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SUILIARY

In this paper a general equation for calculating the
takeoff performance of landplanes is developed in térmé of
the usual airplane paramelers,

The’analysis enables the ground effect, wind and
atmospheric conditions, altitude, and the use of flaps to
be taken into account. A simple and fapid method is presented
for the determination of the best flap angle to be used for
takeoff,

Variation in tzakeoff performance due to changes in
any of the airplane or engine-nropeller c¢hnaracteristics is
readily determined throuzh the introduction of a new takeof?f
acceleration parameter,

A method for calculating the propeller smeed, engine
power, and thrust variation for both fixed-nitch and constant-
sneed propellers is includedy and a new gignificance is given
to the thrust versus square of velocity curve for takeoff
comnutations,

Examples are included to illustrate the use of the

analysis in solving the various takeoff problemé.



INTRODUCTION

Recent rapid advances in the degi-m of hish speed
5irnlanes With‘high wing and nower loadings have made the
problem of takeoff performance ons of major importance,

?fOpellers aesigned to give maxiﬁum efficiency at
thie normal cruising or hish speeds of modern airnlanes are
a8 a result of such seiection usually very inefficient in
the takecff region, even for constant-sp=ed or two=nitch
arrangoments, Power loadings are kept as hizh as possible
to increasse the range and »nayload, resulting in lower thruste-
weisht ratios. High speed perforiance nacessitates high wing
lecadings to reduce parasite drag, with the result that takeoff
speeds are increased, These and other factors tend to increase
the takeoif distances to an extent such that they become critical
in desimm, often determining the limiting valves for rnower and
wing loadings, and propeller diameters,

Among the various means used to improve this condition
are the.use of constant-speed propellers to obtain the maximum
rossible engine power during the takeoff run, and the use of
flaps to decrease the takeoff speed,

Due to the critical nature of the takeoff problem in
modern airplane design, there was felt to be a definite need
for some rapid and accurate metliod of calculating the tnkeoff
performance, and of readily determining the influenceon takeoff
of the various airplane and engine=-propeller characteristics,
to aid the designer in welshing the relative importance of differ-
ent compromises in meeting the takeoff reguirements,

‘The present analvsis was started witz the foregoing in

view,
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I. DEVESLOPILNT OF T GEWERAL TANIOFE TQUATION

Neglecting the tail 1ift and drag, which is sevarately
accounted for by a correction to the initial thrust, the

equations of motion of the airplane during takeoff become:

‘ 7
L +N = =

(1.1)

where

-3
"

propeller thrust

D = air drag

At = coefficient of rolling friction
¥ = normal zround force

W = gross weight of airplane

acceleration due to gravity

Ui}
L]

ax® horizontal acceleration

L = 1ift of wing

Eliminating N between equations (1,0) and (1.1) and

Putting the resulting eguation into dimensionless form,

7 _ L L= &
T a “‘/“'// ;;[/) = (7/ (1.2)

The drag may be split up into two narts in accordance

wWith the Prandtl wing theory,
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where

Dp parasite drag = qgf
f = equivalent parasite area(See reference 1)
'/O = mass density of air
VV

velocity

q = %pvg

i induced drag = Lg/zfqbfg

-
"

o
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effective span including ground effect
2

o'
Do
"

T e kb
e, = alrplane efficiency factor for takeoff calcﬁlations
k¥ = Munk's svan factor
b = largest individual span of wing cellule
The total drag may then be written,
Z _ ﬁé% é;/“ ,é;« (
W T 7 . 1.4)
e
where
lp = U/f = parasite loading
1gq® W/bfa = effective span loading for takeoff

Substituting eguation (1.4) into -equation (1.2),

7 _23 Aé» _
e ’(/; 7 :,1/ /“// W/ (1.5)

The variation of thrust with ve1001ty must now he
determined, Customary practice is to assume a linear variation
of thrust with the sv»eed or with the square of th~ speed, ‘
Ixamination of a number of modern arrangements having constant-

speed propellers revealed the fact that the thrust variation

can ne closely approxim&téd by assuming a linear variation with
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the square of the velocity, so this type of variation has been
' vsed in the analysis. The particular significance of this choice
'of thrust variation will be discussed later,

'If Ty is the initial thrust, and 'I‘T the thrust at take-

off speed, the variation will be:

T T [z (V <L (!‘2
e — R eatel - et e : e
w ns ne ue7/ W V@/ (1.6)

where Vp = takeoff speed

Bguation (1.8) is now substituted in eguation (1.5),

TE V/ / /mi/%@/? "‘//" 1// - ;“ (1.7)

The only remaining variable to be evaluated is the 1lift,
which will vary with the speed as well as with the techniqué
of takeoff, which will in turn depend on the type of field;

i.e,, the coefficient of frictionbxx.

