can hardly
be called an airplane, for it would have an absolute
ceiling below sea level. Parameter A is thus seen to
be a critical parameter, peculiarly characteristic of an
airplane, setting the critical limit at which a machine
may be classed as an airplane. The absolute ceiling
of an airplane is a function of A alone. The speed
ratios for maximum speed at altitude, for the best
climb, tor absolute ceiling, and I, times maximum rate
of climb, time to climb divided by {,, and maximum
velocity divided by I,/ are each functions of A. It is
on the basis furnished by A that the formulas and
charts have been developed.

The parameter A is a function of the primary pa-

~ rameters of the airplane, for

11 Wy s
AR T X T

All symbols have been defined in Section V and in th.
Summary of Notation.

Parameter A may be shown to be a combination of
several familiar parameters by the proper grouping of
the terms in equation (6.4). As a physical conception
of A is more easily attained by such a grouping, the
following forms are given:

(t hpm><e(kb)2)(t hp,,,> x lJ, ~ (approx.). (6.5)

It will be noted that the first term in the group is the
thrust horsepower loading, the second is the efective
span loading, and the third term is approximately in-
versely proportional to the maximum velocity at sea
level by equation (5.8). In still another form,

A= (t hpm) <e(}:‘br)‘)%<e(lcb)zyé Ml:

mnx

(6.4)

(6.6)

The terms here are the thrust horsepower loading to
the four-thirds power, the effective span loading to the
two-thirds power, and the equivalent parasite area per
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unit of effective span squared to the one-third power.
The last term is inversely proportional to the two-
thirds power of the maximum lift/drag ratio by equa-
tion (7.7).

All airplanes of similar type have values of A in the
same range, the ranges for modern airplanes being
approximately:

TABLE V
Type airplane Afrom— | To— “
4 11 !
7 14
10 19
10 20
15 30

Commercial types lie in their respective places.
VII. SPECIAL PERFORMANCE PROBLEMS

The cases considered in this section are mainly
problems dealing with the thrust horsepower required
equation, i. e., the equation for sinking speed w,.
The general results are quite well known, but are here
discussed in the light of the preceding analysis, and
employing the parameters of this report. The results
are presented in convenient chart form. Where data
are needed only full-scale data are presented. The
parameters [,, [, and [, are defined here as in Section
V, equations (5.1), (5.2), and (5.3). ~

LANDING SPEED

The problem of landing speed of airplanes is one
concerning a great number of variables, most of which
can not be included in a theoretical analysis. Some
factors which might be mentioned are: Piloting, con-
trol of airplane at low speeds, wing form, rigging,
ground effect, interference between wings, body,
struts, and so on ad infinitum. It is believed that the
best method of taking these effects into general con-
sideration is to calculate the maximum lift coefficient
from reliable full-scale flight tests, and to classify
these results for any one airfoil as regards type of
airplane: Biplane, high wing monoplane, low wing
monoplane, etc. The results of the investigation of
a number of airplanes are given in the Table VI.
(References 12 and 13.)

The landing speed is determined by use of the

- 2quation,
V= \/p;01x=29 0 Jd(}l:mnx (ft./sec.) (7.1)
V,=19.78 (7.2)
where,

V,.—landing speed
ClLye, —Mmaximum lift coefficient
S—wing area (sq. ft.) including portion cut out
by fuselage
— wing loading = W/S.

i

29

A chart giving V, at sea level as a function of I, and
Cpp,.. 18 Plotted in Figure 40. The use of maximum lift
coefficient values from the Table VI for the solution
of V, should produce satisfactory results. Only airfoil
sections for which flight test data are available are
included in the Table. The chart may obviously be
used with any data, but only flight test data reduced
by the chart or equation (7.2) or full-scale Reynolds
Number wind tunnel data may be expected to give
satisfactory results.

TABLE VI.—-MAXIMUM LIFT COEFFICIENTS FOR
SEVERAL AIRPLANES

|
: Flight test maximum lift coefcient

i ]
Airfoil section i Monoplane ‘ Biplane
| ] i ‘
| | High Low | Single | | Multi-
' | wing wing : | bay | ple bay
i — _— —
i Aeromarine 2A........ [P P NN 1 L17 !

Albatross

N=number of alrplanes averaged.

MAXIMUM LIFT/DRAG RATIO; SPEED FOR MAXIMUM LIFT/DRAG
RATIO

From equation (2.5) we get,

D _w,

W v

Substituting for w, in equation (7.3) from equation

(2.12), using engineering units, and noting that in
horizontal flight W= L,

D

L
The speed at which maximum lift/drag ratio occurs is

7.3)

L1,

=0 002558l V?+124. 47 V“Vi.nm.p. h.). (7.4)

obtained by differentiating g with respect to velomty
and equating to zero.

