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SUMMARY

In the present report submitted to the National Advisory
Committee for Aeronautics for publication the general
formulas for the determination of all major airplane per-
formance characteristics are developed. A rigorousanaly-
818 18 used, making no assumption regarding the attitude
of the airplane at which mazimum rate of climb occurs,
but finding the attitude at which the excess thrust horse-
power 18 Mmaximum.

The characteristics of performance are given in terms of
the three fundamenial parameters Ny, A, and A, or their
engineering alternatives l,, l,, and l,, where

A\, &< l,=parasite loading
A\ < 1, =effective span loading
A\, o« l,=thrust horsepower loading

These combine into a new parameter of fundamenial
importance which has the alternative forms:

vt
Mo A= l,l I
»

A correction 18 made for the variation of parasite re-
sistance with angle of aftack and for the nonelliptical wing
loading by including in the induced drag term a factor e,
called the “ airplane efficiency factor.”” The correction 1s
thus assumed proportional to C2.

A comprehensive study of full-scale data for use in the
formulas 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 is, in general, equal or superior to re-
sults obtained by present commonly used methods.

L INTRODUCTION

The present report was started upon the suggestion
of Mr. Arthur E. Raymond, assistant chief engineer of
the Douglas Aircraft Corporation and professor of air-
plane design at the California Institute of Technology,

t

that a rapid algebraic or chart method of performance
estimation 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.

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 are
general formulas. Thé calculation and construction
of charts for any general type of engine or propeller
requires considerable labor; however, once the series
of charts has been constructed, the calculation 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 may, 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 a
propeller is made easy by the use of the charts. Maxi-
mum velocity depends upon propulsive efficiency,
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which in turn depends upon maximum velocity. This
cyclic process is rapidly solved by means of the charts.

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

The general performance formulas have been
developed in Sections II and III in terms of the
physical parameters A, 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
meake use of the engineering parameters l,, I, I,
and A.

The method of performance determination is out-
lined in Sections VI and VII. Charts for the complete
calculation 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 VIIL 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 opportunity to
express his appreciation of the many helpful suggestions
and comments furnished by the members of the staff
of the Guggenheim Graduate School of Aeronautics,
at the California Institute of Technology. In addi-
tion, he expresses his gratitude to the Army Air
Corps for data furnished, and to others who have

given valuable aid in the preparation of this report. '

The author wishes particularly to express his apprecia-
tion of the contribution to the veport in Section IT B
furnished by Dr. Clark B. Millikan.

II. GENERAL ALGEBRAIC PERFORMANCE FORMULAS

A. DEVELOPMENT OF THE FUNDAMENTAL PERFORMANCE
EQUATION

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

_(t-hps t hp, ) @.1)

dt
where,
h=altitude
t=time
t.hp, = thrust horsepower available
t.hp, =thrust horsepower required
W=weight
A=horsepower conversion factor; 5650 in Ameri-
can units and 75 in metric units. :

wh=A%5&‘=-“rising speed”’ 2.2)
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w,=A%&= “ginking speed” (2.3)
then equation (2.1) takes the form,
((11?=w,, — W, (2.4)

The maximum horizontal velo'city occurs ab g?b-'=0
maximum rate of climb at maximum g—t]!’; absolute
ceiling at maximum ‘-;;—L-uo, ete.

Splitting up the drag into two terms in accordance

with the Prandtl wing theory,
D, , D,
=-—=-(W+ w)V (2.5)
where,
D=total drag

D,=parasite drag (that portion of drag whose coeffi-
cient is constant)

D, =-effective induced drag (that portion of drag whose
coefficient is proportlons.l to Or%)

V=velocity

O =lift coeflicient.

From the Prandtl wing theory,

LZ

D= wgb2?

(2.6)
where,
L=lift
p=mass density of air
1
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 2154
ﬁ“ ﬂ'pTﬁb." (2-7)
Defining f as the equivalent parasite area:
Dy=gf =5 pV’ff (2.8)
D
Dt Zvn 2.9)

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 Americean definition of f by the factor
1.28. In the American definition fis called the ‘‘equiv-
alent flat plate area’ and is defined by the equation
D,=1.28¢f.

The sinking speed becomes then,

2W 1

w0, =5 L 74 + 205 2.10)
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It has generally been customary to define b, as the
equivalent monoplane span kb, where & 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 ‘C%.
There is actually an increase in drag over this ideal
condition caused by interference, variation of parasite,
and nonelliptical lift distribution. It has been found
that the additional drag may’ well be represented by
a correction proportional to Cz2. 'The correction may,
therefore, be included in the induced drag term by
introducing therein a factor e, which is called the
“airplane efficiency factor.” .Hence, we define,

b’ =e(kb)?

where, e=agairplane efficiency factor

k=Munk’s span factor -

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

2w 1

et
w,=3 WV3
Writing a=;&=relative air density, where p,=
standard air density at sea level, and defining,

k,=% o« paragite loading 2.11)
2 w2

A L

X oc effective span loading (2.11a)

so that both A, and A, have the dimensions of (ve-
locity)?, we have from (2.10a),

V” 1)\,

W= )\'p

(2.12)

If we similarly define,

1w 1w thrust horsepower
M= bhpmrm A Thpn & loading, (2.13)

where,

Vm=design maximum velocity at sea level
b.hp, =brake horsepower at V,(c=1)
1n=propulsive efficiency at V,,
t.hpy, = thrust horsepower at V,

Then,
_ . thp, _1thps(at V, o)
Wy = APt t.hpm (2.14)
or,
wamy T.T, (2.15)
H
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where,

T _t.hp, at velocity V

t.hp. at Vi,

(at sea lovel)
=Tfunction of TT;;

t.hp, at altitude

Lo t.hp at sea level (at constant velocity V)

=funection of ¢« and T}-’—
Substituting equations (2.12) and (2.15) in (2.4) we
get,

dh 1 V3 12,
o VA vk 7

Since the propulsive unit characteristics T, and T,

(2.16)

are expressed in terms of —Tg—’ Va will be introduced

explicitly in equation (2.16). Defining,

L4 .
R .=%—=dimensionl%s speed ratio, (2.17)
we have,
dh 1 Vo 1 A,
E-‘-")T‘ T,;T O'R 3= )‘p -R—TT (2'18)

In order to bring out the physical basis of this equa-
tion we note that %I=AE%I7)‘-“=the speed at which the

airplane would rise if the thrust horsepower required
for horizontal flight were zero. The entire t.hp, would
then be used in lifting the airplane vertically at a speed

we might well call the ‘“design rising speed”=<g%z'> .

. d

The symbols )\l and (%—th dWi]l be used interchangeably
t

throughout this section. It is obvious that the actual

rate of climb will depend very markedly on (g—?')d, 80

it is natural to write the latter as a multiplicative factor
In this Way we obtain,

( >J:TT —oR# “‘Vs 1 ""‘ ](219
dh 1
(dt — 2.20

In thls form, the fundamental performance equatio
contains three design parametaers,

di _1 My A
(dt),, M Ay V', and 57~

This is the same number with which we began (A, A,
A1), so that no obvious simplification has as yet been
attained. However, the explicit use of V, and the
dimensionless speed ratio B, 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,

dh
0'='R T T =] a.nd E_O
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Equation (2.19) then gives,

;L: Vo=1-Rg 2.21)
Substituting this into equation (2.19) we obtain,
h_ [(T T,~ R+ (UR L)AL (209
Furthermore, from (2.21),
A
Va= }\ s (1 : (2.23)
or,
Nehe
8 ;‘
= (1- ) (2.24)
g l
/
6 /'
s /
oF
Ny 4
<
% //
3
4
/
2 // 4
S
o ./ 2 3 - 5
A'
Fi1GURE 1. 7\;,}_‘.'asafunctionotA’—)‘)::\T‘m
Now defining,
A= *{*;‘ (2.25)
Equation (2.24) gives,
34

The Telation between the dimensionless design
parameters A’ and —T"_ given by this equation has

been plotted in Figure 1 and is used continually in the
later calculations.

The fundamental performance equation (2.16)
has thus been materially simplified since, in the form
given in (2.22), it contains only the two parameters

)‘l ( A’ Ay » and the latter is given by equation
(2.26) as a deﬁmte function of the fundamental design
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parameter A’. In schematic form, and employing
equation (2.26), we may vewrite the fundamental
performance equation (2.22) as,

dh_
Q- )\
(function (3) of o, .