For fields with a high/ba, the 1lift should be kept high
to reduce the frictional force,/¢¢N; wrile if/x& is low, the 1ift
should be kept small to reduce the induced drag.

Clearly there is some optimum 1ift or Cj at which the
total resistance during takeoff is a minimum, This is readily

found from the total resistance,

-

(52- * /W«/_) (1.8)
f-’/

At any time or velocity, the dynamic pressure, q, is
independent of the 1lift, so for the minimum total resistance
ejuation (1.8) is il’ferentlated with respect to L, with g

constant, and eguated to zero,
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LTS S (1.9)

- Putting L = g8C1,, where S = wing area,

E_Z__S__{i _ (1,10)
7z 4 * 4

from which 1is determined the optimum CL for takeoff,

e T (1,11)
Ceo = 7 5% 7 2 Fm

where ARl is the effective aspect ratio near the ground,

Since the optimum Cp, is independent of velocity, it is
held constant during the takeoff run, When the airplane has
accelerated to the takeoff speed corresponding to the maximum
l1ift coefficient, it is pulled into the attitude of maximum 1lift
and fioﬁn off. It is evident that this technigue will result in
the shortest possible takeoff run,

The optimum 1ift becomes,

£ . Z R ¥
w T zF 2 s (1.12)

"

In some cases the optimum Cp cannot be held during
takeoff due to CLm limitations or to‘flaps, 8o a factor & will

be included in the 1lift term, where

& = CL/Cr,
The 1ift becomes,

<L . T E (1.13)

w 2 Ls,

This value for the 1lift is now substituted into equation

Wote: This result hos veen ~iven by lertorn in refaranes O,



(1.7), and after cancelling and rearranzing terus,

: ax /L. T (2e-¢?)
}— f'éfp ;jj/ /,/ 4 a (V) //1/—.(/ / (1.14)

Since the acceleration is independent of a constant wind

velocity, and the drag and thrust depend on the relative velocity
of the wind with respect to the plane, eguation (1.14) may be
rezarded as the eguation of motion of the airplane relative to
"the ailr, If we now define:
V = velocity of plane with respect to ground
Va= veloaity of plane with respect to the air
V= vélocity of headwind with respect to ground _

Vo= takeoff velocity of plane

Then V, =V ¢+ Vy ' (1.15)

\ Va
Putting a, = Va , equation-(l.l4) becomes,

_ d \
q v _ﬁ_ 2 , )

4;7 /A(éé -3 Vi | 7, /)“ ]

(7 e 24p Fes, /4 w4l ) ~(w om)mof 1)

This may be written,

A e

o rAGTTE =0 @
where A = i,(éé; - WZ/iZéMéy %57‘:2)
Sy
B = ;}, (f%;; A
ST s e
(Efi —'Pﬁ,i) : (1,18)
Integrating, -

‘ p ) - 4 _ .
/;Z;/ﬁ 7‘;41\//7. ‘/;Zyzg = A4 C/ . (1.19)
L7
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At t =0, V, = Vy,

. : e -/ (A
< :IZE;“774A$H V. =

./ , ” _
— ._.._—-——-' - —— -/
‘= Vom 74 rar TV a —m’?"” TANAS " )/?,/ (1.20)

BEquation (1,20) gives the time for the plane to reach a

velocity Vg, relative to the wind, For takeoff time, Va = Vp,

J———

/ / ~/ f” —/ ’/M‘
. : e - e

Bquation (1,21) gives the takeoff time with any wind

velocity. Putting V, = 48a ;nt, equation (121) and rearranging

dt
terms,

A - ) - ,2"“ /
/5:0/54 = TANA SVAEE E A TANA wag/az“ (1.22)

Integrating,

_ /_ oy V)L e
Vé,-" Sa = V_;;‘—'"; Log COSK [fapt + 7ANK Vf’f//;;/fcz (1,23)

e

At t =0, 8, =0,

———
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/

— - S
(05ﬁ/%ﬂ5f‘*7WNW /%L}§v7
T - ' ~ (1.24)
COSH/) T4 V. ys °
Z/, ] N7 e 21// '

Substituting the time for takeoff into eguation (1.24),

.

o A
, cosw [ Tans iz )2 (1.25)

54‘ = T LOG ) P s
A C&j/f/?’ANﬁ V[,///_g_]

&
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Sgqy however, is not the takeoff distance, but the distance

the airplane has travelled with respect to the air, If S is the

takeoff distance, and t is the takeoff time,

t r € €
(o] o 56 O

So’finally)

(1.26)
]

r— -
- ) \
' COSH TGN 1/ = - - = - rZ
S= _—/4: G 7 7}5 ~L¢,}4ﬁ./mw VY2 —7ann ’Vw)éi (1.27)
4/ (o5e7wm%rhf%§ &

Uging the relations:

/

-~ —
COSH 7THarsy J = T ANE LOG ) x = ~£4¢
e GIx = 3409 x,

the takeoff distance may be written,

7 /gﬁl/”’z)

-7 Vg - Ia
3 ~2M4§%%wa%%g‘ﬁmwlﬁﬁ§y7ugm
Narry

For zero wind the takeoff distance reduces to,

/o /
5:’ h /_Oé

— (1,29)
<A ] 2 )
//—,—?—V?)

