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REPORT No. 173.

RELIABLE FORMULAE FOR ESTIMATING AIRPLANE PERFORMANCE
AND THE EFFECTS OF CHANGES IN WEIGHT, WING AREA, OR

POWER.
By Walter 3. Diehl.

SUMDMARY.

This paper, which was prepared for publication by the National Advisory Committee for
Aeronautics, contains the derivation and the verification of formulae for predicting the speed
range ratio, the initial rate of climb, and the absolute ceiling of an airplane. It is shown that
the ratio of the maximum speed 7y to the minimum speed Vs is given by -

e K aulf
Vs (- WYF
(v 7p)
where 1., is the maximum propeller efficiency and K, is a constant with an average value of 20.30

when ¥ isin M. P. H. and -1% is in 1b./BHP.

The rate of climb at sea level, (;, is given by
¢,=33000( Lo m_ @Vst Vo)
HP “\D

where ( é) is the overall value for the airplane at the angle for best climb (maximum value of

%is to be used) and K, is a constant found to be
_ AF}I —0.27
£=(3)

The absolute eeiling is given indireetly by

. 5)
HPm=(—£- . LA
Tm * HP

K, having an average value of 61.7 when T5is in M. P. K. and g? is in Ib./BHP. The absolute

ac

HPm.

ceiling is obtained by reference to the usual curves of absolute ceiling against the ratio

These curves are given in National Advisory Committee for Aeronautics Report No. 171.
Standard formulae for service ceiling, time of climb, cruising range, and endurance are

also given in the eonventional forms.
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262 REPORT NATIONAL ADVISORY COMBMITTEE FOR AERONAUTICS.
INTRODUCTION.

It is of the greatest importance that the aeronautical engineer be able to predict with
considerable accuracy the effect of. changes in weight and power on the performance of an
airplane. The usual procedure has been in accordance with that outlined in Bairstow’s Applied
Aerodynamies, Chapter IX; that is, the performance is read from a series of empirical curves
based on test data. This method at times gives good results, but it can not be depended on
when the variations in either wing loading or power loading are great. Warner, in an article
on ‘‘Airplane performance formulas,” S. A. E. Journal, June, 1922 (vol. 10, No. 6), develops
some very interesting formulae which appear in general to give better results than the cmpirical
curves previously mentioned.

The formulae for speed range, rate of climb, and absolute ceiling, which are derived in this
paper, were developed in the Bureau of Aeronautics of the Navy Department by the writer
in an attempt to place performance prediction on a more sound basis.  The formulae have been
used in routine work for over a year with gratifying results, particularly in case of the formulae
for speed range and rate of climb. The formula for absolute ceiling has just been developed
and has not been given a thorough verification, but it appears to fulfill the requirements for

7
accurate work, especially when it is desired to calculate the effect of changes in g and 12;3

The formulae for service ceiling, time of climb, cruising radius, and endurance are given
in the well-known forms and require no comment. It is considered that their derivation may
be of interest at this time. -

DERIVATION OF SPEED RANGE FORMULA.

If the lift of the body, tail, and minor parts of an airplane be neglected, the speed in hori-
zontal flight must be given by the fundamental equation

W=O'L%SV? (1)
and at standard denstty
K
Ves . 1
oA )

The stalling speed. Vi corresponds to the maximum lift coefficient Cpy:

K

V= ——e 1
e (b
Dividing (1a) by (1b)
vV [Cx
VG @)

Referring to the plot of €}, (5, and % against angle of attack for any standard airfoil, it

will be seen that the slope of the lift curve is substantially constant from zero lift to a value
approximately 90 per cent of the maximum. It will also be noted that owing to the smull

change in drag coefficient with angle at low values of (i, the slope of the % curve is likewise

substantially constant from Cp=0 to €,=.40 Ciy. That is, LD may be written proportional
to O

b aea(l)

substituting this in equation (2)

p=#(.) = 5(5): (1) @
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The power required for horizontal fight is
ZHP=¢-BHP=%% (5)
where D is the drag in 1b. and V the velocity 'm M. P. H. Sinee W=L in horizontal flight

and

D)

equafion (5) may be written

y-BEP=_ (50)
at maximum speed "= Vy so that
I"){ . 3751‘? .
=7 (5b)
(BHP,
Substituting in equation (5b) the value of ( g) from equation (4)
N 7
Vul_ K. 7 (E) .
V\; “))
<BHP)
dividing by T
( E)= K. ki (D);g
Vs, T ( w o
7 \BHP_)
or
L%
E"n E iy (]__))g -
e : (7)
'JI<BHP

This speed range formula holds true for all values of (E, ) greater than 1.60, the practical
limit to the validity of equation (3) In order to demonstrate this point the values of Cy
and the range in ¢}, over which ( D is proportional to €, have been compiled for a series of

well-known airfoil sections and are given in Table I.

Equation (7) was derived from a consideration of the characteristics curves of airfoils.
It applies with even more exactness to airplanes, since at high speeds the parasite drag coefficient
is practically constant and fully as large as the wing drag coefficient in practically all cases
and greater in many cases. The effect of variations in wing drag coefficient will therefore be
reduced.

It should be noted that at any given density %—,‘ depends only on the ecorresponding lift

-

coefficients. At any altitude the correct value of %,—” is obtained from equation (7) by using
B

the proper values of V5, 4, and H—WZ; corresponding to the stalling speed, propeller efficiency, and

engine power at this altitude.
PERFORMANCE CALCULATIONS.

In order to verify the speed range formula and to obtain data for a further study of the
effect of changes in wing loading and power loading, routine performance calculations have
been made for a hypothetical airplane loaded and powered to the 30 conditions represented
by the combinations of five wing loadings with six power loadings. In these calculations the
airplane is assumed unchanged except for weight and power, so that the results represent the
true effect of variables studied.

293—24—18



264 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

The data given in Table 11 and Fig. 1
are obtained from wind tunnel test data on
7 a complete model of an airplane which had
N approximately 300 square feet of wing area.

