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FOREWORD

This report was prepared by the Engineering Research and Development -
Department of Rohr Corporation of Chula Vista, California, under :
Contract F33615-67-C-1558. The work was adninisteired under the dir-.
ection of .the Deputy for Development Planning, Wright-Patterson Ale |
Force Base with Lt. Stephen Stumpfl acting as Project Fnginsér.
Assisting the authors in the work were Messers. R. F. Gulky, l. Ji
Seaver, and N. J. Carraway.

This report covers work conducted from 15 June 1967 to 15 Jnae 1968
The report was submitted by the Authors in May 1968. ’ :

©

Publication of this report does not constitnte Alr Force apptovil of "
the report's findings or conclusfons. It is publhhed oaly for tho
exchange and stimulation of ideas. N s
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ABSTRACT _

\

\*§li‘;~program was established in order to develop a standard and

expedient method for estimating the performance and weights qf
deceleration devices used to decrease the landing ground roll of

an sircraft. The method of approach to the problem was to obsain
all data available both from flight test and theory; and to gdmpile
a step-by-step procedure for deternining the weight penalttceﬁany
the fotce increments affecting aircraft landing performance. . °
Specifically, procedures are provided for determining airplane 1ife
and drag, and decelerative force increments and weight penalttes due
to high l1ift devices, spoilers, wheel brakes, speed brakes, drag
chutes and thrust reversers. In addition, a cursory study wds made
to evaluate the effectiveness of various factors affecting landing -
distance of three current military aircraft. The gtudy showsd that
the ground roll distance was strongly influenced by touchdobﬁ:speed;
also thet, of all the decelerating devices studied, the thrust réverser
was the one most effective in reducing stopping distamce. It is
therefore recommended that further studies be conducted to optimize
thrust reversers and devices such as deflected thrust, which reduce
touchdown velocity. | ) _.
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ac, Increment of Maximwm Airfoil Sectiom Lifc Coefficirnt
max .
bc, Increment of Section Lift Coefficient Dwe to Suctiem.: A
S * C : e g £
Ac'_ Incremental Clange in Section Lift Curve Sleps. .M} '
'@ . . ) . ) t R i
(aC, )  Increvental Crange in Section Circulaties Lift ; P
Y 6. Coefficient Due To Blowing Flap Deflectica. ) Nt
(AC, ) Incremental Change in Sectiom Circulaties Coa Lo TR
% s LLft Coafficient Due to Suction Flap Deflectica. g - -
.8 : . %
c, Pitching Homent Coefficieat ¢ <; = O ' tr ¢
o . ) , : ) 4 .
c Variation of Pitching Nomeat Coefficleat with G, = P
Cp Variation of Pitching Moment Coefficient with ty
i‘ . .
c, ' Variation of Pitching Moment Coefficient with é
8 4% R
c. . Variation of Pitching Moment Coefficient with C'
cl’l Plume Shape Factor.
Cp Base Pressure Coefficient.
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NOMENCLATURE

" snoot DEFINITION = 7 pars
cq‘ Suction Air Flow Coefficient

: cl Wing Root Chord Length . fe.
S - wing Tip Chord Length fr.
¢, Blovidg Jet Momentum Coefficient
c_ .Cd:u\tal Blowing Jet Momentun Coe ficient

) Celt. ;. ‘ 5 .

1 ) Dreg = Cq8 1bs
lc Drag Chute Canopy Pilameter ft.
gy Thrust Reverser Door Overall Diameter at Engine Flange in.

3 7 Rin Flenge Dismeter - o a.
L " Tire Outside Dismeter . ’  fn.
’.h“ Incremental Drag of Drag Chuto. ' 1bs.
é Fusalage Maximum M-ctor £e.

@  Tire Radial Deflection (Difference Betveen Loaded and 1ia.
Unloaded Section Heights) ) .