In the present form eguation

(1.29) becomes indeterminate

when A is zero, and the ejquation as a whole does not zive a
] i =Y

clear idea as to the importance of the various terms, so write

— /1.30)

N
i
]
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i
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&
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| Defining /Aa = % Vfa, the takeoff distance may be written,

-114%2 A LG d _ ﬁfiz J )
5o Zfhey ) E A e

For zero wind, the takeoff time is,

| / » = L7 / =
- —— TANK 4 = Zx= " LA
T = - br) & & i) 2 TN [/7/5 (1,32)
V5 I S V4 ..
4= _;_7" TANY )/I{Q/ 5’7 SV(/}Q) (1.33)
“ YAa

Substituting into /thhe values for the constants A and B,

/ilf_.__ 7;%>0(éf?“éj)7L 7E~“7%/)
_ é% z24p FAs, WLy .

(&2~

V= (1.34)

Aa

Putting,

{ C. 45 ere
A = S edecl (1.35)
AP
wo



=1le

. 77
' Remembering that the oifl?um Clo = > /%?//4
te . = T o L7 (1.36)
A, g At

Corresponding CDio -
Also £/8 = Cp,

((p;p“fp‘,“’ (Zé-fz) . To—77
C4,.,7 |4
Aa =

(1,37)
(2 —«)

When the airplane is taking off at the ontimum CLO, A¢1

becomes,

C%P‘~C@5 » 76— 7}>)
Cerm n
/x4 =

7_0 1
Z o)

(1,38)

For Vp in miles per hour, the takeoff distance is,

S= L
29(Z 24)

Once Aq has been calculatedhdYAzmay be found in Fig.6,

F(da) (1.39)

For Vp in miles per hour, the takeoff time is,

2/ ?(5 7u/

#’(Aﬂ) (1.40)

The function s//(r)a)is also plotted in Fig.6.
For ecalculations without the use of Fig.6, the fellowing

series are useful:



;o - AQ /i z .- -
.c//(/la) -(/7‘3—— +——55.‘—+-- } - (1.a2)

Significance of the;parameter,*a

When,Aaapproaches the value 1,0, it is seen from Fig.6 or
equations (1.41) and (142) that both @(de)and ¥(ls)become infinite,-
and consequently the takeoff distance and time become infinite,

Setting A4= 1,0, and reducing, the following expression results,
7r = AL (_W‘A) 7 L2 (1.43)

The term «4¢(W-L) is recognized as the ground friction
force, so it is seen that when,Ja = 1,0, the thrust at takeoff
speed is just equal to the total ground plus air resistance,
and the plane could never reach takeoff speed,

It is evident then that Aa is the ratio of the change
in net accelerating force during the takeoff run, to the initial

net accelerating force,

IT EFFECT OF WIND ON TAKEOFF PERIORMANCE

A, Takeoff distance

Using eguations (1,28) and (1.29), the ratio of takeoff

distance with wind to that without wind is found,

_{t‘./z/ .«.04/ /—_/ ‘?t/r

S Log /-/—Aa] 405(/ /}4

/"‘AN// Ve 7ANS /Kf’),’};)/ 2,0



- where
Sy = takeoff distance with headwind Vﬁ

So = takeoff distance in zero wind

Equation (2,0) shows the ratio Sw to be a function only

YV So

Of‘ﬂﬁiand'the ratio T so for a given ,,, there is a definite
variation with wind velocity,

Definlnvify’%an equation (2,0) may be written,

Sw - ,_ /W(/?a_ 7 S///x}w) ’_ﬁ//}“/)_ (2.1)
& (da) & (da) F(da)

Using this eguation and Fig.6, curves of the variation
of takeoff distance with wind velocity for various values of an
have.been plotted in Fig.7.