These data have been corrected to the
proper clevator setting required at each
angle of attack for an airplane with 300
* square feet of wing area of R. A. F.~15 sec-

B NN tion. TableTII contains the faired values of
] o S
; % vs. I—I,— from the curve of Fig. 1. These
)

o

j8s)
-
/

955 30 25 35 35 ap velues are used to calculate the curves of

Soeed ratio, [—}/ power required, AP, for each wing loading.
. B g . At this point, it is to be noted that no
Fig. 1.—Variation of 5 with allowance is made for the slipstream effeet,

chiefly because of the simplification entailed.
The method of caleulating both power required, HP,, and power available, HP,, is exempli-
fied in Table IV. It is assumed that the normal R. P. M. is 1,800 at high speed, decreasing
uniformly to 1,600 at low speed. This decrease in R. P. M. is perhaps slightly more than that
usually obtained when the speed range is low, although it is a fair average. For this reason the
rate of climb and ceiling values for the low-powered cases will be found slightly low. The pro-
peller diameter is calculated by means of the common nomograms to absorb the required BHD
at 1,800 R. P. M. at the normal high speed. Two slight errors enter here; the high speed assumed
was nob in every case the actual high speed, and the nomogram does not give the true diameter- -
the average error is about 0.10 foot. These errors are quite inconsequential, however.
Propeller efficiencies are obtained from the curves of National Advisory Commitice for

Aeronautics Report No. 168. The maximum efficiency is determined by the T\ITD at high speed,
, .

and the efficiency at any other 1\%) is given in terms of the maximum efficiency by the “general

efficiency curve.” 7

Tt is assumed that the BHP is directly proportional to N over the range involved in each
case. This assumption is justified by the power curves of modern engines, provided that A is
not too high.

Tables IV to VIII, inclusive, give HP, for wing loadings of 4, 6, 8, 10, and 14 lb./sq. ft.
and HP, for power loadings of 6, 8, 11, 16,20, and 24 1b./HP at each wing loading, as calculated
by the method just outlined. These data are plotted on Figs. 2 to 6, inclusive. The essential
performance data from these plots is given in Tables IX to XIII, inclusive.

VERIFICATION OF SPEED RANGE FORMULA.

The value of K, in the speed range formula, equation (7), is determined for each of the 30
r

, .
combinations of % and 2%3 in Tables IX to XIII. It will benoted that so long as }T;—i is greater
£ 8

than 1.70, K is substantially constant with an average value of 20.3. The average deviation
from this value over the range for which the formula holds true is less than 1 per cent. The
accuracy in determining Vy is probably of the order of 1 per cent, so that the formula is verified.

The values of K, have also been determined from reliable performance data for & number of
well-known airplanes, which are given in Table XIV. It appears that for a normal airplane the
value of K, varies not more than 5 per cent from the average value of 20.30 previously deter-
mined. The extreme variation in X, noted for the F—5-L seaplane is probably due more to the

low speed range than to any other cause, although the value of <§5) max is known to be much
below the average.
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COMMENT ON SPEED RANGE FORMULA,

7
If the speed range (%}i) be plotted logarithmically against the power loading ( EW]—)); it is
5. < A

found that
—0.36
(7)=(zp) ®
since it may be shown in the same manner that
Vy 114 —0.333 ’ .
(#)=(;zmp) e
it is to be concluded that ;
W ¢.027 .
ﬂm“(H—P) U-UJ

for the particular case in which ¥=1,800 R. P. M. This relation simplifies the calculation when
7m 18 unknown. The speed range formula may then be written

.‘rf)[_ 19.90 "
‘V";—Vs.ss WA (_]_1)
(E_P)

to be used when the maximum efficiency is unknown. It will be found more satisfactory, how-
ever, to use the complete formula, equation (7), when 4 is known. The value of K is obviously
variable with the type of airplane. It is recommended that for the average airplane of clean
design A be taken equal to 20.3. The figure will probably vary from 19.5 to 21.0 according to
the design, but it requires an unusually clean design and high-speed range to secure values of &
in excess of 20.5. '

The formula may be used to determine the effect of changes in weight or power of an
airplane of known performance with great accuracy. This is, the true value of A may be

determined from the known performance and used with the new value of T and (ng)

The Vg in this formula is the stalling speed. It is obviously very i_mportan\t to use the
correct value, which is given by the well-known equation

re / v
B p " 12)
“ OLS( §S ( -
T T T LT 11
£ for §-=6b[sq. ffg—
e g
I
e4a ﬁl6 — /
e O H =
l T Ty 1] . Lo /)
' - for ?zé’ b/sq. fi. o 4
V E { [VV f ‘ |~ o 7 8 |
i _/=6 L - e sl
80 c.for (PR pd gfm ="} E Sl //
X i 4 a | /]
¢ |} b 8 P @ /",’ s
& L il ] P E ol —
a - | L ! 9 g0 il Lo
8 [T e > ! = L =20
s | o=k =]
]
< ma L o4 2’? -
a : f i o .
40 &0 84 4.7} 2a 40 50 &0 (2.9 2aq 43
V=MRPH. V=HPH.

Fia. 2.~—Power curves for T}; =L Ihfeq. f1e FiG. 3.—Power curves for g=5 b.fsq. fi.
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where C,y 1s the maximum

400

HENEERE lift coefficient of the wings for

- W t :
£ for ss= g blsq. ﬁ“, the particular arrangement

A1 used. At sea level and for

320

yall Vs in M. P. ., equaticn

=1 I/ (12) reduces to

e

e
™.

v
S

/)
e S (124)
= . / ro_ o4 /
‘ 5 Vs _19.8\. o

single setting on a slide rule.

] L/ which may be solved by a
/

Hor sepowe
3
\
1Y

o P - DERIVATION OF FORMULA

FOR INITIAL RATE OF CLIMB.