1
V3

D -
d“?(i)‘o'(m“ﬁﬁ V—248.8 0. (7.5)

Whence,

Vio=14.85 X2 mpn). (7.6)

Equation (7.6) is the expression for the velocity at

which maximum g occurs. Substituting equation

(7.6) into equation (7.4), inverting, and solving for 1—1);

which is now the maximum value for the ratio, we get
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)

L I\ . -

E)m“=0'886<ﬁ) * (l

Charts have been plotted for equations (7.7) and
(7.6) which give (%) and velocity at (%) explic-

.itly in terms of {, and !,. These charts are found in
“Figures 41 and 42, respectively.

The value of (%) is of particular interest in deter-

mining the general ‘‘cleanness of design” of an air-
plane, the minimum gliding angle, and the maximum
range. The airplane will necessarily fly at approxi-

mately the speed for maximum I—L) where maximum
range is desired. Knowing (%) and the speed for

maximum I—‘g, the thrust horsepower required is readily

determined.
Dividing I, by V., from equation (7 6) we obtain,
Il
V. =0.0673 (A)” (7.8)
W may thus be expressed as a functlon of A. This

Vo

dogous to that for-lVi', hence the ratio

£ ¥ » is & function of A. This speed
@ L

atio- for- memimum 4
'g.«u—“ 'P’g" B ﬁ
3“"""(15“!5(% phymcafpuraﬁleter, A=158.9 A’) in Section II,

Figure 4.

has been plotted against A’

m

SPEED FOR MINIMUM POWER

v =0
Differentiating equation (2.12) with respect to V,

equating to zero, and using engineering units we have,

The condition for minimum power is

dw, _ l 1 _
- 2;m=0. (1.9)
Whence,
(2 l.)
VMp=11 28 —7— (m Pp- h.). (7.10)

Equation (7.10) is the expression for speed for minimum
thrust horsepower required, assuming equation (2.12)
for w, to be valid at this speed. This assumption is
seldom justified, since it has been found from an investi-
gation of more than 50 airplanes that in most cases
the speed determined from equation (7.10) is lower
than the stalling speed by several per cent. In these
cases the speed for minimum power is primarily a
function of the stalling speed, since the rapid increase
of drag at stalling speed has here caused the slope of
the w, curve to become zero.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

From an investigation of Army flight test data and
flight test polars (Figs. 24 a and 24 b) it has been
found that the speed for minimum power generally
occurs within 5 per cent of a value of 1.08 times the
stalling speed. It is concluded therefore that the fol-
lowing method is to be used in determining Vyp (speed
for minimum power):

Find

Vur by equation (7.10), if Vp=1.08V, (7.11)

or
Vur=1.08 V,, if Ve (equation (7.10))=<1.08V,.

A chart is included for finding Vi by equation
(7.10). By comparison of equations (7.10) and (7.6)
it is readily seen that -

VMP =(0.760 ‘;LD‘

Speed for minimum power according to equation (7.10)
is found from an additional scale on Figure 42.
Dividing 1,¢; by Vur equation (7.10) gives,

Ll
Ve

(7.12)

=(.0886 (A)*. (7.13)

We have then L as a function of A and hence the
P

ratio l{;ﬁ—’f is a function of A. This speed ratio for
m

minimum power has been plotted against the physical
parameter A’ in Figure 4, Section II.

THRUST HORSEPOWER REQUIRED AT ANY SPEED AND ANY
ALTITUDE

The two terms of equation (2.12) have been sep-
arated and the sinking speed due to each term plotted
as indicated below.

Writing:

w,=w,,+w,, ft./sec. (7.14)
where,

w,,—sinking speed due to parasite loading
fw,,—smkmg speed due to effective span loading

equation (2.12) gives, upon transformation to engi-
neering units,
(Vinm. p.h.)

1, =0. 003751 7 I V3 ft./sec. (7.15)

and,

=182, 5l 1 ft fsec. (Vinm.p.h.) (7.16)
Equations (7.15) and (7.16) have been plotted in Fig-

ures 43 and 44, respectively, from which w,, and w,,
may be found explicitly in terms of {,, {,, and V for any
altitude.

Thrust horsepower required at any velocity, and the
thrust horsepower required curve for any airplane at
any altitude are now readily determined by the use of
these charts, and the relation,

|i4

t. hp, = (w,, +w,,) 550" (7.17)
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The thrust horsepower required at cruising speed at

any altitude is easily determined. To a first and good
approximation the propuisive efficiency in throttled .

level flight at speeds near the maximum velocity may
be taken equal to the propulsive efficiency at maxi-

,mum velocity. The brake horsepower required is :

thus determined.
VIiII. CONCLUSION

General algebraic performance formulas have been
developed which are based on the induced drag view-
point of performance. By the incorporation of data
applying to any general type of propulsive unit,
formules and charts may be obtained which apply to
all airplanes equipped with the same type of propulsive
unit.
variable-pitch propeller data may be incorporated
when satisfactory data are available.