When ,ins small, that is if the net accelerating force
is nearly constant during the takeoff run,;ﬁ?q@)z ¢(§E)= i;O,and

J??”WJ#F?Q/)W) z 1,0, and ewation (2,1) reduces to,

S : _‘_/.ff _,Z‘l/ . — i Z
3:“ =/ 2’#9— 7 pZa = (7 ” P?v) (2.2)

The range of values of AQ for which this simple eXpression
may be used with sufficient accuracy can be seen from Fig,7,

since equation (2.2) is exact for Aa = 0,

B, Takeoff time

Using eguations (1,21) and (1,32), the ratio of takeoff
time wit» wind to that with zero wind is,

- e
b _ Ak " T Vda
‘ LLD T NFT '—,)/’;{: (203)
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where

ty = takeoff time with headwind Vy

to * takeoff time with zero wind

The takeoff time variation with wind is also a funciion
of only Agq and %%, and curves of the variation of takeoff time
with wind velocity for various values of ,44 have been plotted

in Fig.8 using Fig.6 and the following form of eguation (2.3):

Zy ., _ Y [W(A)

Zo v/ (da (2.4)
For /4a small, this reduces to,

€ ( o | (2.5)
'LL(; - (/7'

IITI BFFECT OF TAIL LOAD ON TAKECKFF PERFORIANCE

In developing the general takeoff equation, the tail 1lift
and drag were neglected. Since, however, the tail must 1lift a
load of the order 0,1W near the start of the takeoff run, it was
thought advisable to investigate the induced drag of the tail
caused by this loaa, especially as the aspect ratio of the tail
is usually small, The parasite drag of the tail was assumed to
be accounted for in the total parasite drag of the airplane and
was therefore neglected in this part §f the analysis,

Assuming a mean center of gravity position of ,33 chord
back from the wheel center, and a mean lenzth from the center
of gravity positibn to the center of pregssure on the tail surface

of three times the chord, the tail load necessary to hold the



-15=

 _@511‘off the ground during the takeoff run was calculated for
g number of airplanes having various takeoff speeds,

| The velocity of the slinstream was calculated using the
momenﬁum theory as described in reference 3,

The induced drag of the tail was then calculated,

.
fif' “ (3.0)
- 3,0
W TR bey
where
Dit < induced drag of tail

Ly = 1ift of tail
average velocity of air over tail
%/GVEE

bet = effective span of tail

W
(4 ct
1] L}

A mean efficiency factor for the tail surface was taken

as 0,8, from which,

2
beZ = 0.8bf (3.1)

bt= tail span

For multi-engined planes, Vt was assumed to be the slip=-
stream velocity, i.,e., the propeller wakes were considered to
completely cover the tail surface, TFor single-engined planes,
Vy was taken as the average welocity of the slipsfream and the
surrounding air over the tail based on the tail area included
in the propeller diameter, using a normally shaped tail surface,

The tail drag variation with velocity was calculated for

a number of different types of airplanes,
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The assumption of a linear variation of tail drag with q,
from the value calculated at the start of the takeoff run, to
'zgro.at takeoff speed Was found to be a close approximation,
Thus the tail drag could be taken into account by anplying a
correction to the initial thrust,

The correction to be applied may be found from Fig.4 and
Fig.svwhich were constructed from the following approximate
formulas:

For single-engined airplanes,

005
Ze ey
M/(C<¢ .612;
For multi-engined airplanes,
aZe o o 2227 2 (3.3)
s e b¢
a2
where
A T,/ = correction to be applied to initial thrust

D = . propeller diameter

by = tail svan

3
"

number of engines

To/W = total initial thrust-weight ratie

IV DETAZRMINATION OF FACTORS I TAKEOFF FORMULAS

(A) Stallineg speed

The normal power-off wstalling speed may be estimated in
“the manner described in either reference 1 or reference 4, The

stalling;speed used in the analvsis is for the particular altitude



“17"'

'fdr which the takeoff is to be calculated, The stalling speed

‘ at altitude may be found from the sea level stalling speed by the

relation,
v, = Vso (4.0)
Za

" where

Vs S stalling speed at altitude

Vs, ® sea level stalling speed

In case the airplane is attempting to pass a takeoff
.requirement, it may be desirable to take off at the power-on
stalling speed, which in many cases will considerably reduce
the takeoff distance, In reference 5, takeoff measurements
show.thgt it is possible to realize this reduction in takeoff
speed due to power,

At the takeoff speed, the weight of the airplané’is
effectively reduced by the amount(TT sin QL where © is the
angle of the thrust axis with the horizontal, with the airplane
in the attitude of maximum 1lift, Since the stalling speed is
propvortional to the sguare root of the weight,

/A /!,. 7 ] (4.1)
Oy // ;;5//«&/) . .

Conservatively neglecting the small change in Aadue to
the apparently increased Crp,, the ratio of takeoff distance
corresponding to the power=-on takeoff speed to the normal

takeoff distance is,

Sp | _2%7 z
Eifr - ﬂé% (4.2)
. ”

24 has been plotted in Fig,.9.
s '
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(B)kParasite and induced drass

7f wind-tunnel lift and drag data are available, Cp is
'plotﬁed against Cfa, and the best fitting straight extrapolated
:to cy = o, where the value of CDp to be used is found,

If the slone of the straight line is m = dCp/dC12, the
airplane efficiency factor, e, neglecting ground effect, becomes,

/

e = m (4,3)

where AR = b2/S = geometrical aspect ratio
In case no wind-tunnel data is available, ch and e may

be estimated as descrived in reference 1.