] [ The maximum rate of

o4 : climb at sea level will corre-

ISRV

A

spond to the greatest excess

horsepower, or difference be-

tween power available and

40 60

F1¢. 4—Power curves for W8 b.43¢. f1.
5=

80

00 20 ~ 140 /o power required. The power
VEMEH available is
N HPy= K, - HP (13}

where K, is some constant depending on the engine and propeller combination, The power

required is

where V. is the airspeed
for best climb é\ and
Dy

the overall value for the
airplane. Table XV con-
tains & study of Ve with
relation to Vs and Vy as
given by the data in
Tables IX to XIIT, in-
clusive. It is shown in
Table XV that for all
practical purposes the
best climbing speed, Ve,
at sea level, is greater than
the stalling speed, Iy, by
one-third of the differ-
ence between the max-
mum speed, Fy, and
the stalling speed, Vi.
That, is

, 1 -
VC=T’s+§ (Vy— Vs)

_QVs V)

3 (15)

~375
Wl

=

HP,

(14)

v - N Sl—\m-, BN 7'7[/1‘
480 et J O S T Sy
. B for B=igbjsq A/ |-
P
400 : dell N
W =6 L]
P T 33‘7" == / L:
P /RN
320 . UGS A AL / At A
- — po S -
$ < - oy B
5 ] // ] . A R .
240 s /// /[ B N R
g > 2 IiZi
& L =T U/ L]y
* | el A il Lk _ -
LA /’
/50 > A .
e SR~ S A e A A
— /( - h’?"_— 20 Hem— b p—d— ‘4-—— -4
e I R o4 T
80 e e i = -
I A O Y A
0% 60 50 0o 2o 146 /60
V=MPH

FiG. 5.—Power curves for ng 10 10.fsq. ft.
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//
800 //
//
720 . 28 for W=la b/sq 1 i
’ ! A
/
540 /
/
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Fri;. 6.—Power curves for Ag;l,; b.fsq. ft.

substituting (15) into equation (14) gives

. WCTst Ty

1125 )

The initial rate of climb in feet per minute is, therefore,

" _33000 (HP.— HP)

33000 _WeVs+
{ 193(117

=33000I i 2V + V)

<HP> 112 563)

( Kq??mH.L

267

(14a)

(16)
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4.0 T T T T /
AL385 MPH] 1o
— B=455 « 1] . N
2O OSSN Vs21C=536 1 ¥ PN o
& T 0=600 1] - Y -
sy ES” i £ RN R F=71.0 T :§ gy .
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& T
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Power /oad/ng, =/b[B.FR . peed range, 7

- Fis. 8—Variation of constant Ay in formula for initlal rate of cllmb.
Fia. 7.—Variation of speed rang

HP( ) ( ) —036 i co_gs(,wl:f"”""> :I;‘Zh)::! Kz:(}{ff)_o.zv

The value of the constant X, is yet to be determined.
Table XVI contains calculations for K, using data from Tables IX to XI1I, inclusive. As

- -
expected, K, decreases with increase in the speed range G,“) Plotting K, against Gi‘)
- " - - s 5

as in Fig. 8, it is found that the points fall on or near to a smooth curve which has the cquation

Kz _ <%;LI)—0.27 (1
s

as shown by the logarithmic plotting of the same data on Fig. 9.

In using the formula for initial climb, equation (16), the proper value of K, must be used.
This value may either be read from Figs. (8) or (9) or calculated from equation (17, It
will be found that for very low initial rates of climb the formuls is unreliable, since small per-

centage errors in either member of equation (16) under these conditions may mean large per-
centage errors in ¢,. The limiting value of O, is usually about 400 ft./min.

Obviously there is another unknown in this equation, the overall <[<I;) for the airplane.

<00
350 ~ "
= =L
300 .
< : s
. g
10 = 5250 st P
.9 = 2 A
b ~ - [« - —4
58 Sus 200 EX
% 258 - N T
5.7 = S
Q T LITT
'6:{0 15 20 25 30 35 40 /5'?{0 £5 20 25 30 40
%
Speed Range, %’_‘ o Speed Range, -V"';"

Fi6. 9.—Variation of constant K»in [ormula for initial raie of ¢limb.

" K :;m( )
Ernm_ (ZT R (T_u' HPaa‘ D
Co=83000 [( i ) 1107 (L) ] I 2_ M —0.87 Fi6. 10.—Variation of constant Ay with HPr o " ( B )

. Vi \ —0.60 r
msis (45

[ T’
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In most cases this is known to the accuracy required in (,. Yhen (%) is unknown, the fol-

lowing values will be found fairly representative for the general types:

Unusually elean designs (monoplanes). oo ... .. i 8.5-9.5
Clean designs {average 8.0 - .o e 7.5-8.5
Mediocre designs (excessive parasite resistance) . ... .. ... ... lo.. 6.5-7.5

Fortunately the% curve for the entire airplane is quite flat near the maximum value, so
that little error is introduced by the use of maximum instead of the actual (%) In most cases
the value %=8.0 gives sufficiently accurate results, as shown by Table XVII, where observed
performance data is used to check formula (16).

DERIVATION OF FORMULA FOR ABSOLUTE CEILING.

The absolute ceiling is dependent upon the ratio HP,/HP,, which is eastly caleulated_
Dividing equation (13) by equation (14) and substituting ¥ for T gives

(18)

iz (HP)

Table XVIII contains calculations for A, based on the data in Tables IX to XTI, inclu-
sive. The values of K, so obtained are then plotted against (%) in Fig. 10, from which it
appears that

K,=375 (T—“)Mg (19)

From equation (7)

>_°ﬁ° { 20.317, ' —0.60=6 tg (_1— - HP)UHG 20)
. Tm

(n g P)m

L1 o TN (] o.20 514
K;=A4(‘7'7;' s-zﬁ —61.[( s HP) (21)
Substituting (21} into (18} gives

From (19} and (20}

L
ap,___ "D @
EPN—(']_ - l 0.5¢ L
Tm *"HP

which is the formula for absolute ceiling, to be used in conjunction with a curve of absolute
- HP,,
ceiling vs AP,
Table XIX contains caleulations for &, based on the data in Tables IX to XIII. The
extreme variation is from 60.2 to 63.2, with an average value of K,=61.7. This is the same
value obtained by direct caleulation in (21), where K,=375+(20.3)7**=61.7.
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Table XX contains a comparison of actual absolute ceilings for a series of well-known
airplanes with the values calculated by equation (22), using the curve of HP../HI, given
in National Advisory Committee for Aeronautics Report No. 171. The agreement, in gen-

. . . cq L
eral, is quite satisfactory, considering that a constant value T)=8 was used for each case.

SERVICE CEILING.

The service ceiling is defined as the altitude at which the rate of climb is 100 fi./min.
From the results of climb tests it is found that the rate of climb decreases uniformly with
altitude from a maximum at sea level to zero at the absolute ceiling. That is, at any altitude
the rate of climb is given by the equation

C=Co—C, -}% ' (23)
Where H, is the absolute ceiling, C, the initial rate of climb, and € the rate of climb at alti-
tude 3. At the service ceiling ¢'=100 and

y _0,—100
=0
y=Hy—=H, 720 )

Co
where Hy is the service ceiling.
TIME OF CLIMB.