“h Maximum Puselage Diameter to Wing Span Ratio -

E Plep Chord to Section Chord Ratio

FA/P¢  Plaia Flap Aspect Ratio Correction Factor

P. " Gross Thrust : . " 1bs.

n Fres Height (Unloaded Section Height above the Top ia.
of the Rin lhup)

" Vertical Resction Porce on the Main Landing Gear 1hs.

™ et Thrust at Aooro- h Sneed : 1bs.

'- . Vertical Reaction Porce on the Nose Gear 1bs.

) 1__" ‘sstical Toree On Tire ' 1bs,
&2 guivelest Parssite Ares : ge?

vwm;hm - 32.2 !t-lucz

A .

.




oo bom W

e

W)

B
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KIAS
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kyokpaky

. Kinetic Energy Decign Factor
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NOMENCLATURE |

DEFINITION ST _. m |
Gross Weight . ‘ et ﬁb 2
Deflected Spoiler Height % O Lo fj.:g'g;
Interfe:re-nce Factor. of Trailing Edge Flaps . s 0;? i
Thrust Line Incidence Angle’ _ - g“ &;.“

Empirical Constant for Wing Scction Angle-ot-lero-(&!tn ""m_' :
Flap Span Correction Factor ' 3

Ratio of the Body Lift in the lrmnet of tllc Bﬁ\g “
the Wing Alone Lift. .

Flap Span Correction Factor. : : : e

Sweep Angle Correction Factor

Knots Indicated Air Spced 1k i ¢
Ratio of the Fuselage Wose Lift to the Vlng-&lmo I.ift
Suction Flow Constant

Ratio of the Wing Lift ih the Preseance of the Body to tht
Wing Alone Lift -

Equivalent Sand Roughness Height. ) . ’ : in,

Portion of the (GW-L) Term Supportedby the Matn
Landing Gear (Static)

Plain Flap Correction Factor for Section Maximum Lif¢

Flap Maximum Lift Correction Factors

Thrust Reverser Door Overall Length . 1a.

Alrcraft Lift = CLqS
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' ‘Tolu Line.

NOMENCLATURE

SYMBOL ' DEFINITION

"b Fuselage Length

lfuselag ‘Fuaelago.l.ength ' : . e

"x Horizontal Distance from Nose Cear to Aircraft
c.g. Center-of-Gravity :

i'x Horizontal Distance from Nose Gear to Alrcraft
ng Main Landing Gear

L Vertical Distance from Sround to Aircraft

.c.j. Center-of=Cravity

Vertical Distance from Ground to Aircraft Thrust

| ‘Mach Number
aero Aerodynamic Pitching Moment
i Number of Wheelswith Brakes
NPR Nozzle Pressure Ratio
P Net iuring Pressure
T BLC Flow Quantity
Dynamic Pressure = % Wz

R Pitch Contrel Reaction Force

K, RN l;ynold'l Number

RCR °  -Runway Condition Reading
(l/% Rate of Sink .at Runway Contact

8 | _ Aru' .

8, Wing Atl'l Affected by Trailing Edge Blowing Flap
| chu Canopy Area of Debloyed Drag Chute

% d Wing Area Affect\e’d by Leading Edge Device

8‘ Exposed Wing Area

" fe.

. f¢

ft.

fe.

ft-1bs.

1b/ inz

ftslsec.
lbs/ft2

1bs.

ft/sec.
2

£t
£e?
2

fel

£e?




NOMENCLATURE
SYHmoL o DEFINITION -

S Wing Ares Affected bv Trailing Kdge Flap
sm Alrcraft Raefersnce Area
5

Wing Area Affected by Trailing Edge Suction Flap .
ssr Wing Aréa Affected by Spoiler- '
Sor.  Total Wing Planform Aves

e

'.sn ' lcu Area of Do’loyod 'ﬂtmt lcnmr M
llovin; or Suction Slot Width 7
Engine Thrust | %
Reversed Thrwse
Wing Planfora Taper Rstio N
rm:uuoofnpmawu.mx i
Alrfoll Thickness

Wing Section lwd.m 'l'luckuu o Uh.‘ﬁoﬁ uu-
Velocity o

Approach Velﬁci.ty G

Thrust iovcrur éutcff Vcloeity.‘_.