BEffect of ground on induced drag

Using the efficiency factor found from equation (4,3),
the total drag coefficient, neglecting ground effect, is
2
T A€

For the purpose of introducing the effect of the ground,

(4,4)

Q=C'gp e

equation (4,10) may be written,

C‘p = <, (/_ / c

(4.5
F 77—/9? )

The term Ei—ﬂﬁf?depends on the increase in parasite drag
Tl e '
of the wing and fuselage with angle of attack, so the only term
<
affected by the presence of the ground is E%; ythe actual in-
77

duced drag of the ground,

If {’is the ratio of the induced drag near the ground to
the induced drag in the air, the drag coefficient in the presence

of the ground becomes’
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s

R
C :Cf " Cs : Ce /'—e)= (l _~/__
e e 77‘,#(@ “ptim (727 e

The effective efficiency for takeoff is then,

/

T ()

- Using data from reference 6 for ) , ey has been plotted

e (4.7)

against the ratio h/b for various values of e, in Fig.l,
where
h & height of wing from ground
b ® wing span

Knowing e and h/b for a given airplane, eq is found from

Fizg.l, and the effective aspect ratio for takeoff is calculated,

ARl = ARel (4,8)

Before the optimum Cr, for takeoff can be found, the
coefficient of rolling friction,/ﬁa, must be estimated for
the particular field in question, If no specific data is
available, values may be taken from reference 6,

Having ARy and <& , Cp,

o and the corresrvonding CDio may

be found from Fig.2, or calculated as follows,
7
C;"’O - "‘,'2"‘ /ﬁ//.é{. C:D"a = /‘fszCLo (4'9)
In case CLO is near or above CLm’ the airplane should
maintain a reduced C;, during the takeoff run, since the drag
increases rapidly near the stall, The Cy, used for takeoff
should lie on that portion of the Cp vs CLg curve which is

approximated closely by the straight line assumption.
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The factor & is then found by takin~ the ratio of the
GL hgld during the takeoff run to the optimum CLO found from
" equation (4.9) or Fig.2, From Fig.3 find the term‘(265~é=2)

:by which to multiply CDio to substitute in Aa.

(¢) Tnrust variation

Since static thrust data is at present incomplete and
often leads to erroneous results in takeoff calculations, the
"initial thrust for use in this analysis will be determined by
extrépolation in the following manner:

In general,

T = ﬁ‘lv_?_l (4,10)

where propeller thrust, pounds

& sngine horsenower

T
P
7 propulsive efficiency
v

velocity, feet per second

During the takeoff run the power is taken as constant
since the propeller speed is practically constant for fixed
niteh propellers,(see reference 1) as Weil as for constant
speed_ﬁrop&llﬁrs.

The ratio of thrust at any speed to the thrust at takeoff

speed is then,

T _ 550P V7 .
T, 7 __V__.’z_ 55067 = :%;I_T (4,11)

The ratio T/Tq is then plotted against VZ/V% , and the
best fitting straight line extrapolated to zero sveed to get

the initial thrust,



~Fixea'pitch propeller

When a fixed pitch propeller is used, the propeller r,p.m.
.must'be-determined, This may be estimated from curves given
'for particular types of propellers in reference 1, or may be

calculated for any propeller by tﬂe following method,
| For a given propeller blade angle, the Cg vs J curve is
practically a straight line in the takeoff region, so for any

given propeller the ratio Eﬁ is found on this straight portion,
J

and denoted by(CiL.

Letting the subscript ( )p represent the takeoff condition,
and the subscript ( )olrepresent the design condition of the

propeller, then,

Cs) @1433<5'%5V;yi9 (4,12)
(J - 88 2.° T

Assuming the power to vary linearly with the propeller

speed, the power for takeoff is,
P, = 29 %R |  as)
T Yo P .

where Rp isvthe ratio of the power at takeoff altitude
to the power at design altitude at constant r.p.m, For non-
supercharged engines, thié ratio may be calculated with the
use of charts given in reference 1. For supercharged engines,

the powers used in calculating R_ are the actual available powers

D
at the two altitudes for a given r.p.m.
Substituting The value for Pp from equation (4,12) into

equation (4,12),

| 245 1 / /s /

Gy 1 " peze s M0 Te YV e
FL A T ) [7m)
Tr ss(2)%%, LA ’
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From equation (4,12) it is seen that,