The time to climb to any altitude, based on the assumption of a uniform decrease in
rate of climb with altitude, may be found in any good treatise on airplane performance. The
derivation of the equation may be of interest.

Since the rate of climb 0=(§—‘2{ equation (23) may be written

dy _ y
#=0(1-%)

(B{Z%il)——‘%(?f (‘23{1)

or

Integrating
Co
loge (H—?,’) = —‘Ff-{- ¢
when ¢=0, y=0, and C=log. H

therefore,
or

solving for ¥y

(25)
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Equation (25) gives the altitude climbed in any time ¢{. In the form

. _H H . -
o= . loge ( )z gy y) (25a)
it gives the time required to climb to any altitude y.
RANGE.

The common formula for range, usually eredited to Breguet, is easily derived. The velocity
varies as the square root of the weight W :

=K, VW (26)
The thrust horsepower is '
rrp= WL _ B (27)
5(3) =(7)
\DJ TD
now
dW_THP |
dt 1 "¢

where ¢ is the specific fuel consumption and n the propeller efficiency. Therefore

dW-n _HK,-qL dW 9
THP-¢ ¢ D E W& (28)

dt=

The range is given by

e (% o 1L AW w4
B=fva- [(BTE 5 KW) HOLIN

L W,
R=E, ( D,) ¢ loge 7 : (29)
When WisinIb., Vin M. P. H., B will be in miles and X, will have the value 375, so that
N AWE A W
r=375(7) (Z) log, ¢ 30)
or
L W,
R =863 ( E) 7 logy, (302)

In this equation W, is the weight fully loaded and W, the weight W, less fuel.
It will be noted that this formula does not contain a density term. The range is therefore

independent of the air density except as the term (%) is affected.

ENDURANCE.

The endurance at any speed and for a given fuel load is obtained by direct integration of
equation (28)
K .
dé'——'—‘ . E . (D) rrs*z (28}

Al 30
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When W isinlb. and ¢ in Ib./BHP/hr., T will be given in hours if £=3875 and K, =\/(’2p8" That
LA

is, in hours

e G e 1C e DR
LPS

Equation (32) gives the time required at a fixed angle of attack (and corresponding }Z)' and

(1) to consume (W, —T,) Ib. of fuel. Note that this time depends directly on the square root
of the density if the effect of density on the term %be ignored. However, the variation of 5

with p must be calculated for each case if great accuracy is required. A rough approximation
based on test data is

<l-+2000 (33)

That is, the propeller efficiency increases about 1 per cent for each 2,000 feet of altitude.
The variation of the specific fuel consumption with altitude may be obtained from National
Advisory Committee for Aeronautics Technical Reports Nos. 46, 102, 103, 134, or 135. The
average relative values of ¢ are as follows:

y ft. c—relative
0 1. 00
5000 1.03
10000 1.11
15000 1.19
20000 1.46
25000 2. 26

COLLECTED FORMULAE.

Stalling speed Vy=10. 8‘/?—1\{ P. H.
‘LM

I
Ve 20 3 it 10.2 7P < )%

Speed range ratio V.=
v 7. (HP) \/ i 7p

Climbing speed V,=

Tnitial climb a,:ssooo( K, o @Vs+ V) )ft./min.

( )1125 63)

Absolute ceiling H,=f (gﬁ:ﬁ")

L
HPao 6 1 . 7 <E)

HP,,~

08¢
o Teap)
g, (Ge=100),

Service ceiling Hy= 0
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A G,
Climb in given time y=H, (l —e )ft.

Time of climb ¢,= g:a - log, (1 - %)minutes.

Range R = 863(‘%) <g—) loglo(%)mﬂes.

; w750 7 (1) (5 e i s
lindurance T_I5OWW'<C D x/TV_g wal S.

In these formulae the following units are to be used with the constants given:

O e e

Hﬂ.; HS; y—-—---—---——--,--—-—--—-———~——-»---—------—--x-—-—----
Time of elimb .. - - o o oL
Range B . . e
Specific fuel consumption e . ...
Welght W .
Endurance T

TABLE I.

M. P.H.
ft./min.
feet.
minutes.
miles.
1b./BHP/hr.
1b.

hours.

SHOWING RANGE OF LIFT COEFFICIENT FOR STANDARD AIRFOILS FOR WHICH (Lﬁ)=( CLYXCONSTANT

! Max e
Afrfoil. CL X Reference.
Cru CL!

IE I NA A Reon No &
1.4 . . A . 83,
1.63 A_C. A, Repert No, 93.
1.56 A.C.A. Report No. 93.
. : 150 A.C.A. Report No. 93.
a3 1.60 A.C. A, Report 3.
.65 ! 1.33 .A.C. A Report No. 93.
35 i 1.48 : N.A.C.A. Report No. 93.
40 i 1.59 I N.AC AT :
Gottingen 256...... LA L4 P NJALCAL
Gattingen 357......¢ 1.36 | 173 N.ACA. |
Average...... coiiciciioano.. L34

. : 2
XOTF.—ThJS data shows %= CrXeanstant for all [ift coefficients less than (%«;) Cr=0.42 Co

TABLE II.
WIND TUNNEL TEST DATA ON AIRPLANE MODEL CORRECTED TO 300 $Q. FT. WING AREA.
' I
Lift Dra, ! -
a | at4o at L ¥ o
IM.P.E.IM.P.H| D ¥s
; | :
i
Sl ! 119.2 5.6 | 2034 | 3.315
; o | o2mi 582 | 30495 * 2540
i 1} osa3 .7 | 4610 | 2133
Pz b 3639 60.7 | 6.09¢ ! Lss2
| 31 L1 640 | 708 | L5
! ¢! 04 6$7 | 7.7m | Lont
6 | 659 sLe | &t | L
s b oy o7 | sen | Lo
10 ' 9.8 118.0 | 843 ; L1l&t |
12 {5,133 | 130 | 765 | row
| 14 lUTM5 | 1723 | 7166 T LOI5
181350 | 227 | S35 Low | .
1

Minimum speed V‘,=40-\/%3= JT2W.
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TABLE II-A.
FAIRED VALUES OFg VERSUS %

TAKEN FROM FIG. 1

TABLE III.

POWER REQUIRED AND POWER AVAILABLE FOR -g—/——*-l LB./FT2, —H—=6 LB./BHP, METHOD OF CALCULATION.

