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FORRWORD

This »eport Yoo eepaswi Uy UDe Zeseareh
Seotion, Aireraft Division of Cessna Aircraft
Company, Wichita, Kansas under the oontract
NONR 856(00) with the Office of Naval Roseareh,
Wasbington, D. C.

m

. NOTICE: THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE
NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE MEANING
OF THE ESPIONAGE LAWS, TITLE 18, U.S.C., SECTIONS 793 and 794.
THE TRANSMISSION OR THE REVELATION OF ITS CONTENTS IN

-

ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY LAWJ
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~EIST CF SYMROLG
a Horisontal acceleration, ft/sec.2
o Wing chord at 75% propeller radius, ft.
e Wing mean asrodynamic chord, ft.
[ Gravity acoeleration
v Total weight of the forced circulation system,

c 1ift coefficient

OLt Lire cioofﬁ.oient at take-off (act adjusted for the effect of slipstresm)

Cp Drag ocoefficient

Onp Paresite drag coefficient

D Drag. lbs,

5 Propsllexr diametsr, ft.

c Abbreviation for foroed circulation, which is boundary layer oontrel

at high 1ift by sucking and/or blowing air through slots ahead of
deflected trailing edge flaps and drooped sileions.

L Lift, 1lbs.

HP Horsapover of the main engine
hp Horsopower required hy FC system
X Thrust redustion fastor

] Wing area, sq.ft.

88 Tuke=Off ground roll, f£t.

To Statie thrust, 1lbs,

T Thrust at any veloolty, lovs.

v Veloocity, ft./sea.

A Take-off velooity, ft./sec.

L] Greoass weight of the airplene, lbs.
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LIST OF SYMBOLS
&-K;— Inorease of 1lift ocefficient per horsepowsr absorbed by FC system
R Increass of weight per horsepowver absorbed by FC system

/‘4 Coefficisat of ground friotion
g\? Maps density of air
Downwash angle, radians

Primed synbols indicate that FC system is in operation.
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Equations for take-off ground roll in terms of three parameters:
c
%' ’ A% , & 2 h;
are derived for an airplane equipped with the integral and the indepsndent
foroed circulation system., In the case of a propeller driven airplane, the
effeot of slipstream upon take-off 1lift ocoeffiecient is taken into consider-
ation.

The numariocal example 1llustrating application of the method to a
hypothetieal small jet powsred and propsiler powered airoraft ie presented.
Results indicate that the independent system is more effeetive in

reduction of takxe-off ground roll than the integral system,

ZNTRODUCT (N

The problem of ground run during take-off was anslyszed and solved many
years ago by Diehl and later elaborated upss Uy others. The basie equation
of motion is well understocd and the results are usually givez in terms of the
net acceleraiing foroe and the velocity of take-eff,

The application of foroed airsulation (abbreviated from novw on as IJC)
introduces several new factors which affeot the length of take-off grourd run
and at the sar+ time, oumplicates analysis of these faotors with respect to
their reletive ixportance,
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This report is & ravisy of the problem as it is affacted by the
spplication of FC and an astempt to analyse the effect of the thres major

paramoters
h AW and AC]
'EF-’AEp ? & hp

upon take~~ff parformance.
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Application of ferced oircuiation presents two cases:
{A) Integral JC Svatam where the main engine of the airplane supplies
motive power to pump air,

(B) Independent FC Syptem where power to pump air is obtalned from
other sources than the main engine. Equations for taxe—off ground run with

FC syctem im operation and the ariterion for the optimum (ivision cf pover
betwean the main engine and FC system will be developed for osch sase.

A. Inteexgl JU Svotam

It can be shown (See Appendix) that ground run during take-off can be
approximated by:

Sg = fﬁ@u ..),,)CLf. - n]

Sinoe a portion of the main engins pover is diverted to cperate the IFC

(9)

system, the reduced astatic thrust can be sxpreszed ast

' =T (1= —:% ) (16)

Sirilarly, the increased take—off lift coefficient oan be written as:

G '. OC Ac‘)
Ly = Lg*(n;—hp (17)

Finally, the incrsased gross weight due to the instailation of the

system oan be acoountad for asi

“a e (Ry) as)

At b e e,
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Substituting (16),(27), and (18) into (?) we obtain:

T}B- [“+ (ZA-;F-) hﬂ _ ‘ (19)

Sg = ( . - ST
To\1 - 18') - ‘- AOL
L o () )
| LEZ AAhp) . hp L )

¥

Equation (9) and (19) furnish direst oomparison of the take-off ground rum of
an airplane wvithout and w“.'h 0 vhan a cortain horsepower is diverted from the
main engine to operate +hs FC system.