0638 73"% 03/’47) = (_Cé)
[ sor” T

which corresponds to the design condition of the vroreller

(4.15)

at the design altitude. ZBquation (4,20) then becomes,

' . 2/s s, v i
S = ($)(%) ()7 .20

The ratioc of the takeoff propeller speed to the design

speed is, e
Cs v
NT__ /J‘T/%)/Z /a .
< = = £
Ao (géj 7/ <P (4.17)
J%

The power for takeoff is,
= AN o
Pr = /Cz (/\/D) E/’ (4.15))

Csp and Jp may now be calculated for the takeoff speed,
and the corresponding propulsive efficiency, ?T, determined,

Since both Pp and Np are constant during the takeoff run,
Cs is proportional'to the velocity in the takeoff region, so_;?
can be found on the correct blade angle curve for Cs = 0,9 CST'
0.8 Cgp, etc., to as small a value of Cg as possible, corresronding
to V/'VT s 0,9, 0.8, ete,, from which the variation in the thrqst
ratio is calculated uéing equation(4,11).

T/Tp is then plotted against VZ/VTz, and a straight line
faired through the points and extrapolated to zero speed to get

the initial thrust ratio TO/TT. The thrust at takeoff speed is,

—

T ‘5175, 53'277 (4,19)

W W

where Vg is in miles per hour.
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The initial thrust-weight ratio is then,’

T Zf%/<ZE (4,20)
w’ wl 7 \ '

The tail load correction must be first applied to Ty/W
béfore uéing fhe takeoff formulas and charts,

The above method of thrust determination appiies to any
get of propeller characteristics, For use of the N,A,C.A, data,
reference 8 may be used to determine the thrust variation for

fixed pitch propellers,

Constant speed propellers

When a constant speed propeller%%%}to be used, the power

available for takeoff will be,

Pp = P (4.21)
T ORP . ’&'(1. Ty ‘m""' -

ty A
§

Since the propeller speed for takeoff is NO, Csm and J

T

can be immediately calculated, from whigh the thrust variation
R i
is found as described for the fixed Pi¥e#¥dbropeller, except

that instead of moving down a constant blade angle curve on
the Cg vs J curves, a straight line from the condition at
takeoff speed to the origin is followed since both Cg and J
are proportional to the velocity in this case, If the Cq vs J
curves were exactly straight in the takeoff region, the bladé
ansle would not change during takeoff with a constant speed
prbpeller. If a2 constant blade angle is aséumed during takeoff
reference 8 may be used also for the ¢ase of the constant speed
propeller thrust variation,

From an examination of a number of thrust calculations,

it was‘found that the variation in takeoff @istance was
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neglicible for a given airplane if different thrust variations

. were used as long as the areas under thrust vs square of velocity

,curvés were the same, This means that in fairing a straight line
.throﬁgh calculated points on the thrust curve for any particular
cése,}anvattempt éhould be made to draw é line having the same
area under it as does the actual thrust curve, attaching equal
imporﬁancevté a unit area near zero speed and a unit area near

takeoff speed,

V-USE OF FLAPS FOR TAKEOFF

In considering the effect of flaps on takeoff, it is

2

convenient to put Vqo© = 2 lwéochs where ly ® W/S = wing loading,

whereupon the distance for takeoff is,
Lo .
i re e (1) (5.0)
5; cm e TF

In the following analysis the subscript ( )p is used

to indicate the condition with flaps, while no subscript is
used for the condition without flaps, or with flaps at 0°,

The term a =’(TO-TT)/W which appears in )415 the decrease
in the thrust-weight ratio from zero speed to the takeoff speed
corresponding to that for which Tp was calculated, If Tp is
calculated for the takeoff speed without flaps, the term "a"

for the flapped condition becomes,

§/7"— ’7;'.-7_7 Ct‘-;ﬁ ‘ (5 1)
W 64/7—7}:‘.-

since the thrust curve is cut off at the point
V = VTF,

The acceleration parameter for takeoff with flaps is then,



Ja, = o (5.2)
(5 24)

If the airplane can maintain the attitude for the optimum
1ift coefficient during takeoff with flaps, CDio‘is the same as
for without flaps, assuming the same efficiency factor with flaps,
In some cases with flaps at high angles, the optimum CLO cannot
be obtained without the thrust axis being at a negative angle
to the horizontal., In such cases a higher Cp will have to be
maintained duriné the takeoff run, corresponding, for instance,
to the thrust axis horizontal or at some delinite positive angle,
since it is undesirable to have the tail too high during takéoff
because éf nosing over rossibilities, The factor & will have
to be found and the ccrrection aprlied to Cp, as vreviously
explained if flaps necessitate a C; other than the optimum for
takeoff,

The takeoff distance with flaps is,

o / /
T (B L) e

The ratio of the takeoff dlstance with flaps to that

without flaps is then,

Se Cm P dag) (5.4)
S0 ?/Aa) ’ CLrnF

Since the term Cl’” s constant for all flap angles, the

Fia)

flap angle resulting in the shortest takeoff dlstance will be
F(Aag Aa;)