- , e - E |
v D HPr g ¥ { 14 ; | -
v L W ol ooy | b Yap AP x n | BHP | HP,
Vs D M. P, H. T = tR.P.M.,  ND (_E Mo f i
5] 375 : t\Fp /. :
{ . e [ = -
) i = - .
100 5.40 38,0 221 2.4 ) 1,600 | 02580 0.371 | 0.500 | 0.460 l 177.8 | 82
1,10 8.20 41,8 146 16.3 1,610 | .28 | 467 .630 492 0 179.0 | §8
1.20 2.60 45.8 140 17.0 1,620 L3040 L674 L5266 | 180.0 95
1.30 8. 62 9.4 139 18.3 1,630 397 475 1710 .55 0 18L0 | 100
1.50 3.02 57.0 150 .7+ 1,650 . .373 541 L TT5 605 | 1833 | 1il
1.70 7.10 64.6 169 20.1 | Lg7T0 , .48 .607 | .830 648 | 1856 | 120
2.00 5.60 76.0 214 43.4 1L,700 | .483 L7000 900 702, 190 | 182
2.30 4.25 87.4 282 65.7 I° 1,730 | .516 10 D LT 738 1022 | 142
2,60 3.35 98.8 358 0.3 | 1,70 | .60 . .980 (765 1056 | 150
2.90 2,70 110.2 444 130.5 ; 1,790 | .66 . 966 . 997 778 . 1990 135
3.00 2.53 1140 475 1445 | 180 | .68 .992 1.000 L780 [ 200.0 i 158
2 is from N. A. C. A. Report No. 168. .
Ta
TABLE 1V,
HP, FOR %:4 LB/FT2 AND HP, FOR VARIOUS POWER LOADINGS.
i 1 - T T - T
: ! E g W °
v ) ) HP, for HPp 8 indicated.
oV D HP, I
6 8- i1 | 16 20 24
oL 38.0 221 22,4 82 65.1 504 E 10,6 3.2 27.2 )
1.10 41.8 146 16.3 88 70.2 540 @ 43.2 33.2 20.8
1.20 45.6 140 17.0 95 75.3 5.7 | 457 35.2 30.3
1.30 49.4 139 18.3 100 79.0 6.3 | 47.9 36.7 32,0
1.50 57.0 149 2.7 i1l 87.6 66.5 | 5.9 39.7 340
170 64.6 169 29,1 120 946 7.6 ' 550 41.9 35.0
200 1 760 214 43,4 132 104.0 70T LS 44,2 36.9
¢ 230 T 8.4 282 | - 657 142 . X : -
2,60 98.8 358 94,3 150 =
2,90 110.2 444 130.5 155
| 800 114.0 475 144.5 156 _
TABLE V.
.
HP.FOR %=G AND HP. FOR VARIOUS POWER LOADINGS.
| ) 775‘“:;1{?“1‘3 s indicated ' :
v | P, for g7y, o8 indicafed. ! )
- v p | HP
Vo S | » 3 -
6 11 ST 1 | 24 .
N § : N -
.00 6.5 333 4.3 - 1986 1043 81.1 59.8 406 ,  43.0
1.10 51,1 219 20.0 138.1 112.2 8.3 | 63.5 53.0 t 455
L2 55.8 200 L3L1 ¢ udre | 1195 92,3 | . 675 55,7 47.8
.30 | 604 208 6 .. 156.6 126.6 97.1 70.8 .2 49,8
1.50 69.7 228 . AL7 172.5 138.2 . 1056 76.2 5 1
1.70 79,0 253 5%.4 ; 1815 1490 | 1124 8L0 g .5
2.00 93.0 321 796 © 205.0 161,5 . 12L.0 85.2 -
2.30 107.0 123 120.8 . 221.0 170,07 1%.3 86.0 e
2.60 X1 537 173.3 1. 176.0 ' .5
2.90 134.9 665 ! X
3.00 139.5 711 t -

|
|
|
i
|




|
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TABLE VL

HP: FOR =8 AND HP, FOR VARIOUS POWER LOADINGS.

o

RELIABLE TORMULAE FOR ESTIMATING AIRPLANE PERFORMANCE.

) 60 U IR 0310 m M "" W w W O b 00 00 I m
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TABLE IX.

PERFORMANCE FOR g'=4 AND VARIOUS % WITH DETERMINATION OF K.

» -
PERFORMANCE FOR %=8 AND VARIOUS —HH_P WITE

1 i
H {
| Wing loading % - LT 4 ¢ 4 ! 4
H r
| Powerloading %,, Ib/BHP. ... G 3 1 16 2 24
Weight e eoei s oeinennens CL,20 1,200 1,200 1,200 1,200 ¢ 1,200
= 200 150 109 75 o0 | 50
Minimum speed Vg 38 38 38 38 38 38
Maximum speigd Vi 117.5 105.8 4.8 82.9 6.5 i 71
Speedrange?: .................. P3.00 2.78 2.50 2.18 2.01 187
LA L . eLs 65.2 4.0 2%.5 8.1 13.6
‘ o 1,795 1,210 730 495 375
4,44 3.40 2,54 2,07 1.80
28,600 | 24,300 | 19,100 | 15,900 | 12,500
27,000 | 22,300 | 16,500 | 12,200 9,
30¢ 418 608 760 912
6.724 7447 8.472 9,126 9.698
18.70 18,70 18. 50 18.33 18.22
0.775 0.765 0.740 0.736 0.730
. 918 L 914 . 905 . 903 .
20.35 20.45 20. 45 20,30 20.25
; i I
TABLE X,
PERFORMANCE FOR —g=6 AND VARIOUS }—;K WITH DETERMINATION OF K.
. W | E 1 1 E
Wing loading 5 it ..., i 6 f 6 5. 6 6 i3 | 6 ;
Power loading E—n;,,lb.[BﬁP__..i 6 i sT 1 16 2 24
Welghh. e e e vees e ceeanennens §OL800 | 1,800 1,800 1,800 1,80 | 1,80
BHP....c..eo..... 300 | 22 163.6 112.5 30 75
Minimum speed Vs 48,5 46.5 | 48.5 46.5 46.5 | 46.5
Maxjmumspesd V. 134.0 I 121.3 108.6 95.6 8.0 .  8LO
Speed range T e.u i uireien ;o288 2.6l 2.33 2.06 1,89 : 174
v [ . 134 | 965 64 37 24.5 - 17
1,770 1,175 650 450 ' 310
3.91 2.96 2.17 1.80 , 1.5
26,500 | 21,800 | 16,200 | 12,500 ' 9,500
25,000 | 19,000 , 13,80 9,700 | 6,400
- 511.5 744 930 ; 1,116
Conee | o707 9.061 | 9.761 | 10.373
18.75 | 18.65 | 18.65 | 18.4%4 . 13,06
0.783 . 0.775 | 0.765 | 0.7 & 0.742
. .92 . .918 ;914 .90 | .005
i 20.35 ;. 2030 20.40 ] 20.30 | 16.95 ]
TABLE XI.