Formulas and charts have been developed which
may be used to determine the performance character-
istics of all airplanes equipped with modern unsuper-
charged engines and fixed-pitch metal propellers. The
use of these charts is very rapid, and they produce
results of good accuracy, generally within 5 per cent
of flight test data.

These same charts may be used to reduce flight test
data and obtain the actual airplane patameters.

The equations, and hence the charts developed, are
expressed in terms of the three engineering parameters
of the airplane: {,, the parasite loading; {,, the effective
span loading; and [,, the thrust horsepower loading.
A new parameter of fundamental importance A-=lll ;
is revealed by the formulas, and is used as the abeissa
of the performance charts. A may be called the major
(or characteristic) parameter of airplane performance.

The dependence of performance upon each parameter
is readily seen from the charts developed. The effect
of varying any characteristic of the airplane is imme-
diately determined.

The propeller set to give best maximum velocity at
sea level produces also the best maximum rate of
climb. This is called the “BEST PERFORMANCE
PROPELLER.”

The variation of parasite drag with angle of attack,
and the increase in induced drag over the minimum
case of a wing with elliptical lift distribution may well
be included in a correction proportional to C.?, which
introduces e, the “airplane efficiency factor.”

Consequently supercharged engine data and
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DaNIEL GUGGENHEIM GRALUATL SCHOOL OF AERO-
NAUTICS,
Cavrroryia INsTiTUTE OoF TECHNOLOGY,
Pasaprna, Cavir., April 27, 1931.

CIRCULATION OF AIRPLANE P'LILrORMANCE

SUMMARY OF NOTATION
ENGINEERING

Subscript m denotes at desiyn mazimum velocity (sea
level).

Subscript A denotes at altitude.

Subscript o denotes at sea level.

miles per hour in performance
1% —velocity{ charts.
feet per second in propeller charts.

V, —landing speed.
Ve —velocity for minimum power vequired

(m. p. h.).
Vip  —velocity for maximum lift/drag rvatio

(m. p. h.). .
Vi —design maximum velocity at sea level

(m. p. h.).
R,, maximum velocity at altitude .

" maximum velocity at sea level
R,, _ velocity for maximum rate of climb
maximum velocity at sea level
R, veloclty at absolute ceiling
maximum velocity at sea leyn§;

¢ — maximum rate of climb (ft..
H —absolute ceiling (feet).
H, —service ceiling (feet).
T —minimum time required to climb%"

(minutes).
(ZI:)) —maximum lift/drag ratio.

W, —sinking speed due to effertiye parasite drag
(ft. per second).

w,, —sinking speed due to effective induced drag
(ft. per second).

b. hp —brake horsepower.

t. hp, —thrust horsepower available.
t. hp, — thrust horsepower required.
r. p. m.—revolutions per minute.

N —revolutions per second.
] — propulsive efficiency.
0 _0.638 V(m.p.h.)
fo b.hp* r.p.m.»
¢, —lift coeflicient.
(., —maximum lift coeflicient (at landing speed).
Cpo —drag coeflicient.
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Cp,, —effective parasite drag coefficient.

Cp,, —effective induced drug coeflicient.

W —weight (pounds).

f —equivalent parasitc area (sq. ft.); by defining
equation, f=C5p .5

e —airplane efficiency factor {Sec. IV),

k —Munk’s span factor.

by —largest individual span of wing cellule.

b, —e* (kb)) = effective span.

S —wing area including portion cut out by fuse-
lage (sq. ft.).

lw=%—ﬁng loading (b./sq. ft.)

ly= I}: — parasite loading (1b./sq. ft.)

l,=7§1§—eﬂ'ective span loading (Ib./sq. ft.)

= E;%——— thrust horsepower loading (Ib./hp.)

I]5 .
A= l‘—{é —major performance parameter
p

L

PHYSICAL

V,—ideal minimum velocity
A—horsepower conversion factor (550 in American
system, 75 in metric system)
po=0.002378 (th , ft., sec. system)=mass density of
* standard air at sea level. ‘

- .2 '
k,=p—l,=841.0 l, (ft., Ib., sec. system)
R

>\,=£-l,=267.7 I, (ft., Ib., sec. system)

)\,=}1l,=0.001818 {, (ft., Ib., sec. system)

A

A
A7

=0.006293 A (ft., Ib., sec. system)

'
i

'

|
|
f
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Fi6URE 36.—Combination chart giving E:l-':’ & C., and H as functions of A
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2 4
lu=W/S (b /sq. f1.)
a3 a function of wing loading, le
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Altitude, rt.
FIGURE 45.
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