“Cmp -

Aa¢.is calculated for several flap angles from equation

that corresponding to the minimum value of
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(5.2) and the corresponding values of;??%@Jdetermined from Fig.6.

jjzl,)is then plotted against Cp . A line from the origin
£ (Aag)

Clrm e
and the corresponding best flap angle is determined from the

drawn tangent to this curve gives the minimum value of

)

value of Clpp 2t the point of tangency,

VI EXAMPLE OF TAKROFF PERFORIIANCE CALCULATION

Airplane characteristics used in this example were taken
from reference 10, in which complete full-scale wind-tunnel data
are presented for the Fairchild F-22 parasol monomnlane,

Propeller characteristics were taken from large scale

fagseimiles of the charts given in reference 11.

Airplane data

W 2 1467 1lb, P, = 95 @ 2100 r,p.nm, Ci = 1,32
. jee!
S = 152 sq, ft, . = 7 ft.(2-blade) h/b = 0.3
b & 30 ft, by = 10 11, AR = 5,58
From a plot of Cp vs CLg, we readily determine from equation (4.5),

e = 0,87

c = 0,086

Dp

From wig.l, using h/b = 0,3, find e; ® 1,015, from wkich,
AR, = 1,015 x 5,55 = 5,63
Assuming/L4= 0,05, from Fig.2 find,
CLo, = 0.45
Cp: = 0,011
Dlo |

Thrust variation

- Corresvonding to a maximum velocity of 93,5 m,p.h., find)
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cso = 1,125

J, = V/WD = 0,56 - C%/J0 = 2,01

From propeller characteristics, the blade angle is 177 The
vratio Cs is measured on the straight portion of the 17° Cg vs J

_curve,

(E?) = 1,935
J i

Since the propeller was designed at sea level, and the
takeoff is being calculated also for sea level,

J, =07 = R_=1,0, and from eguation (4,17),

p

Ng/N, = (1.935/2,01)%/2 = 0,909, from which the takeoff
propeller r.p.m. is,
Np = 0,909 x 2100 = 1910 r.p.m,
The power available for takeoff is,
PT = 0,909 x 95 = 86,3 hp.
The takeoff speed ccrresponding to Cp = 1.32 is 51.5 m,p.h.,
from which we find,

C = 0,654

ST
Jp ® 0,339

Vo = 0,550
The thrust-weight ratio at takeoff speed is found from

equation (4,19),

Tp _ 375 X 86,3 x 0,550 = o
v - 1467 X 51.5 0.236

The thrust variation is then found as previously described,
and tabulated in the table on page 28, Propulsive efficiencies
are found from the propeller characteristics on the 17° blade
angle curve corresponding to the tabulated values of Cg, Tpe

ratio T/Tp is found from equation (4,11).
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Thrust Calculations for Fairchild F=-22

(2) (3) (4) (5)

Cq vi 77?r T/Tq
.654 .550 1,000 1,000
.588 .500 . 909 1.011
.523 . 450 .818 1,023
.458 .398 .723 1,033
.393 .344 .626 1,043
.327 .289 © .525 1.050
.262 .232 422 1.055
.196 .175 .318 1.060

(6)
(V)2

1,00
.81
.64
.49
.36
b
«16
.02

This thrust variation has been plotted in figure 10,

From the intersection of the straight line faired through the

calculated points with the zero speed axis, read: To/Tp = 1,066

ratio of propeller diameter to tail span of D/b, = 0,7,

The initial thrust-weight ratio is,

To/W = 1,066 x ,236 0 2b2

From Fig.4 is found the tail drag correction, using a

A T,/MN = -,016
The corrected initial thrust-weight ratio is,
To/W = .262 -,016 = 236
For this particular case,
a = (T, - Tp)/W = ,236 -.236 = 0
Assuming/u = .OS,/LLis now calculated:

(,06 -,011) )
Aw = ( I.52 "%« z00

(236 <.08) :

From Fig.a;

F(da) = 1,116
w(Aa) = 1,076

Equation (1.39) gives the takeoff distance in zero wind,

S = 532 ft,
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Bguation (1,40) gives the takeoff time in zero wind,
t = 13.6 seconds
Assuming a 10 m,p,h. headwind, Vy/Vqo = 10/51,5 5 ,1964
From Fig.7, using Aa = 200, find
| SW/SO = ,66, from whiéh‘the takeoff distance with
a 10 m,p.he wWind becomes,
Sy S .66 x 532 = 351 ft,
From Fig.8, find ty/t, ®= .82, and

tw = .22 x 13,6 ® 11,2 seconds

Determination of PBest Flap Angle for takeoff:

Aa;_must first be determined for each flap angle for
which data is available, from whichuéY%qﬁ)is found from Fig.6.
In calculating AaF’ when the thrust axis is at a negative angle
for CLO s .45, use CI, corresponding to the thrust axis horizontal,
For example, at a flap anglecgp = 200 (Fig.5, ref.10) Cp, = .45
is found at an angle @, of the thrust axis, = -3.50, 80 use

CL = .685 at & = 0%, At Cy = .685 resd Cp = ,115, Instead of

plotting Cp vs CpL° for & p = 20° to obtain Cpys find Cp, from
Fig.2 corresponding to Cr = .685 and for the effective aspect
ratio away from the ground; AR, = AR x e = 5,55 x ,87 = 4,83,
CDi = .05 '
C 2 Cy = Cp, & ,115 - (03 = ,085

Cn. = 011 (same as without .flaps)
Dlo

&
From Fig.3, read (2€ -6:2) = .66

.685/.,45 = 1,524

Cp, = 1.59 at & 5 = 20° (Pig.7, ref.10)
F

(To/W =) = ,286 =-,05 = ,186 (same as without flaps)



A = L,085 -,011 x ,66) o o
ar (1,59 x .186) *

| Pias) = 1,183

Results of similar calculations for the remaining flap

54

angles are tabulated in the table below:

oF ® L Aap ja(AQF) CLmp

0 1 .450 .200 1,116 1,32
20 0 .685 .254 1.153 1.59
40 0 . 900 463 1.342 1,79
59 0 1.065 .555 1,455 1.88

F(Aa)is plotted against OLp, in Fig.1l. A line drewn
from the origin tangent to the curve gives the minimum value
of_@%%g%@LmF, and consequently the shortest takeoff distance
as previously explained, The best CLmF for takeoff is that
corresponding to the point of tangency in Fig,11l, which is
seen to be CLmF s 1,64, From Fig,7, ref,1ll, the optimum flap
angle to hold for takeoff isSy = 24° for Clyyp = 1.64.

The ratio of the takeoff distance with the flap in the
optimum position is found by reading off F(ds)e 1.19 at the
point of tangency in Fig.ll, and using equation (5.4),

Sp 1.32 1,19
P X
So 1.116 1,64

=z 0,858

The takeoff distance at the best flap angle is,

Sp = 0.858 x 532 = 457 ft,

s W v e Om G O e B OW D Gm o e G O
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VII - CONCLUSIONS

In general, precise estimation of takeoff performance by
tlie use of any purely theoretical analysis cannot be realized
due tc a number of factors entering into the problem which are
unable to be.taken into account., Some of these factors areé
piloting technique; variations in the field surface; and fluctu=-
ations in wind velocity. This analysis shows that considerable
variations in C; from the optimum value result in relativeiy
amall increases in the takeoff distance, so if the airplane is
maintained at approximately the attitude for the optimum QL,
the vpersonal element should be practically eliminated, From
comparison of flisht test results with the corresponding cal-
culations using the cliarts and formulas presented in this report,
an emrirical correction factor might be determined for general
aprlication to account for the remaining indeterminate factors
mentioned above,

Figures 7 and 8, giving the effect of wind on takeoff,

oG

should prove useful for the reduction of flight test data, For
most modern airplanés, the approximate expressions corresponding
to4ﬂa= 0 are of sufficient accuracy for this purpose, and reguire
no use of either airplane or engine-propeller characteristics,

It is interesting to note that these approximate variations of
takeoff time and distance with wind were found empirically, in
reference 2, for seaplanes., In the present analysis these ex -
pressions were shown to hold only for cases where the net
accelerating force was nearly constant dufing the takecff run,

ince the net accelerating force varies considerably for a

7
[

seanlane during takeoff, the expressions would not be expected
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to give consistently accurate results for the effect of wind
‘on seaplane takeoff, Examination of the experimental points
plotted in reference 2 substantiates this conclusion,

Airplanes attempting to pass the Department of Commerce
takeoff fequifements are penalized 25 ft, on the takeoff distance
per mile an hour headwind present during the test, The well
known fact that this penalty is inconsistent and nearly always
unusually severe may be verified by comparison of several cases
with Fig.,7, The approximate expression developed here would
seem to be a simple and more logical basis for such penalties,

From the dependence of the takeoff distance on the term
cDio in /\a_, the conclusion is drawn'that the effect of the
ground on takeoff is slight, even in the case of low wing mono-
planes, The takeoff distance of the Fairchild F-22 was increased
less than 0.4% when calculated neglecting the effect of the ground.

The introduction of the takeoff acceleration parameter,Aa.,'
greatly facilitates the determination of the dependence of take-
off performance on the various airplane and engine-propeller

characteristics,
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