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-
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 ansalytical
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
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.

[(function(;) of ¢, B;)+
R,) (function of A’)]

(2.27)

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
of what we shall call an ‘“ideal airplane.” This

1 This section (II B) was contributed by Dr. O. B. Millikan, of the Oallfornia
Institute of Technology, acronautics 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 IT A, remains always constant and
that the lift coefficient has 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.hpm.
The power-available and power-required curves for a
normal airplane and for the corresponding ideal air-
plane are indicated in Figure 2.
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A’ and T'i may be calculated numerically from equa-

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,
A= T,T/“’ aﬁproxima.tely. (2.30)

The significance of the parameter A’ is now apparent,
It determines uniquely the ‘‘ideal speed ratio’ of an
airplane and for normsal planes is very nearly equal 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 P
level horizontal flight of such an airplane, de- | H . /
noting the velocity for horizontal flight by V,.! | 1., if T, = 10O A /
The conditions are, i\ Actual 1.hp, {assum,ng T ! Rva.a:l}/ B / i

dh ;- v A Lt i
0’=Ta=Tv='1:"d_f=0; T”"RvVﬂ=Vh- ) ..: \ ;:;'é/cf//;ogr )/ ) / )
. Q E burbling / ]
Introducing these into the fundamental per- <200 L // . :
formance equation (2.19) we obtain an equation (~ ' s / '
exactly analogous to (2.26), i. e., o3 ' \ [P '
8 : 7 :
Ar=dehe (1—?‘-’—) (228) HA I Tofal thoy/| :
) . < E \ I"Acr'ua/ thp, // / i
For simplicity in wntmg we may express this § . v E
in the form, S /00 : i\ | /4 H
A & v \‘A |1 // l;orag:fe 2hpe|
= - 13, =D l. 2 ] — ) 2 U = O :
A’=T(1—T)"; I = (2.29) o — // Spar -
For & given A’ this is a fourth degree expression : T~ /\ i
for T which is plotted in Figure 3 for positive // ~t—] :
values of T and A’. There are two real and ' Induced thp. | T —T—
two complex roots of this expression for the ; - "Pr °°"|f o
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's) is obviously given by ¢, ,
Ny .
Lo= Vo
V satisfying the sea 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
Ak
V,
the minimum value of V for the sea level horizontal
flight of the ideal airplane defined by the design para-
meter A,/. The velocity of V, is indicated in Figure 2
and may be called the ‘‘ideal minimum speed.” The

ratio of the two roots is I‘—w—%]- nd will be called
“‘jdeal speed ratio.” From Figure 3 it is obvious that
to every permissible value of A’ there is a definite
value of the ideal speed ratio. The relation between

1In this gection (II B) the subscript & represents horizontal flight and does not
follow the convention given in the Summary of Notations.

149900—33——12

since it corresponds to the largest value of

two roots may be written as I'p=

where V, is

Velocity, mp.h.

FIGURE 2.—Power curves for a normal airplane and its assoclated “{deal afrplane.’”” Assumed-gir-
plane characteristics: A,=250,000; A,=800; A;=0.025; A’=0.0523; W=4,000 Ib.; S=400 sq. ft.;
=145

very instructive to draw a series of actual and ““ideal”’
power curves in which the span, parasite, and thrust
horsepower loadings are varied individually. This
procedure hrings out very clearly the manner in which
the various loadings affect the ideal speed ratio, and
brings out the qualitetive relation between 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 VIT)
that,

)\; A

A Ne
Var V

= (3A%) ¥ an = (A"%) ¥ (2.31)

where Vyp=velocity for minimum power required
and Vip=velocity for maximum L/D. But since
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)‘I’,)" is a definite function of A’, it follows that Igip
and —I%,L—D are also definite functions of A’. These

relations have been calculated numerically and the
results included in Figure 4. Itis worthy ‘of note that
for A’=0.4725 the velocity for minimum power re-

quired (Vae), the ideal minimum velocity (V,), |

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

.5
Y
Anl=04725- | ] \\
- \
Aoy
/| { L, = ";&:‘* ~ \
.3 7 <
~<
< /
s VAR
<. 7 =
/ -
/ ©
N /
o 2 < & .8 1o

F1GURE 3.—Plot of the fourth degree relation connecting A’ and T'

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 1mportant
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,

V,um@i)%(l J‘—ﬁ};‘)’é (2.32)
(- (2.33)
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Equation (2.33) is plotted in Figure 1. This figure
A,

is used in obtaining A’ from T—throughout the report,
since the equations to be developed express perform-

?\.M

ance in terms of <7 and it is more desirable that the

final results be glven in terms of A’.
Maximum velocity at altitude.—The condition for

maximum velocity at altitude is %’:=0 Introducing
this condition équation (2.22) gives,
MA: TeTooByn—d® Ry,
v, "~ I—F R, ¢

m

(2.34)

7
Vio
1.0~ Renge of ' Ve ’7/
«—normal — / /I
|__cirplone | // //
g i P = Ve ///
e i >
2 pd
> & < /
) e %
A/ A A
(A | ¢ %]
/ i
o e
o. 4 -2 A .3 g 5

FIGURE 4.—Important speed ratlos as funoctions of A/, Vwe=deslgn
maximum velocity; Ve=ideal minimum velocity; Var=veloclty for

minimumpower required; ¥V, =velocity for maximum ‘%- L-
ideal speed ratio
where,

V maximum at altitude Vam A,

B o= ¥ maximum at sea level

(2.35)

m

Substituting equation (2.34) in equation (2.26), we get,

T. Ty o Ry,—d* B,
- B, 1

’

=

(2.38)

T.T.,s R,,—c* R,,,4>%.
- I—P R, *

Equation (2.36) is the general formula for A’ in
terms of ¢ and RB,,. The substitution indicated for
obtaining equation (2.36) from (2.34) is readily per-
formed graphically from Figure 1, which gives A’ as a

%Y

function o V.
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It is seen then, that for any general type of airplens,
i. e., for any specific functions T, and T,, R, _ 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 T, 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 olimb.—The speed at which maximum rate

of climb oceurs is obtained by differentiating % with

7.0

[e——— I Seal VG/j
N, \ | °
\ \‘\e,ooo 4
.8
\T Yg 000, 1.
hzo,ooa 1t
.6
R,
4
.2
0 J 2 N .3 4 5

FIGURE 5.—Rw,, a5 a function of A’ and altitude (o)

respect to B, 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 B, and equating to zero,

_R"dt N [(a

-%.l‘- —O'I% 2—30R,°2>:|=0

b [T om
O'Rva 1 az?l ¢

)\,)\;

—30R, 2
2.37)

.3—3&12.;)
(2.38)

(1 +34°R, )] =0
where,

R = Speed for maximum climb at any altitude
(}

Ch Maximum velocity at sea level

0T T, _0(T,.T,)
OR,, OR,

at R,, (¢ constant) (2.39)
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whence,
22 T T,
A, —oB S, P3O R  (240)
Ve T3 E "

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

A Oh“a_lRT[(T“ T, oR,,— o8 R, 4)—

[}

—¢R,? abTRT+3 "2 gany
(1~a* B f 173 S &, K '

where, (' =maximum rate of climb.

1.0 /
e
8 O'f"-—7{{
{“- 000 \[6"’
sz/ s
N7
: =
n A
-4
2
0 Az 2 o3 - 5
N
FIGURE 6.—R-,mafunction of A’ and altitude (o)
—o R, DDTRT+3 o R, 4
A= (2.42)
173 AR,
—oR,3 0T T+3aﬂR A
. 3 K,
173 S B,

The substitution of the equa.non (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\; U, 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 E, and A; U, 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.
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Mazximum rate of climb at sea level is the special
case of maximum rate of climb at altitude for which
o=1and T,=1. The general 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 oeiling; speed at absolute celhng —At
absolute ceiling, the maximum rate of climb is zero.
Therefore, putting C»=0 in equation (2.41), we get,

1— O’HR
T.T, ‘THRlH_U'H Rv =

(2.43)
1 + 30’5 R 4
20T,
UERgE bR + 3 R.
.5 A
4
N\
N
\ @
.3 %’,o
S
‘LN \,
2 % \
N A?
©_| s N
(=) 0
d %-k \ \
AN N
\\
0 J 2 .3 4 .5
A’
FIGURE 7.—; Cs a3 a function of A’ and altitude ()
where,
R Velocity at absolufe ceiling - (2.44)

7"~ Maximum velocity at sea level
og=relative density at absolute ceiling. (2.45)

-Cross multiplying, collecting terms, and dividing
throughout by cgf.y,
o1, T
T.T,(1+3 +R, =52
o(1+30xBog) + Rog 5
(2.46)

(1~ 05®Rug®) — 4oaRagt =0.

