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MS 2E SBfflSM 

Horlsontal acceleration, ft/sao.2 

Wing ohord at 75% propeller radius, ft. 

Wing Man aerodynamic ohord, ft. 

Qrarity acceleration 

Total weight of tha foread oiroulation system. 

0L Lift coefficient 

0^ Lift coefficient at take-off (act adjusted for tha offset of slipstr< 

Cp Drag aooffioient 

Op Pareeite drag coefficient 

D Drag. lba. 

0 Fropallar diameter, ft. 

fC    Abbreviation for forced oiroulation, which is boundary layar oontrol 
at high lift by sucking and/or bloving air through slots ahsad of 
daflaotsd trailing adgs flaps and drooped ailerons. 

L Lift, lbs. 

HP Horsepower of ths sain sngine 

hp Horsspover required by FC system 

1 Thrust reduction facto? 

S Wing area, sq.ft. 

Sg Take-Off ground roll, ft. 

TQ 3tatio thrust, lbs. 

T Thrust at any Telocity, lbs. 

V Velocity, ft./seo. 

•t Take-off Telocity, ft./sso. 

W Gross weight of the airplane, lbs. 
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A CL 

- B    Inoraaaa of lift ooaffioiant par horaapov«r abaorbad by FC aystcat 

A w 
ATT Inoraaaa of vaight par horaapovar abaorbad by FC ayataa 

/ 
U   Coafflcisst of grcusd friotion 

(p   Mass danaity of air 

Dovmmah angla, radians 

Frlmad BTTabola in&icata that FC ayataa ia in operation. 
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Equations for take-off ground roll in teras of thro* paraaetere 

hp A v 
HP    * /Top 

and 
£ hp 

aro dorlrod for an airplane equipped with tho integral and tho independent 

forood circulation ayeta*. In tho oaao of a propollor driven airplane, tho 

offoot of elipatreaa upon take-off lift oooffielent is taken into oonaider- 

ation. 

Tho numerical example Illustrating application of the aethod to a 

hypothetical small j«t powered and propeller powered aircraft is presented. 

Beaulta indicate that the independent ayatea ia aore effeetiva la 

reduction of take-off ground roll than the integral aystea. 

ammmak 
The problem of ground run during take-off waa analysed and solved aany 

year* ago by Dlahl wad la tar elaborated upon by othera. The baaio equation 

of action ia well underatocd and tho reaulta are usually given in teraa of the 

net accelerating force and the velooity of take-off. 

The application of forced circulation (abbreviated froa now on as 10) 

introduces several new factors which affect the length of take off ground run 

and at the aaic^ tiae, ooaplloatee analysis of these factors with respect to 

their relative importance. 
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This report is & rarrisv of the problem a« it is aff«oted by tho 

application of FC and on attempt to analys* the affoot of tb» thro* sajor 

pnraaotori 

ho   , A w       and ApL 
Ahp   ' A. hp 

upon tak«-~?»ff p*i*foraano*, 
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Application of foroed circulation preiente two oasesi 

(A) lalmii re System where the main angina of the airplane supplies 

motive power to pump air* 

(B) Tffflfp«p^ont 8g System where powar to pump air is obtained from 

other sources than the sain engine.    Equations for take-off ground run with 

PC system in operation and the criterion for the optimum division of power 

between the main engine and FC system will be developed for eecK case,, 

A.   Ifljgg&l B SiMim 

It ean bo shown (See Appendix) that ground run during take-off cam be 

approximated bjri 

w (9) Sg   * 

Sinoe a portion of the main engine power is diverted to cperate the FC 

?* p: .rfit. •• 

system, the reduced static thrust can be expressed ast 

hp 
T  •     -    T (   1    - ) (16) 'o     -    -o * HP 

Similarly, the increased take-off lift coefficient can be written ast 

H   - ftg-) - (17) 

Finally, the increased gross weight due to the installation of the 

system can be accounted for as: 

"'="•+ (&r) hp (13) 
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Substituting (16),(17), awl (18) Into (?) w« obtain! 

V = 
jb- [W + (&r) *j 

\T» £ ' E   -oil ou +. £&*_) „p 
(If) 

i 
Kquation (9) and (19) famish dirsot ocstpariaon of tho taka-off ground ra of 

an airplsss without and with FO when a osrtaln horsapovar Is divartad fro* tho 

naln angina to oparata the FC sjrstaa. 