Wing loading g h.fits....o.... 8
Power loading l—?}g, 1b./BHP.... i
Weight..... et 2,400
2] 8 P, 400
Minimum speed Vs... . 53.6
Meximum speed Vi eeeevreerannn 148.2
. Speed range % ................. 2.77
T 178.6
. 2,450

o 4.38

28,400

27,200

Vax (1;}—,) ..................... 3216
! w HE] .

(VSX]_{—P) feiemacicaececeeea.p  0.851

EiX¥a..... i ieeneeraa - 18.96

.| 0.800

.928

20.45

$ 8 8
16 20 %
2,400 | 2,400 | 2,400
150 120 100
53.6 53.6 53.8
105.0 96.5 $7.2
1.96 1.80 1.83
45.7 30.5 18.8
630 420 5
1.97 1,65 1.39
14,200 | 10,700 300
12,000 | 8, 4,400
87.6 | 1,072 |1,286.4
9.50F | 10.234 | 10.875
18.62 | 17.42 | 17.75
0.775 | 0.762 | 0.747
.918 .913 907
20.30 | 2015 | 19.5
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TABLE XII. -
PERFORMANCE FOR §W=m WITH VARIOUS EL’F}; WITH DETERMINATION OF Ki.
; I~ l
. i !
Wing loading —§,Ib‘,fft.’ ........... 0 10 10 10 l 10 ' 10
H
Powarloading%,lb.]BH?.. i § | 8 1 16 ., o
Weiéht ............. 3,000 © 3,000 , 000 3,000 . 3,000 ; 3,000
BEP...eoorernnss 506 ' 315 273 187.5 10 ' 125
Minimum speed V... . 60 L 60 60
Maxjmumsp%gd Vitoronrinnnnans {1601 | 1458 | 1203 113.2 102.1 [ 92.3
Speed range “V': .................. 2,67 .  2.43 2.155 1.886 1.700 1.538
L T 219.5 | 152.5 93.2 513 310 17.0
. . 2,415 | 1,680 | 1,080 565 340 187
e .96 5.07 242 1.76 1.455 1.256
26,700 | 22,500 | 18,200 | 12,000 | 8,200 : 5,100
‘ 25, 600 [ 21,200 | 16,500 9,500 5,800 2,370
rsxb}'? ...................... 380 | 480 660 960 1,200 1,440
1 4
( VEXEWP) B e i 714 | T.80 | 8707 | 9.85 | 10.626 | 11293
- ! 1900 | 18.78 | 1858 | 18.08 | 17.38
L0788 | 0780 | 0.7s0 | o.er | 0.754
CooLe .923 .920 L9015 .910
| 204 | 230 | 202 19.75 19.12
3 i

TABLE XIIL

PERFORMANCE FOR —g=l-i WITH VARIOT.TSl WITH DETERMINATION OF K,.

|82]

-1

HP
’ . |
| Wing loading ?,.I_b./ft.’-_..‘.... 14 14 14 14 14 4
Power loading H%;,Ib./BHP..._ & s i 6 20 2 i
WGt e e evee e eceeaes 4,200 4,200 | 4,200 4,200 1 4,200 4,200 |
BHP ..o iaoniamiaiaeieameeas 00 525 32 | o925 . oo 75 |
Minimum speed Fg.oooooaaaooo.. 71 71 71 71 Ti 71|
Maximum speed Fa ecvenenrnnnen 179.1 162.8 145.7 1247 , i 4 98.5 |
Speed range Vaf Ve ..o oooeeonn. 2.5 2.9 2.05 L6 15 | 138 |
Maximumexeess HP . ... ....... 299 205 128 62 33 1L
Initial climb, ft./min. ... 2,350 1,610 1,005 485 260 ug
Maximum ( AP,/ HPro) 3.54 81 2,15 L5755 | 1L.306 L.155 |
T T 24,900 | 20,500 | 16,000 9,500 ' 6,000 3,900 |
. 23,800 | 19,500 | 14,400 7,800 | 3.7 %0
i 196 568 781 1,136 | 1,420 1,704
Te2¢ | a2 | 9909 | et ! oanom | 1mou i
18.95 | 1895 | 18.85 | 1842 , 17.67 | 16.38 .
a 0.810 0. 805 0.79%6 | 0.783 | 072 | 0.755 |
.932 .930 927 .923 LT .909
20.35 | 20.35 | 20,30 | 18.95 | 19.30 | 18.25 i
TABLE XIV.
Vu_ Eig'#
VALUE OF K; FROM OBSERVED PERFORMANCE 7, =7 W\
( 'H—P)
i [ : ! L
. B i ¥ W H
Aiplane. 1 gp | Vx Feo ¥ 1w oml® |VeXgp' PR K
S i : ] ]
i cx . b i
58 |- 132 35 2.77 0.8L ; 319 ; 6332 | 20.30
9.0 I 136 58 2.34 .80 522 | 8.0 , 20.30
g2 | 132 59 2.2¢ .76 522 ' 815t ! 20.05
0.1, 18 50 2.38 .19 505 . 7.963 , 20.30
896 | 130 5 2.36 .79 1493 | ZS00 | 20.10
510 , 200 5 2.7 .83 . 3T L2224 8.7
.60 ;. 160 66 2,42 .81 ©o502 ; T.M48 ; 2060
10.30 . 127 59 2.15 .76 i 608 | S472 | 0.00
10.70 124 60 2.07 T 642 : 8.627 | 12.50
10.50 | 120 52 2.31 .78 546 , S173°] 20.50
1L.40 ¢ 122 57 2.14 LT 650 | 8.660 , 20.25
1430 | 93 i 2.11 g 630 ;| 8573 | 20.03
12.50 | 97 5 2.16 .78 I 608 | 8472 ;| 1985
.10 | 100 52 L9z + .74 [ %8| o438 2010
18.10 | s7 53 L6 ! .68 i 953 [ 0.80 | 1235
18.32 8 42 1.6 i .72 .$6 ;70 | 9,186 l 16.03
1 1 1
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TABLE XV.