Equation (2.46) shows that for any general type of
propulsive unit, B, (the speed ratio at absolute ceil-
ing) is a function of oz (corresponding to altitude at

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

A TaT.a'gR,H 0'3 Ryt
—v; — 0y R

Puttinggj—]fb=0 and c=o0g in equa-

(2.47)
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and,
TaTvU'HRvE_ O'HZR'gl'

A=
1— O'HSR,H4

(2.48)

(1 _ TeTogRyy— o’ Begt\

—O'E.R 4

Equatlon (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 oy must be found by a trial and error solution of
equation (2.46). A’ is then determined from these
corresponding values of R,; and og. 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.
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FIGURE 8.—R,y a3 a function of absolute cefling

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 dependeace 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 O, The equations for service
coiling are, therefore, equations (2.41) and (2.42) for
maximum rate of climb at altitude in which the sub-
stitution 0= O}, is made.

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

50,000

40,000
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\\

a J 2 3 -4 5
Al
F1aURE 9.—Absolute celling as a function of A7

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

altitude dF. is ‘C—il%dh where j—f is the rate of climb. The

minimum time required may be expressed byal—dh,
A

since O 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 ks, the above expression must
be integrated between the limits #; and h;. Then,

11
T= h Ohdh
where T'=the minimum time required to climb from
altitude &, to altitude k.
The equations and charts for maximum rate of
climb have expressed the results in terms of A,C5 and
not simply C,. Equation (2.49) must be divided

(2.49)
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throughout by A, in order that the integration may be
performed in terms of A,C».
T (M 1
Tl':‘ b1 A Ob
Equation (2.50) shows the method by which time
to climb must be determined. For any values of A’

dh (2.50)

a curve giving )\‘—10; against altitude is plotted. The

integration of this curve between.the desired altitudes

leads to the corresponding values of 5\1—1 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 altifude.

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

General time-required-to-climb curves may Dbe
obtained in this manner for any general type of air-
craft propulsive unit. Such curves are based on the
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FIGURE 10.—8ervice celling 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-

ties A’ and A,, and altitude attained in time T.

0. VARIATION OF PERFORMNCE 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
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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 relative 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
oy =
-
§ Q
160,00 S
I Q S)
120,000, ! l

>
\
e

VAR,

4Q000—T {0{’0 7

o o 2 , 2 - 5
A

FIGURE 11.—%&1 a function of A’ and altitude (o)

direct tool for making changes to fit his particular
requirements.

The algebraic formulas of Section IT 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, effective span, and equivalent parasite area.

Thus for reasonably small percentage changes in the
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 for
airplanes equipped with unsupercharged engines and
present-day metal propellers. The curves are shown
in Figure 37 and their use described in Section VI.

Variation of maximum velocity at sea level ~—From
equation (2.23),

'm=-(;‘ﬁ>* (1_2‘%: t 3.1)

All symbols are defined in Section IT and in the Sum-
mary of Notation. The effect of the variation of the
second parentheses upon maximum velocity is small,
80 to a first approximation we msay take,

A\ AN oL thpe\
V,,==-K<XE:> =o.98(ﬁ> =:5.8(7P—> . (3.2)

Equation (3.2) may be used to obtain maximum ve-
locity within 1 or 2 per cent accuracy. The constant

0.98 has been obtained by using a mean )‘—V)‘—=-15

which corresponds to a A’ of about 0.06 (an average
observation airplane).

We are well justified in substituting equation (3.2)
{or 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,

ApVA/ L MAS 1 K
Vo= (32) (1- 3% 55 (3.3)

Vw:’(%) (1-1.024)%=77.3 (E%,E"—‘Y (3.4)

2 £34
<1 —0.006419 %Vp—'é?)—,

‘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 differentinted with respect to each of the vari-
ous parameters as a partial differentiation. Differen-
tiating with respect to f, and dividing by V., we get,

1 W%
<—§ 0.006419 py—rps

1thp,* W2f% \# l(thm.)" :I
77.3[— Nil <1—0 006419 773z b.,> +3(5 df

1 dVa

1 35
(1—0.006419 t}fV’f )
thpa® 52/ (3.5)

V. I

()| -

77.3 ('”'—I}PE>”(1—0.006419 t.hVIl:f ’2_,)”

1
3f 3 ( —1.02 A/ df : 60
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whence for the percentage variation of V, with respect
to a certain percentage variation of f,

dV 1_1_1.024" \df_ _
'ﬁ),: ("'3“51 1 ow)‘ Y. @
Similerly for the variation with t.hpn,
1,4 1.024 \dt.hp, _dthp,
W)&hpm 31 91—1.0247) 5 hpn Pthps. ©8
For variation with W,
1.0247 dWw dw
) ( 31-1 02A’> w= T 89

For variation with b,,

dV 2 1.024° \db,__db,

It should be noted that the pseudoconstants a, B, —v,
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 veloclty at sea level with
o change in any parameter is readily determined from
equations (3.7) to (3.10). These equations give g
method of good precision for finding the effect of a
change in any parameter on maximum velocity. If
the change in the parameter causes d¢onsiderable
change in A’, the value of the pseudoconstant , 8, or
v corresponding to & 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 A ,Cy 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 O,, we have

MO, =B~DA’ (8.11)
where,
B=)\100 ab A"=0
— D =slope.
‘Then,

B Wi
C,,=——D B'j%— D poms (312)
Differentiating w1th respect to each parameter and
dividing by O, in order to find the percentage varia-
tion of O,, we get, for variation of C, with W,

1de, -B't'ﬁff‘ - hf“ 52 '
t.hpm”b,
a. —WdW [ . hPm D, Wi% dW (3.13)
W t.hpa7b2
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— B—DA\dAW dw
(GG Jw=—w 6w
Similarly for variation with t.hpg,
de, B+%DA" db.hpm _ dt hpe
T, Johpa\B=Dx ) Thpn, 7 thpa ©19)
For variation with b,,
(dC’ 2DA \' Gtgi (3.16)
bc
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FIGURE 12.—Per cent change in maximum velocity due to 1 per cent (4- 1
per cent) change in parameter

For variation with f,

(0).~(F=p) -7

Equations (3.14) to (8.17) furnish anexcellent 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 (7', and
T.). Their numerical values have been determined
for the specific type of propulsive unit considered in
Sections V and VI, and the corresponding curves are .
plotted in Figure 37.

(3.17)
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A gimilar 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—-@GA (3.18)
where — G@==slope
and
— AI 4
7-(aw) T ®19)

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

dw

2G4
H) (ﬂr =—6rgy  (3.20)
e ) HEA" \dt.hpy_ , db-hpn
: (‘E—I thpe \F—CA’) Thpa ¥ thp, 2D
d 2@\’ \db, db,
( 5)». GA’) 5, o3, (22)

(D FEN-Y o

Equations (3.20) to (3.23) may be used to find the
variation of absolute ceiling due to & variation in the
parameters, 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 %"Witll A’ to be linear for & small range
t

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 dw

(—T— ), =25 (3.24)

d dt.hpm
T t.hpm= -y t.hpm (3.25)
(dT ), = -6 (3.26)

d d

(—f)fm 27f- (3.27)
The values of the pseudoconstants z, —y, — 62z, and 2

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,
A’—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,

AL = :)*t” 2w TV PoMf;vﬁ
A wpobl ABt.hp P 2R
2% 1 W (3.28)
Po Ht. hpm‘ b
' S v i
A’=0.5055 WW (3.29)
The variation equations are,
( =297 (3.30)
dA’ 1df
T)f‘ﬁ : (3.31)
(A' b, ='_2T (3.32)
4 dt.hpn
(A',>t hpn 8 t.hpgm (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.