If tho optima division of powar, (J2B. ) la sought, aquation (19) oan 
V HP/opt. 

ba writtan In tha following font: 

HP 

V = 
f> (?S \   HP     Uhp/ | 

(19a) 

i    tt-«) 
HP TU»P/ 

"/• 
HP 

hp 
whara x  —   —— 

HP 

22- + HP VA -V hp/ 
-   H' 

Differentiating aquation (19a) with raspsot to x, equating tc sero and solving 

for x wa obtaint 

(,-B-Apt = —; r T ; -, ^r-r(20> 

I  1 •  V i. 
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Where 
ACL       ACL  £fe? 
•^*4*» ^^ "    'Mil   '—H      *        I      — •!•!•• 

A » A hp  A w 

Tha ahortaat take-off ground.     3»: mln. oan ba calculated by substituting 

tha msserieal Yelue of /l^L) Into U9«). 
\ HP /opt. 

B. Indjaaflm, gTPVll 

Since in this case power to operate the system is not taken off tha 

main engine equation (16) reduoas to 

Than equation (19) takes the following forms 

1 

Sg" - J> *+&) »] £ (21) 

^T* 
"/- 

Ol* + 6#» - B" 

Equations (9) and (21) allow comparison of the take-off ground run of an 

airplane without and with FC whan a given hp to operate FC system is supplied 

by an auxiliary power plant. 

Again, if the optimum division of power is daBired, equation (21) eun be 

written as: 

HP 

s6* z 
/>& HP 

4- UhP; . 

_HP  I^Ahpj 

- HP^UL 
HP 

/AC, \ 
(21a) 

l^Ahp/ 
B't 

•;-:L- 
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as, bsfors, by ainiaising equation (21A) VS obtaint 

hp  j   A w 

HP opt. 

HP 
(T0 -A W> _____ 

Mp 
(2T0 -^w)+-^-»>   (22) 

ACj, 

A hp 
(To+^W) - A*. (*+^.0Lt) 

The shortest take-off - Sfuin.  can bs obtalnsd by substituting numerical 

Talus of (--£-]   into equation (21s).  Equations (20) and (22) provide 
>• H?/4>pt. 

a oorrT*iii.«*nt aeond- to study ths sffsot of ths thrss Major paxaneters 

hp   ACL 
__» » _____ 

HP  Ahp 

A v 

A hp 

upon taks-off ground roll. 

II. EBQgU.. V^TF* -IHCRAW (SLIPSTREAM PRESgHT) 

Substitution of (16), (1?) and 1X8) into (12)yieldsi 

8f«    z 

where 

jWJ-/> /hip 

\ HP I 

VA»»P/ J   - 

CLt+ACI*-f-   f-£r_4* A »P, 

o 

3 

(23) 

-   R« 

••ML^A 
:.. -tiNl' - 
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hp 
Bxpressed In terms of x - —» , equation (23) can be written ast 

HP 

S'B   = g   -     ~ 
[_HP ^\AhP; 

(23*) 

T^    (1-x) 

\ITZ7IZ]x 
j^HP Uhp/ 

-HP 
HP w       V**»P/ nr        v^x* ap/ 

- R« 

where 

"HP      *"^Ahp/* 

T0 (1 " x) 

__    HP \AbpJ 

K 
Oi 

HP m 
Differentiation of equation (23a) loads to a ounbersone oxprossloB which dofoats 

tho purpose of the analysis and therefore is not presented here* The optimal 

, and therefore the minimum S«. oan be oaloulated by solving equation (23a) 
HP 

for several values of x. 

B. Independent gyptw 

is before, in this oase T'0 z T0 and equation (23) and (23a) are still 

valid provided thai t0 is substituted for Tc (1-n). 

i 
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The following numerical constants were used in order to illest-rat* 

Method of analysis a 

W - 2,000 lbs. 

S - 175 sq.ft. 

a? = 200 

*e S 1,000 lbs. 

/t/ Z «05 

I r ,6 

R - .200 (without 10) 

»' s .150 (with fO) 

Or .-- 1.5 (Case 1 - Jot DriToa Aircraft) 

Or - 1.5 (GAM 2 - Propeller Driren Aircraft) 

a 3, 5, and 7 Aw 

Ahp 

ACj, 
- .03, .04 «nd .05 

The list«4 abcre constant* were inserted in aquations (l?a), (21a), and 

(23a) • Tho aquatione uaro solved for z ranging frca 0 to 1.0 end results 

are presented in Figs. ( 2 ) and ( 3 ). 