SHOWING THE RELATION BETWEEN CLIMBING SPEED V., STALLING S8PEED Vs, AND MAXIMUM SPEED Vu, BASED
ON DATA IN TABLES IX-XIIL

. w 4
Ve 7p= ;o ‘ 1 16 20 2
| .
: - ¥ i - -
i urs w587 9ss 82.9 6.5 : 71
67 o 59 52 | 50 | 48
33 79 678 ©o56.8 4.9 | 35 | 33
20 . . o1 1t 12 ! 10
038 T o ©o0.368 | 0312 ¢ 0.312 | 0.303
i i i

95.6 38 §1 )
62 60 57

44.1 415 34.5

15.6 13.5 10 5

I
[

63 65 63 o
81. 4 42.9 33.7
14.4 1L 4 9.4
0. 280 0. 266 0. 280

73 i 70

53.2 42.1 | 323 i
15 13 10

o282 ! o009 | 030 | .

1791 162.8 | 1457 | 1247 | 11L4 985
107 99 83 53

! _ 92 i 8 i
7l 108.1 91.8 749 | 54T 0.4 s

3 . 28 2 15 |

0.55 ' ose | 0% | oot | 0207 il

0‘792

TABLE XVIL
K: 'ﬂm: (2";—{-1 ")
DETERMINATION O K3 IN THE EQUATION FOR INITIAL RATE OF CLIMB (,=33000 1125( )
f“’ 2l

Vs W/HP= 6 8 ! i1 16 20 24
2,78 2.50 2.18 2.01 1.87 ¢
59 52 50 FLO
1,7 730 495 375 |
5 0.01950 0.01828 0.01610 0. 01545 0.01484
. 05440 0367 . 02210 01500 01137
. 07380 05498 . 03820 L (13045 . 02621
775 .56 740 L736 730
. 763 790 827 .828 .
; Vi Fereneonaniaameannns S 2.88 2.61 2.333 2. 036 1. 89 1742
! Speed for climb, Vool &0 73 67 1 62 60 57
i Actual mmal chmb [ 2,450 1,770 4 1,175 680 450 310
C 65 - 0. 02470 0.02260 T 0.0.070 0. 01920 0. 01855 0. 01765 -
. 070 . 03360 | (3560 L0050 .01365 00940
. 09390 07620 0 L0830 |, . 039%0 L3220 02"00 -
! L790 .78% JTT5 . 765 L7506 B -
i 752 JTIT O . 798 I . 834 . 853 ’ 8"6
I
i i )
Vad Vieoa e 2,50 2.235 1.96 1.80 1.63
Speed for climb, Ve . 88 82.5 74 68 65 63
Actusl m_ltial chmb Co 1,705 1,130 630 0 255
53.6 0. 02550 0.02280 0. 02105 0. 02016 0. (1950
D3 . 05170 . 03430 L0110 01273 . 00773
07720 | 05720 . 01015 . 03283 . 02723
) LT84 it . 762 v -
| 779 .803 .831 . 862 1)
' Vatd Ve e cceemanameciiceas 2.67 2.43 2.155 | 1.886 L.70 . 1.538
[ Speed for climb, V... .- 96 89 8L . 75 73 T0 :
| Actual initial chmb Co 2,415 1,630 1,680 . 565 | 30 187 |
) 0 0. 02970 0. 02750 (. 02505 0. 0232 0. 02260 0.02165
i . 07320 5090 03275 01712 . 01030 .00568 |
10280 07840 . 05780 . 04032 03250 .02731
i . 805 .798 790 L7850 i . 754
.767 8 803 . 829 . 858 870 .
Vs Ve aeracenaonmanannns 2.52 2.29 2.05 1.76 J1.57 1.388
Speed for climb, V... . 107 99 92 86 83 82 _ T T
Actual initial chmb (o8 2,350 1,610 1,005 485 2 110
71 Ve=-3,230. 0. 03320 0. 03050 0. 02845 0. 02660 0. 02570 0.0253%
‘ Cot33,000.. 0712 04875 03050 . 01470 00788 00333
Eag+ (W/HP) L1040 07935 05595 . 04130 03358 |  .02568
i . 810 . 805 <796 788 17200 155
| K. 775 . 788 815 L840 872 .913 -




TABLE XVII.

RELIABLE FORMULAE FOR ESTIMATING AIRPLANE PERFORMANCE.