IV. lNVES’.\l‘IGATION 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 {ype of
airplane, the functions 7', and T'; (see equation (2.15)),
must be expressed analytically, or graphically as
functions of B, and o. 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
characteristies.

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 _r.p.m.
b. bpn T.p. Mg

(4.0a)

where subscript m denotes rated. This variation has
been suggested by Diehl for use with modern engines..
(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-
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where,
D =diameter in ft.
N =revolutions per second of propeller
V=rvelocity in ft./sec.

(A chart for the solution of C, is given in Figure 26.)

power with r. p. m. (below the rated

)

maximum r. p. m.)
Fized-pitch metal propeller data.—

™~ N \\\\

The fixed-pitch metal propeller (ad-

)]

ZERWERN

justable on the ground) is the type
that is most in use at the present; so

4 \| | &

the following discussion applies in
particular to this type. National

\ 19.5° N\ 275°

Advisory Committee for Aeronautics

Technical Report No. 306 (reference
6) presents complete full-scale charac-

Ny
N

o)
1.5° 0t Q.75 tip radius

Propulsive efficiency,n
X s

teristics of Navy propeller No. 4412,

In a subsequent report concerning an
investigation of five metal propellers 0

(reference 7), it may be zeen that the

change in characteristics for the var- L4
ious propellers is small. Owing to

the fact that the characteristics of

any propeller change with the type L2
installation, it is felt that the charac-

—123.6°——

AL

teritsics of Navy propeller No. 4412
mey well be taken as the general rep- 1.0

resentative of all fixed-pitch metal

18.5*

NANANR

propellers. Efficiencies given are pro-
pulsive efficiencies and are of great 8

value in determining performance as

15.5*

a mean slip-stream and a mean cowl-
ing effect are thus included.

Figure 13 has been plotted directly

| // / /at:*//. 5°0t0.75 tip radius

from data of National Advisory Com-
mittee for Aeronautics Technical Re-

port No. 306. The proper propeller

/7 -~ l;y 7~ OP 7/
- Peak efficien P /]y
/‘//

diameter and setting for any airplane

and engine combination is found by
2 <

L ~Besiperformonce propeller

use of this chart. The airplane and
engine combination determines s

particular value of the coefficient

0, from which is found the % 0 4

.8 L2 1.8 20

G

24 2.8 3.2

ratio corresponding to the ‘‘Best Fiause 13.—Propellar characteristics of Navy metal propellsr No. 4412, (Natlonal Advisary Committes for

performance propeller
efficiency propeller” as desired. The coefficient is
defined by,

0.638 m. p. h.

oV
Or= (550 b. hp)A X N% b. hp#r. p. m.» (4.1)
(at sen level)
and J=V/ND is defined by,
J= V 8 m.p.h. 4.2)

ND r.p.m.XD

” or the “Peak Aeronantics Technical Report No. 308.) Propellers set for best perfarmancs and peak efficiency are indicated

Assuming that the maximum rate of climb of amn
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 occur in order that the airplane might
have the maximum possible rate of climb. The results
are clearly set forth in Figuves 14a and 14b; the results

s

are plotted in terms of C, and ND It is well known
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that for maximum possible velocity the propeller
should be set so that Vmar occurs on the envelope of

. . CatV,
the efficiency versus O, curves. The ratio T, peak

at which this occurs is represented by the curve
labeled “FOR MAXIMUM VELOCITY.” Obvi-
ously with Vi, set on the peak of the efficiency curve,

C, at Vm_l.oo; this line is designated “PEAK

C, peak

PROPELLER.” The setting of the propeller at V7,
in order that maximum possible rate of climb be at-
tained is represented by the curve labeled ‘“FOR
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
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1.0 m|
7{P&-c:l ke prrop eller
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F1GURE 4a.—Comparison of propeller ssttings at Ve for obtaining best maximum
olimb, best maximam veloclty, and propeller sat on peak efficfency

end & 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 avsailable 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. ’

Tt is therefore concluded that for maximum possible
all-around performance in the air, a metal fixed-pitch
propeller should have the setting corresponding to the
envelope of the efficiency curve against C,. 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 critical however, since the differ-
ence in maximum rate of climb between the two cases
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is generally less than 5 per cent. Charts are later
developed for both propeller settings.

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
in Figure 15. Curves have been drawn showing the
decrease in r. p. m. to be expected for a propeller set
for BEST PERFORMANCE and for a propeller set
on the PEAK EFFICIENCY, for values of R, from
0.55 to 0.70. The speeds for maximum rate of climb
of all the airplanes investigated lie within these limits
of B,. The decrease in r. p. m. at speed for maximum
rate of climb has been calculated from Army flight
tests of more than 50 airplanes, and these points have
been plotted on the same figure. This figure shows
very strikingly that the propeller settings of all the
airplanes correspond to no one case; however, the

1.0 T ' I I
~-Peak propellar 47
o
A7
.9 L2/
5 / /(_F'or maoximun
8 Far max.climb // /1 __velocity
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S o Y]
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5 | Basgt performance
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o -4 .8 L2 L6 2.0
av. =C, 0t Va

F16URE 14b.—Comparison of propeller sottings at Vaes for obtaining best max-
imnom elimb, best maximum velocity, and propeller set on peak efflclenoy

grouping teken 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 PROPELILER and PEAK
EFFICIENCY PROPELLER may be found. (Refer-
ence 6.) These curves are given in Figures 16a and

16b, which give the eficiencies against N—V—m and O,,,

respectively. The subscript m denotes af design
mazimum velocity. The curves in Figure 16b are to
be preferred in general, since for any one airplane and
engine the value of the coefficient 0,, is very approx-
imately constant, hence the relative efficiencies of the
two cases are readily seen. For the same airplane

7
and engine combination, the N-TD—is different for the
m

two cases since the diameter is different. Since O,
18 essentially & parameter of the airplane, whereas

va is a compound parameter of the airplane and the
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propeller, it is recommended that the parameter U,

. . d
9 2
be used almost exclusively in considerations of airplane (2) For every 10 per cent increase in D above 0.40
-performance. : decrease propulsive efficiency 1 per cent.
A few remarks follow on the choice of a propulsive (3) For pointed narrow engine cowling, decrease
.efficiency to be used in computing performance. propulsive efficiency from 0 to 2 per cent.
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e putive emeemey & e one (Wﬁ)- (4) For National Advisory Committes for Aeronau-
(1) For modern 2-blade metal propellers with nor- | tics cowling increase from 1 to 2 per cent.
. . d . . (6) For unfavorable body shapes and cowlings,
-mal engine cowling, and Where—D— (the ratio of engine decrease from 0 to 5 per cent.
-diameter to propeller diameter) is approximately 0.40, (8) If tip speed is greater than 1,020 feet per second
use propulsive efficiencies obtained from Figures 16a, | apply tip-speed correction. (Apply only at Vi,
.18b, or, better, Figure 27. reference 8.)
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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
T. p. m. with velocity has been calculated both for the
BEST PERFORMANCE PROPELLER at several
gettings and for the PEAK EFFICIENCY PRO-
PELLER. The 19.5° setting has been teken as repre-

1.00 i
/f
| /5.5°at0.75 tip radiui_’/?’::/l Z
S - XL e
: g’ 19.5°7 .27 ,/; 7
o 16" 'a‘,:l:ao
27.5° 1
Y i |
g 2 4 V.a 8 1.0
R"F;.
FI1GURE 17.—Variation of foll-throttle r. p. m. with velocity. Best
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 u, 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).—The variation of r. p. m. with altitude has been

1.00
o
23.5% Gy = %7
.80
|~
A |

2759 a.,,—-ao\v,j// ‘/515: G =09

.60
Ei[gf /?f’\ 9.5% Gy =/.2

a0 /
o L/

/'

0 2z 4 5 N 7.0

v
R,,’;—,ﬂ'z
FIGURE 18.—Variation of full-throttle thrust horsspower 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 O, at altitude. (Reference 6.)
Cy=d%C,, 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
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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 T T T i T
/19.5°af Q.75 1ip rad/'us\
§|€ Jid
5. 90
@ rd
Li¢
.80
a 2 4 V.6‘ .8 1.0
R,= l_’;‘
F1aURE 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
e
80 // -
v
&0 /]
dl¢g v
The All Gy, ol peak
40 // pr'o%gﬂg/— settings
/|
. //
(4] 2 4 V.6‘ 8 1.0
Rﬁz