If the optimum division of power, (_%lﬂ’) . 1s sought, equation (19) can

Opt.
be writtem in the fcllowing form:

ro =G ]

8g' = (19e)
o (-3 e
W Av ) —_— R
=t :n;')" Aty
wvhere x — .3?..
HP

Differentiating ecuation (19a) with respect to x, equating to sero and solving
for x we obtaint

ACy, ¥ ) CLy Abp ,)

,,,,) v B -f*) ""(‘”**) <’°yp'm-‘
.- Pp— . (20)
' 4 |
°+),59 5l Mt R + To - )

RP
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c C;, 2Ahnz
where é—E = é.._.“.
AW Ahp AW

The shortest take-off ground, - S,° min. oan be calculated by substituting

the numarical value of hp) into (19a).
HP opt.

B. Independent Syptem

Since in this case power to operate the system is not taken off the
main engine squation (16) reduoces to
T, = To
Then =quation (19) takes the following form:

v+é ) ] -
E

w A 0L
+(Ahp CL.‘;‘ + \m) hp - R"

[N

Sg"

Equations (9) and (21) allow oomparison of the take-off ground run of an
airplane without and with FC when a given hp to operate FC system is supplied
by an auxiliary powver plant.

hgain, 1f the optimum division of pcwer is desirsed, equation (2i) eun be

vritten as:
HP L'-' davl
Sg* = L8 HP (A hp v : (230)
TO |‘ cl‘t . ACL\ R
+ | -
HP Lhp/
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as, before, by minimising equatior {21a) we obtain:

ACL ¥ (r . Cry W
. -, - OESSS——— z‘ Lo H ausmeup—
bp PANRY B ) Hp (& =p- )+ HP R
BP opt.
ACL \ Avw
A Bp (o'f'/v" ) m (8'-}-)‘- L+)

The shortest take-off - Sgngi,, can be obtained by substituting ramerical
value of (—;-%2” into equation (21a). Equations (20) and (22) provide
a convanlent meand to study the effect of the three major parameters

c
hp Al - Aw
HP  Ahp A bp

upon take-off ground roll.

A. Iategrsl

Substitution of (16), {17) and {28) into (12)yields:

7’3‘ [ i Ahp)}’i

Sg' - — ~
ro( - .h_p' ,AC
Lt ry
H-Q-/Av)hp)L AL hp
. ' \Abdp .
vhere

h
[ % -

(22)

(23)

AcL:":—- °L+ )—jf

cLoedNT P

|__ u+%¥9hp i 281?%1-/A T?ﬁl
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Exprossed in terms of x - —% , equation (23) can be writtem as:

EP W A v
+/A,,/ ‘|

&%
q

o]t [naen
. L-%.m) ”°2 2]

Diffarertiatice of equation (23a) leads to a oumbersome expression whieh defeats

the purpose of the analysis and therefore is not presented here. The optimum
hp

and therefore tho minimum S'g can be calculated by sclving equetiom (23a)
for several values of x.
B. Indevendent Jyptem
As before, in this oass T'¢ = To and equation (23) and (23a) are still
valid provided tnat To is substituted for T, (1-x).
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The following numerical conatants wers used in order to illnatwat
wothod of analyasisi
W = 2,000 1bs.
S =175 sq.T%.
HP = 200
T = 1,000 1lbs.
M= 05
¥ =.6
200 (without ¥O)
R' = .150 (with FO)

th.; 1.5 (Cass 1 -~ Jet Driven Aireraft)

O, = 1.5 (Case 2 =~ Propeller Driven Aircraft)

AY - 3 5, and 7

Ahp

Acx, 03 and .0
Thp = 0% (04w 03

The listad abcve oonstants wero inaertad in equations (1%a), (21a), and
(23a). The equations were solved for x ranging frem O to 1.0 ond results
are presented in Pigs. ( 2) and ( 3).
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SONCIUSIONS

The oomparative charts (Mg, 2) and {Fig. 3) show that in both cases,
with and without slipstream the independeni. FC aystem holds more promise
of reduction in take-off growsd roll than the integral system under tbe
same oonditions, This ocap be expiained by the decrease of engine thrust
dus te sbworption of powver by FC system.