Blowing Jet Velocity 3
Voloeity at lunwvay Contact (touchdﬁvﬁ)
Time Rate of Change in Aircraft Veloeity -
Afrcraft Weight 70 ¢ . RN s
Thrust Plume Leading Edge Shape Paranmeter . R {1
Arcraft Bmpty Veighe Lo T e
Blowing Jet Miss Tiov Rate . - , 1b/sse,’
Thmt‘un.u l’.udin; ﬁlge Shapo Pira;eter' 1 |
Afxfoil hcftcn Chord Location
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NOMENCLATURE
.  sneoL : DEFINITION UNITS
3 g a— - ————
. . %g Chordwise Spoiler Location fe
2 ¢ Position of Maximum Séction Thickness to Wing Chord
 Md® paes
g (- 2 . . . .
“R Distance R is Located from C.G. Measured Along Q fe.
ax, Distance T is Located from C.G. Measured Along [} fe.
 § Thrust Plume Leading Edge Shape Parameter ft
; y Aif‘!ou Section Thickness Corresponding to x 144
&y Afirfoil Section Leading Edge Sharpness Parameter
a2 Distance C.C. is Located from Centerline Measured 144
%  vertical :
y> e  Angle of Attack . deg.
L ISn e .c.”x Angle of Attack for Maximm Wing Lift deg.
.. Angle of Attack .i: Touchdowa deg.
o Design Airfoil Section Angle-of-Attack deg.
L k;glc of Attack at Zero-Lift’ deg.
N ngle of Attack shere C, Becomes Non-Linear deg.
‘ A '
(o‘) Rate of Change of Wing Zero-Lift Angle-of-Attack
€. with Plap Deflection.
. (ag)e  Rate of Change of Afrfoil Section Zero-Lift Angle-of-
2 Attack with Flap Deflection
'Cl‘u;n in Angle-of-Attack ) deg.
‘Incremental Angle-of-Attack for Maximum Wing Lift deg.
Incremental Angle-of-Attack for Zero-Lift deg.




O NOMENCLATURE .
SYMBOL ' DEFINITION ' ) . LeITs
A“sp Change 'in Zero-Lift Angle-of-Attack Due t§ Spo:l.lerl . dege )
Deflection .
8 Chnnc'teristic .Anzlc- . 5 ' 3 | deg. ) .)‘
r Circulation L i - felfoec, |
v .F,light-hth Angle : . m
Al’AZ’As Induced Dra.g Coefficient Correction Factors ‘
'3 D"eflectiou Angle . : . deg.
8 d Leading Edge Device Deflection Angle ' . &3.
6. Elevator Deflection Angle dq.
Gr . Trailing Edge Flap l)'cflccéion Angle - - dog.
' 6'1~ Double-Slotted Flap Dcflection Angle (Flap 1) . . dog.
8y  Double-Slotted Flap Deflection Angle - Flap 2 Measured a
2 from Flap 1 Chord Line to Flap 2 Chord Line - dege
8 3 Blowing Jet Deflection 'Anglc dq.
LI Speed Brake Deflection Angle - ° " " deg.
GSP Spoiler Deﬂect"lot; Angle o deg.
61. Thrust Deflection Angle | . .. " deg. |
n Thrust Reverser Effectiveness '
no' .Spauwiu Location of Outboard Flap Edge (% of Semi-Span)
ng Spanvise Location of Inboard Flap Edge (2. of Semi-Spay} "
A /4 Sweep Angle of the Quarter Chord Line g . deg.
Ay  Leading Edge Sweep Angle o dog.
‘A : Wing Taper Ratio | .
A '~ Blowing Flap Lift Factor
L Critical Blowing Flap Lift Factor
Crit,

xxvi
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1b/ft

deg.