FIGURE 20.—Variation of full-throttls thrust horsepower available with
velocity. Peak efficlency propeller

1t has been found that for values of B,= %77— greater

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 B, of the type: "

Ty=R., (4.4)
The quality of the representation may be seen by the
accompanying table.
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TABLE I
Best performance propeller Pe%km%:f“y
Setting 18. 6° 19.5° 23.5° 27.8° All
Ci, 0.90 1,20 Leo 2.00 Al
In' 0.45 0.656 0.85 L10 ATl
Te To= | Ty Too Te Tom= Ty To Te Tom=
fig. R,.% | fig. R,-9 ﬁ]g Ry -8 . R,.8 % R, -8
18 18 1
Ry=1.00| 100 1.00 | L¢0 1.00 |1.00 LCGD [LCO 1.00 100 100
.801 .868 .865| .873 .873 | .884 .884| .878 .884 . 886
.60 | .716 717} .732 .733 767 7851 .761 .765 788 .766
40| 534 .560 | .548 .571 580 .605 . 686
.20| .302 .851 | .308 .376| .207 .414| .288 .414 .32 .414
0 0 0 0 ¢ 0o 0 0 0 0 0

In view of the excellent representation of T, by the
-empirical formule R,,, the performance charts are

1.00 ~
5 iso /95°at0.75 tip ‘rodius ’5"“§33¢>f£i/p\
3 275 ‘%‘6\\:
80— 1|
% 10,000 20,000 30,000
Altitude, f.

F1aure 21,—Variation of full-throttle r. p. m. at constant velocity with altitude
1.00

.30

o 10000 20,

Alfitude, 1.

F1oure 22.—Variation of full-throttls brake horsepower at constant r. p. m. with
altitude

30,000

.developed on this basis. The particular value of m
«corresponding to each O, (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 Aeronautics 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 al 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
gingle curve for all speeds of flicht 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

o BN

.80

.70 N

N
fi= A
SIS N

.40

.30 S

20

10

o 10060 | 20,
Altitude, 1.
FIGURE 28.~Variation of full-throttls thrust horsspower available at constant
velooity with altitude

~ 30000

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

c—0.165

Te="(535

(4.5)
where,
t.hp, at altitude (constant

Ta= t.hp, at sea level velocity)

The quality of representation may be seen by the

accompanying table.
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TABLE II . for sinking speed w,. The parasite drag coeflicient
was defined then as the total drag coefficient minus
Altitade | To (5. 23) | Te (4. (45)) the effective induced drag coefficient which was cal-
Sen lovel. Lo Low culated as the minimum induced drag produced by
500 - 760 .15 an effective span. The customary definition of the
Zuo| .3 .35 parasite drag coefficient has been that expressed in
the past by the equation
1.6 ' 1.6 I
cr Co: Cf
C'n:“;,%r\/ /‘r"f' C'Dt=573':—, ‘
L4 - 1.4 >
Cope / A s /01.7 Cope| Cop //// {ﬁi i
1.2 3,—\)4-\'4‘- 'Cq’ X 1.2 Y V, / pd € [
/ ~ ' e re
I /' / / // G
L A7 pa / / 4 /
1.0 ! ~ 1.0 I = -
I/ k /,
Ly
8 /}II / & , 7 4
« M/ 5 /|
.6 /‘ } 7 -8[ e ;
/|1 4
7 |1 AR
R / l P-4 i 1
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! () { (b)
o 08 .08 U2 6 20 24 28 o 07 .08 gz 6 .20 24 .28
L6 o 1.6
e £ .. G
CK /4 i "/_?g; T O : / o TEx
1.4 /- : 1.4
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/i 1/
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F1GURE 24a.—Flight test polar diagrams showing the effect of Introducing the airplane efficiency factor, ¢
G, Co—Co#; Cp,y=Co—225; (a) Dougles XO—14, em0.76

(Ref. A. D, AL, 3112); (b) Sperry Messenger, ¢=0.85 (Ref. National Advisory Committee for Aeronantics Technical Report No. 304); (o) Fairchfld F, C,—
2W2, ¢=0.90; (Ref. Natfonal Advisory Committee for Aeronautics Technical Note No. 382); (d) Vought V. E. —7, ¢=1.00; (Ref. Natlonal Advisory

Committee for Aeronautics Technical Report No. 292)
ATRPLANE EFFICIENCY FACTOR
"It was pointed 6ut in Section II that the variation
in parasite drag coefficient could well be expressed as
a correetion proportional to Cp?; thus it could be
included in the induced drag term of the expression

Cp,=Cbotany ™ OD{(mm (4-6)
where Cp, represents the induced drag coeflicient
based on the equivalent monoplane span (%5). The
parasite drag coefficirnt as calculated according to
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this definition for eight flicht test polars is seen in
Figures 24a and 24b. The curve Cp, may be seen

and assuming that the variation in the parasite
resistance coefficient is proportion to Cp?, we get:

to have, in general, & parabolic shape over the normal CDimm
flying range. This shape might have been expected Cp,e=Cp— P *=Cp—0Cp,, (4-7)
since the total induced drag has not been accounted for | where,
16 1.6
Cxy
1.4 31, 14
Copg / & %ﬁ Co,y Cy
V|4 ] Ol |/ &
1.0 7/ // < 4\/ 1.0 1 / Lol A7
fle /A | /A
o —AA /] a1
« MYy «ol MV N
& it i / 6 / /
/UL [/
|
by I
2 ! 2 4
(t) { (g)
o o4 .08 JZ 16" .20 24 .28 o o4 .08 .12 16 .20 24 .28
1.6 > 1.6 a %
c Cy
14 . /‘j‘ 1.4 CDI‘ j/!
& G
UDPO 6:1@3 / //\'5— %‘ ™m CDP/// ’ (2% ;‘V
1.2 Xl v ) 4 r/bc"”’ P —
f // A Aa V7 ' / /
rol— 1L/ ) 7/ /
, 7 / .o 7 { y
W/ nll/
& ) A /A
/ A
6 g E—f—
i/ s
4 } 4 I | A
Bl L
2 V 2 -
( (h) (il
o oF .08 Uzl 20 24 28 o .04 08 .2 .g 20 .24 .28

Fiousz 24b.—Flight test polar diagrams showing the effect of introducing the airplans effclancy factor, ¢. Co,=Co—Co; Co,y=Cy— 2 Data from

Cob

Luftfahrtforschung, Mar., 1930,B.6.E.6.Tﬁ'omtast. 5 assumad to get Cp. () Rumpler O IV, n=70 per cent—60 per cent, ¢=0.80; (g) Heinkls
HD22, =75 per cont —65 per cent, ¢=1,00; (h) Junkers W33,n=75 per cent —85 per cent, ¢=0.80; (§) Junkers A35, g=75 per cent —65 per cent, e=0.80

because we have in no case an elliptical lift distribu-
There has

tion corresponding to the minimum Cp,.

therefore been included in the parasite drag coefficient
In-

& portion of the actual induced drag coefficient.

cluding in the induced drag term, where it obviously
belongs, this excess over the minimum induced drag,

Cp,,—Effective parasite drag coefficient at maximum
velocity.
" Op—Total drag coefficient.
Cp,—Minimum induced drag coefficient for equiv-
alent monoplane span.
Cp,,— Effective induced drag coefficient.
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e—Airplane efficiency factor defined by equation
4.7).

Cp,, according to this definition has also been
plotted in Figures 24a and 24b, and it is seen that
for gll the airplanes there represented Cp,, is there

very approximately constant throughout the flying
range. The effective span loading has therefore been
defined as
2w
AN “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 V,, 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 Cr2. The correction for
variation of parasite drag proportional to Cp? 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.

The efficiency factor ¢ may be determined from
flight test data by the method described in Section VI.
The value has been computed for a large number of
airplanes; the range of values suggested for use in
performance calculations are included in the accom-

panying table.