Ey pm @ VatVu) |
COMPARISON OF OBSERVED RATE OF CLIMB WITH THAT CALCULATED BY FORMULA Co=33000 [( 2 ) _1125(£)
HP D

279

\ Climb.
Vi I Eum | _Ve [
Airplane. =5 Tu ¥s Ve = Ry = 14 . L F Caleu-
HP ¥s D =P 3f;,ﬁ Tated |,
331‘0?00 ctual.
9.95 [ 133.0 28 30 2.461 0.785| G790 S| 0.0622] 0.0267} 0.0355[ 1,170 1,300
00| 152.0 5 8 2.62 .T10 . 760 §| .08353] .0206}{ .0531| 1,750 1,930
&80 | 185 63 %0 2.28 800 T80 8| .0708) .0300) .0#08| 1,350, I,510
810 147.0 55 6 2.67 765 750 8| @707 ] .0257| .00} 1,350 1,460
17.60 7.0 45 62 2.15 .810 805 8| .63l .0207 | .016¢ 540 690
9.94; 140 56 75 2.04 .85 780 8| .0648[ .0250| .0398| 1,310/ 1,230
.80 | 1.2 2|_ T2 2.14 810 760 §: 047 .@20| .0If7 530 320
.‘-'-H 13. 50 %6.7 44 61 2.20 .810 .70 ! g! .08B7] .04 .0283 860 I
v 17.60 94.3 51 65 1.85 .845 800 | §; .0385 | .ou7| .0168 560 615
o 17.60 85.3 42 56 2.03 .§25 .730 S| .0365| .01S7| .0I78 590 T
sEﬁd b U g.16| 13L5 60 < 2.19 . 810 -T80 8| L0689 [ .0230] .0409] 1,350 1,200
S 10.20, 123.7 62 83 2.00 .830 790 8. 0644 .0%T| .0367T| 1,210| 1,000
Fokker D-VHI....| 6.00] 1150 57 7t 2.02 .830 . 790 8| L0728 (0254 .07 | L3560 | 1,500
VETercenereeannd ILBO . 1165 52 74 2.24 805 .70 S| 059 L0247 .0302| 1,000 00
SE-5 e 0 2.6 54 76 2.95 .805 LT 8| .0359| .025&| .0305| 1,010| 1,010
TABLE XVIIL
HP Eyenp- D
DETERMINATION OF K; IN THE EQUATION 3 “’ -
Vs 5P
W/HP= [ 8 1 16 20 2¢
VE-W/HP ....................... 304 418 780 912
....................... 0775 0.765 0.740 0.736 0.730
(If‘r]m_) Ve (W/HP). 392 516 27 1,033 1,248
(L/ D)= (l/qm) V- (E/HP) A 0.02190 | 0.01570 | G.OLM7 | 0.00S33 | 000683
HP,o 444 3. 40 2.54 2.07 1.80
203 216 243 248 %62
372 511.5 T4 930 1,116
0.783 0.775 0.%65 0. 756 0.742
.5 475 660 972 1,230 1,506
= 0.01812 | 0.01302 : 0.00SS¢ | 0.00598 | 0.00573
3.91 2. 96 2,17 1.80 155
215 227 246 258 271
498.8 580.6 857.6 1,072 | 1,286.4
0.794 0.734 0.775 0,762 0. 747
53.6 unm) 8 PNG7:ig 550 752 1,106 1,408 1,720
- (LiD)=(Unm)+ Vs - (H/HP) A0 002135 | 0.01593 | 0.011&t [ 0.00777 | 0.00611 | 0.085
=P, e e 4.38 3.47 270 1.97 1.85 1.39
K CH P BByt oo 205 218 235 253 270 278
Vs CHSHP e eeeieeeieiaae 360 480 660 960 1,200 1,440
...] 0.805 0.798 0.790 0.780 0.767 0754
( Ut - Vare (B F HPY e oo o] 47 608 835 1,230 1,564 1,900
DY (1fm) - Vs - (W/HP)— 0.01923 | G.0I430 | 0.01028 : 0.00698 | 0.00550 | 6.00451
e eememeinmnean 3.9 3.07 2. 42 1.76 1.455 1.256
Eim(BPoy HPo)s T ] 206 215 235 252 265 279
VS-W/HP ........................ 476 563 781 1,136 1,420 1,704
0. 810 0.805 0.796 6758 0.772 0755
(Uf,m) Vo (W HE ” 5% 706 981 1,441 1,838 2,255
L/ D)+ (1fnm) - Vs (W;HP):A..- 0.01634 [ 0.0I2IS [ 0.00S78 | 0.00397 | 0.00468 | 0.003S0
.l a5 2. 81 2.15 1575 1.306 1.155
i (HPog HPr) < A. 216 231 245 264 279 4

23—a24——19
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TABLE XIX.

- L
o, HPso D
DETERMINATION OF K IN THE ABSOLUTE CEILING FORMULA rp=—7T =75
N g — g .
(- 7o wp)
. Ty - : :
Ve W/HP= e R SO S T (3 20 ; 2
| RIS s 1 T S B
‘ () - Voo (W/HP)=B....'" 22 ' ;@ 516 2 1,033 1,248
L e 9.8 © 186 | 1547 2042 253 !
D 38 | HPu/HPr. 5,56 ICTERR 2,54 2.07 | LSO |
I E=(HPsof HPo) BH8+3 ..., 608 61,2, 6L2 632 620 . 627
S : ! £ S N
. ! == o i
; Sty - Ve (W/HP)=B.... 353 | 475 g2 | 1,20 . 1,500
Bes L 109.2 | 1386 | 1800 2450 | 2065 . 3490
6.5 | BPudHbro L1l i 4T 3.91 2,96 217 L9 | L5
f K= (P HP) bonx 3. 602 | 629 | 0L9 61.9 619 i 62.7
Uppm) + Ve o (W/HP)=B 402 50 w2 ' o6 | L8 1L,70
ph|. 12.2 | 153.4 | 2003 @ ore 0 387
53.6 | HPuo/HPro . 4.38 3.47 | 1.97 1.05 1.39
‘ Ey=(HPyo/HPo) B¥+5..... BL7 658 | 628 622 .1 ! 625
\ : | o . ! |
| () » Vi« (W/HP)=B a4y 605, 835 ¢ 1,280 | 1,064 | 1,900 |
X A 1320 | 1660 . 2177 | 28,5 350 | ie
g0 | HPy Py 3.96 3O7 | 242 1 LT | LS5 | 1236
6.2, 6L2Z . 607 | 6.7 . 6.5 |
y e | b
| - -
| e T el onar | 1,88 ! 3,25 !
' 1903 2473 0 3365 ‘09 1 Tamt ¢
- 281 215 | L& | 1306 [ Li55 |
! l 62.1 6.6 | 6L5 62.0 644 |

Average Ey=6L.7.

TABLE XX.

COMPARISON OF OBSERVED ABSOLUTE CEILING WITH THAT CALCULATRED FROM EQUATION

s
HPso__ 61 5
H Py < 1, V. LA
7m s HP

' : 1 .- T, T

! ! . - ET : Absolute ceiling,

i ” i 1 r L . HPw = —eiee
Aldrplane. Vs — Z. b Fo.8 } ac

aF = - b Pro From | pepya1

formuta, ‘

54 b3 2,65 19, 800 l 22, 400

58 | 8 3.25 1 21,000
63 8 257 | 19,300 | 19,900 |
55 8 2.99 000 | 23,600 |
45 3 210 | 157 15,100 |
56 8 257 | 19,300 © 13,000 |

51 8 2.08 | 15400 ¢ 16,600

62 8 2,39 | 18,000 ; 17,600

57 8 274 | 20,400 | 220100

52 8 2.44 | 18300 - 19,000

54 8 %42 | 18200 ° 19,500

s 3 242 | 18,200 | 10,000

|