@ : . NOR-[ENCI;ATURE
SYMBOL ' DEFINITION
ll;lz.la Plain Flapped Wing Correction Factor '
(xlxz) * * Double-Slotted Flap Lift Correction Factor, Flap 1
Flap 1 .
(Xllzz) Double-Slotted Fiap Lift Correction Factor, Fl#p f'_;
- Flap 2
13 ' Flap Span Correction Facior
Yav - Awerage'gtaking Friction Coefficieut
Wy : Braking Friction Coefficient .
Yoax : . Maximum Braking Friction Coefficient
" | Rolling Friction Coefficient
X l"“ ‘ Required Braking Friction Coefficient
S 1A I ' " Ple= 3,14159
@!} £ I Air bcnsity
o - Standard Deviation
& y 0&. . Hlﬁ;'SQction Trailing Edge Included Angle

- BLC Trailing Edge Flap Factor

"
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SECTION I

INTRODUCTION

The objective of this report is to provide.a method of analysié

that will facilitate the evaluation of‘the effectiveness of deceleratiou ;

devices upon the landing ground roll of aircraft.

In limited-warfare situations, aircraft must operate out of small
advanced airfields which may be close to enemy held territory so that
approach and take-off paths are subject to hostile ground fire. In
addition, terrain-features often limit the length of runway available.
The requirements for steep approach path and short landing distance are
incompatible with the basic design of modern high-speed jet aircraft;
therefore a variety of devices are used to change lift, drag and braking
characteristics.

There arc many methods currently in use to determine the touchdown
speed and ground roll of an aircraft. Some are mathematical methods
based entirely on theory and others are largely empirical, relying
almost entirely on test data. In many cases the results of these methods
do not agree nor, in many cases, do they lend themselves to rapid,
ordered methods of solution.

" Since accurate evaluation of the landing characteristics of
competing aircraft designs is currently of great importance the Deputy

for Development Planning generated a Proposal Request (PR number SES-7-3537)

to provide a methodology to satisfy the aforementioned requirement. As
successful bidder, the Rohr Corporation has conducted-a one-year study
of landing deceleration devices and has compiled the present handbook.

To initiate the study an extensive literature survey was conducted
and data collected from manufacturers with regard to all types of
deceleration devices and aircraft performance during landing. On the
basis of the data and various existing theoretical approaches, simnlified

. yet rigorous methods were established for computing touchdown velocity
and the forces affecting deceleration during landing ground roll. In
addition, methods were formulated for prediction of weight penalties
associated with the pertinent devices. These methods for determining the
deceleration forces and weights are presented in the form of charts and
graphs, and where appropriate, step by step procedures. A sample cal-
culation is provided in Section II to illustrate the use of the handbook
for determining touchdown velocity, decelerative force increments and
weight penalties.

Because of the low velocities uaually involved during landing
ground roll, the airplane drag is usually small compared with the other

e, o



i
deceleration forces. As a result, inaccuracies in computing drag were
regarded as tolerable, and for certain of the increments of drag, methods
are employed that result in first-order answers. In this régard, the air-

" craft i{s assumed to consist of wing~body combinations with a high 1lift

device(s) and an appropriate deceleration device(s).

The deceleration devices given considetation are wheel brakes,-
speed brakes, spoilers, drag chutes and thrust reversers. Wheel brake
effectiveness is considered in conjunction with a number of runway
surface conditions and tire types and sizes.

L] .

The high 1ift devices given consideration include plain, split,
slotted and Fowler trailing edge flaps, and leading edge slots and
slats. In addition, methods are suggested to account for boundary
layer control where suction or blowing is applied at the nose of the
trailing edge flap.