TABLE III
YALUES OF ¢ FOR VARIOUS TYPES OF AIRPLANES
Use valus of e
Type of alrplane varying with | From— | To—
. “‘cleanness’’
HY% .85 100
ver mrmnnhrm .85 1.00
S[ng]e ot hv‘enl;:::nnnhnn ,gg _gg
Multipla pay bipians 170 ~90

Airplanes with normal fairing and cowling corres-
pond to the mean values of e¢; airplanes with square
bodies, rectanguler 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 IT, equation (2.8), we have, for
the relation between the effective parasite coefficient

Cp,, and the equivalent parasite area,
D,_f
OD,, QS S (4.9)

and from the definition ot A, in equation (2.11) of
Section 1T,

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

over-all parasite drag coeﬂioient%may be determined

by equation (4.10). The value of ‘-é,has thus been

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

For performance estimat.ionls:, hence the equivalent

parasite area f, may be estimated {rom Figure 25 by
reference to the corresponding type of airplane,

The pa.mmetergis the most useful in determining
the over-all cleanness of the airplane. It is interesting

to note that the parasite drag coefﬁcient'g,of a wing

alone has a value of approximately 0.01.

Y. 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 ave 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 T, 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 T, 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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scrihed and corrections for these effects are given |
where necessary.

THE ENGINEERING PARAMETERS
The engineering parameters are defined as:

) =]}_’_)\ p,_ (engineering) parasite loading
»

F=M b./sq. 16.) (6.1)

l,= W W o, PP (engmeerm,,) effective (5.2)
T e(kb)R" *"2 " span loading(lb./sq.ft.) ’

W w (engineering) thrust
L b.bpatm t.0pa = A= horsepower loading (5.3)
_ (Ib./hp.)

A l,l,’-” TWaf wA’-"pa (envlneermo) (5.4)

T,5 " thpao2 2% ~major perform- '

ance pammeter
The performance characteristics are given in the
following units:
Vn—design maximum velocity at sea level in
miles per hour.
O —maximum rate of climb in feet per minute.
H —absolute ceiling in feet.

_ rrn b 1b.fsec.

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
fived-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'm (55)

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,_,=1.6
=0.55 for PEAK EFFICIENCY PROP. @l C,,,

and
o— 0 165

0.836
FUNDAMENTAL EQUATION OF PERFORMANCE
The fundamental equation of performance (2.22)
becomes in engineering units,
dh 33, 000 1
Ov=Ti="oR,
Ul
3.014V,,
which gives for airplanes of type 1,

l,O,, 33 000

To=—raar— ='i.198 (¢—0.165). (5.6)

[(T TRy 'R

1- a’R,‘):I feet per minute  (5.7)

[1 188 (o 0.165)cRs+— .

(5.7a)

—T,—Ol b (- R *)]
149900—33——13
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The exi)ression for A becomes from equation (2.26),

Equation (5.8) is used to give the relation between

(1 —0.332 (5.8)

A and % 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,

V,,,=52.s(§—f>“(1 —0.332 %)“(m. p.h) (5.9)

Vi o ol (1o ano bV
El:=52.8z<1 0.332T§ (6.10)
" 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 flying 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
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 cenfer 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. (dirfoil data from reference 10.)  The down
load on the tail causes an increase in induced drag,
which is accounted for by a change in I, 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(%2 % i3 made.
2

Vm=52.8(lﬁ>%—0.11 Ll mph).  (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

l.lx TaTuo'Rtm_UgRum4
=801 = (5.12)
where,
R Max. velocity at altitude Vg

=" Max. velocity at sea level Vg

For airplanes of type 1, equa.tion (5.12) becomes

l‘l‘ 1.198(c—0.165)eR . "1 — ¢*R , 4

1— 7R}

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 (5.12a)

0T T
R, 3 f+34°R, ¢
l,l, 3014 ~ 77 3R, (5.13)
TT3R, 3
where,
R =Speed for max. rate of climb at a.'lt...== Ve
ve Max. velocity at sea level Va

The engineering equation for maximum rate of
climb is from (2.41),

=320 (7.7, o Roi= 'R -

Id,
014V,

For airplanes of type 1, the last two equations become
l,l, —1.198m(c—0.165)e 2, "+ + 3R, 4

1-R,, )3 ft. per min. (5.14)

=3.014 R (5.138)
Ch ,.%90_071_ 1.198(c— 0.165)0 B o 1 —
4__ — lllt
FRA-(—oRNggide | (6.140)

Equations (5.13a) and (5.14a) are used in conjunction
"with equation (5.8) to develop the chart for speed for
maximum rate of climb plotted in Flgure 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 of 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 rtate 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,z at absolute ceiling,
equation (2.46), is unchanged,

T,T, <1+ 8o Bugt) + Rug 5671'25” (1—::,, Rop
— o yR, 2 =0 (5.16)

where
’ _ Velocity at absolute ceiling

4~ Max. velocity at sea level

R

o z=oc ot absolute ceiling.

For airplanes of type 1, this gives,
1.198 (¢ z—0.165) R, (1430 4?R, ") +1.198m

R,E"'(a'g-'-O.165) (1_0'32 ,34)"‘40'312,33‘:0.
(6.15a)

Equation (5.15a), 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%# at absolute ceiling becomes from
equation (2.47),
TaTvU'ER'H_ O'HZR:'H"

Ll
T =3.014 T (5.16)
which gives for airplanes of type 1,
—_ ml_ . 2 4 .
%=3.0141'198("” Oilf?;’;g:z ood B (5160 ¢

The solutions of equation (5.16a), R,,, and oy,
when substituted in equation (5.16a), give an equation
which, when used in conjunction with equation (5.8),
gives the absolute ceiling 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
(=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 airplanes of type 1, the
results are given in Figure 34.

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

T= lfhlzo

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

(6.17)
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tions, parameters, and charts are used. Results for
airplanes of type 1 are plotted in Figure 35.

PERFORMANCE YARIATION EQUATIONS AND CHARTS

The variation equations of Section ITI 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=158.9A". (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, & set of variation charts has been con-
structed in Figure 37. These give fhe 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
0,,,=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
0:,=0.9, or J»=0.45; m=0.65.

(2) BEST PERFORMANCE PROPELLER for
0,,=1.2, ot J»=0.65; m=0.61.

(3) BEST PERFORMANCE PROPELLER for
0,,=1.8, or J»=0.85; m=0.55.

(4) PEAK EFFICIENCY PROPELLER for all
Ci,y 2l Iy 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
Z%’f» l, 0,, and H as functions of A has been plotted in
Figure 36. ‘

V1. PERFORMANCE DETERMINATION

For the aid of the designer, the method of deter-
mining the performance of an airplane 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
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of using the charts will probably be similar to those

indicated below, which the author has found most

convenient. After the general outline, an illustrative

example is included. The use of the charts in deter-

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,

& 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 (b.).
S —Total wing area (sq. ft.). (Wing areas
include portion cut out by fuselage.)

Airfoil section. .

Sy —Area of the longer wing (sq. 1t.).

N —Ares of the shorter wing (sq. ft.).

b, —Span of longer wing (ft.).

ba —Span of shorter wing (ft.)

@ —QGap (ft.).

b. hpn, —Brake horsepower at Viax. (Rated b. hp.).

I. p. mx—Revolutions per minute at V,, of propeller.

f —Equivalent parasite area (sq. ft.).

The equivalent parasite area f is found either by
estimating the total parasite drag coefficient or by
summing up the drag coefficients of the various parts
of the airplane. -

(1) Estimation.—For performance estimation %.:

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 ah 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
Interference factor 1
Type airplane

From— To—
FI wing. 1.00 1,10
Cantllsver monoplane L.00 L16
Semicantilever monoplane .. omeeooooo. 1.05 .20
bay biplane. 1.05 1.25
tiple{ray biplane. L10 L30

Data are found in references 5 and 11
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The following constants and parameters of the
airplane are then determined:

e—Airplane efficiency factor.
Iv.)
E—Munk’s span factor (¢=1 for monoplane).
Charts for the rapid solution of % are given in
reference 5, chapter 2.

lﬂ=_JT.

b= by
C,,,— Coefficient C, at Va. Figure 26.
1, — Propulsive efficiency at V.
These values are found thus: Assume & Vpgax.
Find C;,, from Figure 26.
Find 5, from Figure 27, and suggestions in
Section IV.

Calculate I,=

(Table IIL, Seec.