In the case of independent system, the maximum reductions in ground
roll ocour at muchhigher power ratios than for the integral systems.
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_EQUATIONS FOR TAXE-OFP GROUND ROLL

Azsuming that the decrease in static thrust is a fimatiom of V2, or
r;‘ro-l/zf'.'zx (1)
the ground run of an airplane during take—off can be caloulated with
sufficient sscuracy by
8g = V,gz/ 2a (2) )
where horizontal acceieration
a=gh T-D-}L(V-L)] (3)
is computed at V = l'/:; Vs,
The numerical valug of this constant is based on the fmet verified by
numerous f1light tests ibai the reciproocal of the horisontal acosleratiom
ié very nearly a linear fimotion of the vslccity squared. (Ref, 2)
Substitution of (1) into (3) gives:
a:g[r,/u -p-1/2p W SA (@ -0 + x/s)] (&)
4% V= |5 V; equation (4) can be written wa:

-

8z g|ToM-p- .5/c;, (Op-pCp+ K/B)_! (5)
Substitution of (5) into (2) ylelds:
W .
°¢ = (6)

pus Ewu ) Oy = 5 (0p =peOpt K/B) |

FPor the given ntatic thrust, gross weight, ooefficient of ground fricticn
arygl take-off lift woefficient, ground run ir a minimum vhen the term

K
O -0+ -
vanishes. This teim can Le written as:
Op 4 30y 2 -pop+x/m (7)
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. %o
p- ch!

is a slope of the linearized polar of the airplans. Minimising (7) with
respest to C; we obtain:

cL -~ /u—z/-E
Then, for miniwue air and ground resistance tera (7) bacomes:
2 4
oy - A& (8)
D, y (3 + —x )
Substituting (8) into (6) we odtain:
W
8; = 5 (9)
po:'? o -po, - B]—

whare

R = .5 (Cp -/%_‘__;_)

The numerical values of K is obtained 7rom the propeller characteriestis
m:meppaniﬁmdohninodkc:%hapolarmofthaiirphﬁin
the take-off oonfiguration,with and without F.C.

Up to this point the effeot of propeller slipstream has not been taken
into oonsideration implying that equation (9) is applicable only to jet
povered airoraft.

The effect of slipstream upon take-off lift occefficient can e

axpressed as: 2 .
o
A P l T G- e —— (R.f.r‘n“lz ) ( 10
C«,ﬂ 6 L - 3 ) (10)

vhere K 13 a oonstant, numerical valus of which deperkis upon flap
dsilootion and the number of propellers.

R
. *
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T = ro-f‘ovax

vV = th

equation (10} oan be written as:

/7

T E \
- 2 ° o
ACy, =Wo, 3 (u B zox,ts)' )

Wow,squation (9) becomes:

8, = ¥ (12)

./ T . .

Sinoe cl‘t has previously teen taken to be the FC augmented wing 1ift
Soefficient at the take-off altitude, the question arises whether ths increment
of 11ft due to alipstream should be oomputed nsing the basioc wing 1if%t oocefficient
or the 1litt occefficiont after augmentation by IFC,

Equation (10) may bs checked using the momentum theory, to determine
vhethsr the effect of velocity increment in the slipstream and the effect of
FC sre actually interdependent., Assume that the affect of 7C 1s simply %o
ineranse the downwash angle, and thai ths affect of the propeller is simply
v increase the air velocity in the slipstream without affecting the down-
wvash angle. Then, for no slipstream present, the resultant force on the

eirplane ving, assumed nearly equal to the 1lift, is

7, = (’1}2, v2¢ (13)

Ve
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The resultant foros with slipatream present 1s approxizetely (Fig. 1)

| , .
¥ = Fo+ AP = @Ii_f Vole - Lib_zvfé.t.ﬁ“_z_(vo-rav) €

2 __
= /O_I_fz"__évgz_{_ekgz AV AVH  ATE)

arzf (2 T, AV+AF) ()

or '632
4

wvith one propeller =2 ldiamster D.
In terms of 1ift coefficient inorement

w 2
v

or

P (2 7,8 V+AV)
A OLB o 1—?-& ? ovoz

Bntfrw(B}.
O = .g.mé

e
< (2 VAVFATR (15)
ACL, = 2 v )R 5
s =% T S—
vhich is similar in form to equation (10). Therefore the valus of ], to be
used in equation (10) is that augwented by BIC. Unpublishsd results of wind
tunnel tests oonducted at the University of Wichita eonfirm the above.
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