]




O " SECTION II

- : AIRCRAFT FORCES AND USE OF HANDBOOK

1. GENERAia ok R .. o ) ;- .
It is the'purpou of this handbook to provide an anslytical meams . .
for determining the forces exerted on an sircraft during the
landing ground roll. As will be shown later, the forces and tlntc '

order of significance are!
* 1. Touchdown Speed (a functiou of CLm)

2. Reverse Thmt (when applleabh)

3. Wheel Braking -

4., Drag
s, Life
In addition, for evaluation purposes, a means is provided teo
deternine the weight of the componeits of the urplno thet

produce the forces. -

ot
RS

2. JFORCE ANALYSIS. ' e
Before proceeding with the force and mighu Ml pnlm
study vas made to determine the significance of the varicus dessie
erating devices. This was accomplished by means of a computerised
landing stopping distance equation. The sensitivity of each ‘m'
(or force) was evaluated. '

Calculations were made for the F-4, F-3, and B-52E aircraft.
The five factors mentioned above were parametrically varied.




A nominal, or base, condition (i) was established .for each _ C
sircraft. This was selected on the basis of each manufacturer's

* daca and nco-u\dod.lnndln; procedure. Whcre it was not specified,
an engineering estimate was made. Variations of the valucs of the
paramsters from this base condition were then completed with the
results shown' in Pigures 2-1 through 2-3. .

. These curves are all similar for the aircraft analyzed. 'A's"‘.thown.
vhea tho'olopc of the curve is small, the effect on the londing
stopping ‘distauce is large. The resuits also indicated the signi-
ficence ;f each device vith the order of importance indicated in

the firs ‘
nt. paragrapht | N\

As & further explanation of the sencitivity charts, the following
exanple is givea, .

£ . It 1¢ were required to reduce the-landing stopping distance of an
r-summ-mmxuu.umuuummuu
" tolleims : ' 2
1. By increasing the drag by a factor of 5.8 (approximately .
. the value of the drag chute), or
2. Imcreasing the dbraking efficiency by a factor of 1.8.
This could probably be obtainable with an anti-skid device, '

: umhl.l:.l-.“. or

3. Usiag a thrust reverser having 50% efficiency (n = -.5)
and a cut-off velocity of 40 knots, or
4. By a reductisn ia touchdown velocity by about 20%X.

(Ia all of the calculaticns it was assumed that the deceleration
davice was effective at the time of touchdown, t = 0).
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T AIRCRAH‘ F-5 praet
6.8 = 11,500 1bs. 2315
: ! l-‘-S Design Point -1 F
Vv, = 150 Knots (Touchdown) 33
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3s et sien : 1. All deceletating devices are assumed
s iyl it : to act from the touchdoyn point ~t
4.8 Erroaw Hniinil: 2. Voo indicates the velocity (kts) at
§ LEissaaats HEE, s iesed i i which the thrust reverser is cut-off.
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FIGURE 2-1 : Sensitivity of F-5 Landing Distance to Effectiveness
of the Various Factors Affecting Landing Distance.
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6.4 :
GW = 34,000 1bs.
6.0 F-4 Design point ~ 1
» 44 ?1 - ljﬂ kt‘n
SRR U = .23
5.6 e o
¢ cnl 41“
5.2 .':CLi = ,32
LSDy = 3591 fe.
L I
4.8 TR
All decelerating devices are assumed
4.6 B to act from the touchdown point~t, a
: : 2. Thrust Reverser assumed to cut-off
4.0 at 40 kts. i
) il 3. n=-Tp/¥; uhlrl Tp = reversed thrust j
| Fo = sea level static ::
3.6 1 military thru-t d
3.2 B
-1.8 &
2.4 p
2.0 seare
1.6 s
1.2 s
.8 HHH
-‘ i
o E