_w .
b.bhpm 1m

From % find Vipa from Figure 29.

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

7
D—Propeller dismeter (R%is found from O, in

Figure 13, whence D from equation (4.2), Sec.
Iv).
1,= w__.
t Bhpm Nm

I, 12
A‘=—l7;:- (ﬁg 28.).

LY. _
Cy_,.. (Table VI, Sec. VIL)
MAJOR PERFORMANCE CHARACTERISTICS FROM CHARTS

All major performance characteristics are now ob-
tained by the use of the charts, from the parameters
Iy Uy sy A, Lo, 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 PRO-
PELLER. Performance is obtained as indicated
below:

Landing speed.—From I, C;_, in Figure 40.

Maximum velocity af sea level.—From%in Figure

29, or find TI,’ZE from A in Figure 30. Whence Vi (If
tip speed is greater than 1,020 ft./sec. apply correction
factor to I i and A here. (Reference8.) Do
not apply in obtaining other performance.)
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Maximum velocity at altitude.—Find R, at verious
altitudes from A in Figure 31. Then Via,=R,,,V,

¥m ' m

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

Then. V,=R,, V.

Speed at absolute ceiling.—Find R,z from A in
Figure 31. -

Then VH‘:'R,EV,;. N

Maximum rate of climb at any altitude.—Find ,0 at
various altitudes from A in Figure 33. Whence Cj.

Absolute ceiling.—From A in Figure 34.

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

Timeto climb to any altitude.—Find T at variousalti-
t

tudes from A in Figure 35. Whence 7.
. . L
Special performance problems such as maximum D

gpeed 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
é, k, 1m, O,,, and D are either quite well known or
direct; so these will be assumed given for brevity.
Given:

W=5,000 1b. 6=0.85
’ for a single
bay biplane.
S=400 sq. ft. k=1.13
b.hpm =500 0,,=1.40
f=19.2 sq. ft. 7m=10.83
b1=43 ft.
Clark Y airfoil section.
Then
1,=260, [,=2.49, [,=12.05, A=10.8, l,=12.5
° Gr‘max= 1.27
72=21.6, 1L,=30.0,
Propeller is set for Best Performance. Interpolating

for the proper value of C,,, on the charts, we get by the
method deseribed above:

Level flight Olimb
Standard
altitude P
Va | Ry | Vay | B | Ve [ UG | O | & T
0| 120 0.578 | 82.1|14,070(1,168| 0 0
£,000 0.072 | 1350 .500 | 83.8]10,280| 83| .42 &1
10, 000 033 |1326| .603| 85.6| 6,850| 563| 1.02| 123
15, 000 s 12e.0) w620 | sso0| 3,600 200| 205| 247
20, 000 -696 | 00.0| .645] o1.6| '300| 25
Sarv. cefl.
18,500
Abs, ceil, °
20,400 0.647 | 918

Landing speed=62.0 m. p. h.

A}
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DETERMINATION OF THE PARAMETERS OF THE AIRPLANE WHEN
THE PERFORMANCE 1S ENOWN

When the three major performance characteristics
of the airplane, maximum velocity at sea level, maxi-
mum rate of climb at sea level, and absolute ceiling,
are known, the three fundamental parameters of the
airplane, I,, I, and [, may readily be determined.
This determination gives & method of finding 7, ¢, and
f from flight test data. The method 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 found in Table, I1T, Section IV.

Having given the flight test data for—
H— Absolute ceiling
C0,—Maximum rate of climb at sea level
Vm—Meaximum velocity at sea level
ond having given

W, kby, b. hp;,, T. p. My

the parameters of the airplane are found in the follow-
ing manner: .
From b. hpy, T. p.- Mp, 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 1,C,. Whence [,.

From A in Figure 30 obtain -ZT%: Whence [,.
From A, l,, and [, obtain I, from Figure 28, or

better, from V,, and Figure 29 obtain %f
Whence I,.

The values of the parameters I, I,, and [, actually
developed in flight test are thus known. From the
definitions of these parameters f, ¢, and 5, are irame-
diately found. From equations (5.1), (5.2), and (5.3),

w
e==-l' AN 6.1)
=¥ (6.2)
P
w
ﬂm“‘gm' (6.3)

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
resulis:

Vn=140.0 m. p. h. W=5,000Ib.
C,=1,100 {t./min, b.hp, =500 (kd,)*=2,360
H=21,000 ft. rLpma=1,500  C, =1.38

From Figure 34, A=10.2
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From Figure 33, 1,0,=14,250; 1,=12.95; from
equation (8.3) 7,=0.77.

From Figure 30, }—71”—‘=4.98; 1,=2.18; from equa-
st
tion (6.1) ¢=0.97.

From Figure 29, %E=20.7 ; [,=268; from equation
t
(6.2) f=18.7. ~

EXAMPLE: Lot us now suppose that a performance
specification has been given, and we are designing to
mest it.

Specifications:
Va=140 m. p. h.
0,=1,100 ft./min.
H=21,000 t.
Assumed from type airplane:
e=0.85
E=1.13
C;,=1.40
7m=0. 83
Exactly as in the preceding problem, A, I, I,, and [,
are found,
A=10.2

1,=12.95; from equation (6.3) b.hp,=0. 0930 W

l,= 2.18; from equation (6.1) 52=0.423 W

1,=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. Tf the final weight is

W=5,000 1b. then, b.hp, =465
b2=2,110 b,=46.0 ft.
f=18.7 sq. ft.

DETERMINATION OF THE VARIATION OF PERFORMANCE OF THE
ATRPLANE 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 III 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.hpn=b.hpn1m
be=e*(kby)
i
w

The rates of variation are functions of the major
parameter A, hence A must be known. For reasonably
small changes in & 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 A,



188

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:
Vea=140.0
C,=1100
H=21,000
Required characteristics:
W=5,000
bhpn=465
f=18.6
b;=46.0
As before, A=10.2.
From Figure 37:
Percentage varlat!on of pertormance due to 1 per
Parameter cent increase In parameter
varled
Va c. H Toxo Tioeeo
thpm 0.385 1.30 0.65 | —1.40 |- —1.B6
b, 045 .50 .85 —. 55 —.85
[ —.340 —.10 —.16 .10 .16
w —.045 | —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
overweight, but a2 change in engine were possible at 2
pounds per horsepower. What brake horsépower is
necessary to meet minimum over-all specification?
From the table it 18 seen that the relative effect of a
change in weight to a change in horsepower is the
greatest in the case of absolute ceiling; so this will be
the criterion.

100(0.65 Ab-hpy | (4 g5 AD-hPn X 2)

465 5000
250
+100(—0.95) 7==7 5000 =0

(0.140 — 0.038)Ab.hpy =4.75
Ab.hp, = -+46.5 (10.0 per cent change)
W =25042(46.5) = + 343 (6.86 per cent change)
Resulting characteristics:
W=5343
b.hp, =512
b,=46.0
f=18.6
Resulting performance:
H=21,000

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

Vn=140.0+140.0(0.3650.10—0.045 < 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 & 10
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per cent error in the estimated parasite area would
result in errors of 3.40, 1.0, and 1.5 per cent in Vi,
O,, and H, respectively. A 10 per cent change in any
of the parameters, b, t.hpn, and W, would cause at
least & 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 abeissa 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 o 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 [, times maximum rate
of climb, time to climb divided by I, and maximum
velocity divided by 7!, are each functions of A. Itis
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

I

W W

Tt hpa®bs  b.hpanBnate (kD)

All symbols have been defined in Section V and in the
Summery of Notation.

Parameter A may be shown to be & 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:

Aﬂ(t,}l?,,,)(dg)’)(t.ﬁ;m y‘o; %(approx.). (6.5)

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

2= (et (i) (o) = (%%laf :

(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—
Pursuit 4 11
Observation 7 14
Training % 10 19
Bombardment 10 20
Heavy flying boats. 16 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 ,, I,, 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 sre given in the Table VI.
(References 12 and 13.)