;uj 
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Tha oonparatiYa oharts (Fig. 2) and (Fig. 3) show that in both oaaat, 

with and without slipatraaja tha indapandant PC ayataa hold* aora pronlaa 

•t raduotlon In teJca-off grosat roll than tha Intagral systaa ttndar tha 

•an* aondltlona. This oaa ba axpiainad by tha daoraaa* of angina throat 

dvs ta abaorptian of pevar by *C systaa. 

In tha casa of indapandant systaa, tha aaxtaua reductions in ground 

roll ooetar at auohhighar powar ratios than for tha intagral aystsas. 
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A&suaing that the decrease in static throat is a funetioa of V*, or 

T = T0 - 1/2/ V2* (1) 

tha ground run of an airplane during taka-off can ba oaloulatad with 

auffieiant accuracy by 

Sg r \V 2* (2) 

whara horizontal aeoeioratlon 

a - g/W [TO-^V-LJ"] (3) 

ia ooaputed at • - l/TT Vt 

Tha nuearioal Talua of thia oonatant ia baaad on tha faot verified by 

nuBeroue flight taata that tha reciprocal of tha horisontal acceleration 

ia rary nearly a linear funotion of tha velocity squarad.    (Baf. 2) 

Substitution of (1) into (3) gives: 

a Z g [yW -^- l/2y> ¥*     3^ (q& mjJL^ _j. gys)j 

At ¥ z yT5~Vt aquation (i) cam ba written an i 

Substitution of (5) l&'to (2) yields i 

(4) 

(5) 

'• s (6) 

For the given ntatlo thrust, groat weight, ooaffioiant of ground friction 

ar$ taka-off lift ooaffioiant, ground run is a minisraai whan tha term 

vaniahas. This tera ean be written aat 

CD<+- /3 CL 
2 -yx- OL-T- I/B (7) 
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where 

I dCj,2 

la a slop* of the linearised polar of the airplane. Minimising (7) with 

respect to C^ we obtains 

Then, for mlnlKum air and ground resistance tern (7) becomesJ 

4p 
(8) 

Substituting (8) into (6) we obtain: 

V 
s, - 

f*pT~  V*K -* 
(9) 

where 

& ,1 •5(s-^+4-) 
The numerical Talue of K is obtained iron the propeller character! atie 

eumre and Cjv and/3 *re determined frca the polar currs of the airplane in 

the take-off configuration, with and without F.C. 

Up to this point the effect of propeller slipstream has not been taken 

into consideration implying that equation (9) is applicable only to jet 

powered aircraft. 

The effect of slipstream upon take-off lift coefficient can bs 

expressed ast 

s 
A Cj^ - » Te Gj,  ,— __     (Referenced)   (io) 

where I is a constant, numerical Talus of which depends upon flap 

deflection and the number of propellers. 
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Since 7      Z 
I 

*c   ~         — 

f 
T Z     T0 - ijOV- k 

equation (10) oan be written as; 

A% 
= « CT ft 

•ow,equation (9) becomes! 

—1 (U) 

Sf = « / To    V.       \ 
(12) 

Since Or has previously been taken to be the 10 augmented wing lift 

coefficient at the take-off altitude, the question arlaea whether the increment 

of lift due to slipstream ahould be computed using the baeio wing lift ooeffieient 

or the lilt ooeffieient after augmentation by FC. 

Equation (10) may be checked using the momentum theory, to determine 

whether the effeot of velocity increment in the slipstream and the effeot of 

PC ore actually intei'dependent. Assume that the effect of PC is simply to 

ineraaM the downwash angle, and that the effect of the propeller is simply 

to increase the air velocity in the slipstream without affecting the down- 

wash angle. Then, for no slipstream present, the resultant force on the 

airplane "Ins, assumed nearly equal to the lift, is 

)TTb2 

4 
= f*— V€ (13) 

-u 
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fhs resultant foros with glipatrean praaant it approximately (fig* 1) 

, = ,.+ *, z aJL*  T„
2
6 -   pl*i0

2
e + (Z£»o+">26 

1     4 '   4 4 

r  (*!*.&*+£k* (2v0Av-t-  AY
2
; 

4 ' 4 

" UWZf'igL (2T9AT+^) (U) 

with one propeller cf diameter D. 

In term of lift coefficient increment 

4 

or 

A   ^      2    b*      v 2 

But from (13), 

vo 

(15) 

vhieh is similar ia form to aquation (10). Tharofora tho ralue of Cj, to ba 

uaod in aquation (10) ia that augmented by BLC. Unpublished resulta of wind 

t-mnal tests oonduotad at the Dniyeraltj of Wichita aonUm tha above« 
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