The landing speed is determined by use of the
2quation,

Vimn/ m‘%—— imix-n:zg.o1 /Folﬁ, (fh./sec)  (7.1)

- A
V,=10.78 \/aoz,m (m. p. b.)

where,
V.—landing speed
Cr,,.,—maximum lift coefficient
S—wing area (sq. ft.) including portion cut out
by fuselage
ly— wing loading = W/S.
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A chart giving V, at sea level as a function of I, and
Oy, 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 date may be expected to give
satisfactory results. )

TABLE VI.—MAXIMUM LIFT CORFFICIENTS FOR
SEVERAL ATRPLANES

Flight test maximum lift coefficlent
Airfofl section - ,Monoplane Biplane
High Low Single Mult-
N wing N wing N bay ple bay
Aeromarine 2 A 1 L17 --.._l .......
Albatross_ 3 | L15
Boelng 103 3 L34
Olark Y. .o 2| L®7 1 L4 | 25 | L27 ... [
Curtiss _ 1 LI1 [eo..o ccecmee
l Curtiss O-72_ 2 ; L4
Fiffel 38 1 LI18 |eeoolmmaas
FokKer. oo oceceam s 7 L3§
T — 2| il '
.......... 139
Gittingen 398.. ; }:% 3 I L3
@. 8. No. 1 (8ikorsky) |-m-moboomoomcfoe o AT 1718
ooning %OAA_ 1116 o "i"t """"
Loenhg ......... 108
R.A.F.16 9 Lo7 1 L09
T. M. —23__ 1 L11
U.8.A.8 2 L2 |eeeecoacacad]
U.8.A.27 2 ) 7 N MU -
U.8.A.3B 1 L37 |eeeoe ]
U.8. A 45 6| L10
N=number of alrplanes averaged.
MAXIMUM LIFT/DRAG RATIO; SPEED FOR MAXIMUM LIFT/DRAG
RATIO
From equation (2.5) we get,
D_v, 7.3)
WV .

Substituting for w, in equation (7.3) from equation
(2.12), using engineering units, and noting that in
horizontal flight W=L, :

D_ 0. 002558 Z V2 +124. 4
I I,

The speed at which maximum lift/drag ratio occurs is
obtained by diflerentiating ZZ) with respect to velocity
and equating to zero.

l'-I}—, (Vinm.p.bh). (7.4)

o

a

I, 1
I V—248.8 ;—-V—:,-O. (7.5)

d /D\_
a_V<f =0.005116

‘Whence,

Vip=14.85 %)E (m.p.h.). (7.6)

Equation (7.6) is the expression for the velocity at
which maximum % occurs. Substituting equation
(7.6) into equation (7.4), inverting, and solving for%

which is now the maximum value for the ratio, we get
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L 1o\
(T))m=°-886<f> : &)
Charts have been plotted for equations (7.7) and
(7.6) which give (%) and velocity at (%) explic-

itly in terms of I, and I,. 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 maximura % where maximum

range is desired. Knowing (%) and the speed for

maximum %, the thrust horsepower required is readily

determined.
Dividing /I, by V.p from equation (7.6) we obtain,
l'l’ =0.0673 (A)% (7.8)
Ul

7, may thus be expressed as a function of A. This
LD

expression is analogous to that forlT’?l—‘, hence the ratio
between Vip and Vg is a function of A. This speed
ratio for maximum 1% has been plotted against A’
(the physical parameter, A=158.9 A’) in Section II,
Figure 4.
SPEED FOR MINIMUM POWER
The condition for minimum power is %%’7‘ =0.

Differentiating equation (2.12) with respect to V,
equating to zero, and using engineering units we have,

dw, l,1°
dV=0011253l V2—182.5 2= V3

Whence,

=0. (7.9)

Cl)*
Vip=11.28"22— (m.p. 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.

1
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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 & value of 1.08 times the
stalling speed. It is concluded therefore that the fol-
lowing method is to be used in determining Vy» (speed
for minimum power):

Find

Ve by equation (7.10), if Vapz=1.08V, (7.11)

or
Var=1.08 V,, if Vap (equation (7.10))=1.08V,.

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

Var=0.760 Vyp. (7.12)

Speed for minimum power according to equation (7.10)
is found from an additional scale on Figure 42.
Dividing 1,7, by Vap equation (7.10) gives,

L,
e

=(.0886 (A)%. (7.13)

We have thenméii as & function of A and hence the

ratio —t{—;—- is a function of A. This speed ratio for

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

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 :
where,
w,,—sinking speed due to parasite loading
w,,—sinking speed due to effective span loading
equation (2.12) gives, upon transformation to engi-
neering units,
_ 8
w,,=0.003751 I V3 ft.[sec.

and,

Wy =wW,,+w,, ft.[sec. (7.14)

(Vinm.p.h) (7.15)

w,,=182.5f—: %,ft./sec. (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 [,, I, 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,

b Bpe= (10, +0,) - (7.17)
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The thrust horsepower required at cruising speed at
any altitude is easily determined. To e first and good
approximation the propulsive 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.

ViiI. 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,
formulas and charts may he obtained which apply to
all airplanes equipped with the same type of propulsive
unit., Consequently supercharged engine date and
variable-pitch propeller data may be incorporated
when satisfactory date 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 parameters.

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 7, the thrust horsepower loading.

Il
1.5

is revealed by the formulas, and is used as the abcissa |-

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-
dintely 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 & correction proportional to C:* which
introduces e, the “airplane efficiency factor.”
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Damnter. GuaeenEERf GRADUATE ScHOOL OF AERO-
NAUTICS,
CavrrorNta INsTrTUTE OF TECHENOLOGY,
Pasavena, Cavr., April 27, 1931.

CALCULATION OF AIRPLANE PERFORMANCE

SUMMARY OF NOTATION
ENGINEERING

Subscript m denotes at design mazimum velocity (sea
level).
Subscript & denotes at altitude.
Subscript 0 denotes af sea level.
miles per hour in performance
charts.
feet per second in propeller charts.
—landing speed.
—velocity for minimum power tequired
(m. p. h.).
—velocity for
(m. p. h.).
—design maximum velocity at sea level
(m. p. h.).
__maximum velocity at altitude
" maximum veloclty at sea level
veloclty for maximum rate of climb
maximum velocity at sea level
Veloclty at absolute ceiling
maximum velocity at sea level
—maximum rate of climb (ft. per min.).
—absolute ceiling (feet).
. —service ceiling (feet).
—minimum time required to climb to altitude
(minutes).

<L> —maximum lift/drag ratio.

—ginking speed due to effective parasite drag
(ft. per second).

W, —sginking speed due to effective induced drag

(ft. per second).

b.hp —brake horsepower.

t. hp. —thrust horsepower available.

t. hp, —thrust horsepower required.

T. p. m.—revolutions per minute.

14 —velocity

maximum lift/drag rtatio

N Q

Ws,,

N —revolutions per second.
] — propulsive efficiency.
o _0.638 V(m.p.h.)
% T bhpfrpm*
Cy —1ift coefficient.
Cr, —maximum lift coefficient (at landing speed).
Co —drag coefficient.
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Op,, —effective parasite drag coefficient.

Cp,, —effective induced drag coefficient.

1'% —weight (pounds).

f —equivalent parasite area (sq. ft.); by defining
equation, f=Cp,,S

e —airplane efficiency factor (Sec. IV).

k —Munk’s span factor.

by —largest individual span of wing cellule.

b, —e¥ (Ith,) = effective span.

.8 —wing area including portion cut out by fuse-

lage (sq. ft.).

lo=% —wing loading (Ib.fsq. £t.)

l,=%’—pmsite loading (b./sq. £t.)

l,=;l:— effective span loading (Ib./sq. ft.)

w

be= t.hpn,

— thrust horsepower loading (Ib./hp.)

Il .
A== —major performance parameter
P
PHYSICAL

Vo—1deal minimum velocity
A —horsepower converzion factor (550 in American
system, 75.in mefric system)
po=0.002378 (Ib., ft., sec. system)=1nass densﬂ:v of
standard air at sea level.

k,,=pil,,=841.0 l, (ft., Ib., sec. system)

o

)\.=-2—l,=267.7 l. (ft., 1b., sec. system)
TPo ;

>\1=-ll;=0.001818 1, (ft., 1b., sec. system)

4

Aah

r_
A= a7

=0.006293 A (ft., Ib., sec. system)
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F1aURE 27.—Propulsive efficlency at Vs a8 a tunction of C,_ for various aireraft éngines and bodies. Nine-foot metal propeller. Navy No. 4412. Data from
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