2.0

LSD/LSDi

FIGURR 2-2 : Sensitivity of F-4 Landing Distance to Effectiveness
. of Various Factors Affecting Landing Distance.
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4.0 T c FEE31 SR ATRCRAFT B-52H a
ST : 1 i GW,= 400,000 1bs.
3.6 emamneiey s sses L - B-52H Design Point ~1
el Geh L V1 = 150 kts.
2.2 [ s
g shiehs Cpy = .1033
ah ; CLy = 1.25
- . . L3Dg = 7,396 ft.
BN i NOTES:: : i
< 1. All decelerating devices are assumed
- to act from the touchdown point ~ t4
2.0 N\: 2. Thrust reverser assumed to cut-off
33, 122 at 40 kts. i
1.6 £ L"Lg?: 3. n"T‘IFc where Tp = rcverser thrust
iS58 a5ss AR TacE RS é\ rc = gea level static
g ipiiiaaniiiinas 33 3aaa1aats B military thrust.
1.2 == iR AREIIIELIICERNI NI L INE ", WS T —
i s e ta e s Soest sea et 3-’:731&?‘ BELS AT peew 2% 2
: [RaEs o \\ FonTgons A.V/V{l :
.8 Feretd
04
SR
0 35545 :
0 1.6 2.0

LSD/LSD;

FIGURE 2-3 : Sensitivity of B-52F Landing Distance to Effectiveness
of the Various Factors Affecting Landing Distance.
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The above results were obtained by solving thc ltandard one-
dlmensional equation of motion: (

X _G_.i,g = T -~ D - (Braking Yorce) ' . (I1-1)

'r : v vhere

Tl ‘ T 1s the aircraft thrust (fonurd or teveru) -
%, S D is the aircraft drag L O]
Wil Wi _ (Braking Porce) = ug Ky (GW=L) + 4. (1 - k) (GW-1)

g " where u‘i is the b'nki.n; coefficient (a constant)
.:..f ; o " is the rolling coefficient (a constant)

GV, is the weight of the aircraft -
R : L is the 1ift of the aircraft , N\
i tl is the portion of (GW-L) supported by the

main landing gear (static)
m. this :tudy. 1t bccm evident that a more accurate method
m be applied. (Since this study was only concerned with the
!oreu themselves and not the solution of the landing stopping
ﬂsu.ce. the recosmended cquaum vith no results arc présented). = ‘
ﬁo ewhtc equations of motion which describe the forces and
_n,gnu acting on the aircraft are as follows:

TPorces Vertical = 0 = GW - r.' -1, -1 (11-2)

- -ﬂ - - -
TPorces Norizontal = 0 V+T-D u.ru u.rw (11-3)

tm»uamanmmmho-z (GW-L) + M ‘
. c.g. . aero

IS S N - T :
"eo.o "l'. L. b xl‘ s 'Ca 8. (II-‘)




o Pigure 2-4 shows the forces diagrammatically. ~
{ where GW = Aircraft Gross Weight
E - r = Vartical reaction force sn the nl.n hnl.iu goar

n L]

l“ ‘= Verticsl meuon force on tlu nose mr
) L = Aircraft life - C.e8 o
8 = Gravitationsl force = 32,2 ltll;_ez ' S
v = Rste of change of aircraft .vclqctty. & ‘
’ T = Thrust (+ Porward, - Reverse) |
o D’ "= Atrcraft drag = Cpes T
;;' = Braking coefficient u. - g (P w' urc
ducription, runvay ducriptuu, uu-ukxé Mﬂ)
by = Rolling Coefficiemt '
M,, = AMrodysaic pitching moment - 5
: .'e.g. - v.uxux- dhuucc lru sese gesr to wo ac.g.
‘ 5 "e.;- . Horizoutsl distance from nu. geay u.(u:qnq,‘.
) = Vertical distance from nose gear te uumt
."'”. thrust line. . Toolt
L « Horizontal distance from nose gear to aiversft

" msin landing gear.

Rewriting the moment equation (1I-4 ) as follows:

S + (G- 1 -Hy Y,
L ‘z-‘ Mot 1xc.‘. (GW-L) + D2 s, 2y s v z'c. .’(II-S)

It can easily be seen that the braking force (u.. l'..) is not solely
a function of the GW and L. Using the above equation accounts for
the unloading of the main landing gear due to deceleration, .
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g Braking Coefficient

USE OF HANDBOCK _
The use of this handbook is predicated on the fact that a good .

physical description of the aircraft is available.

By going through each section it is then possible to obtain the
coefficients necessary to solve the landing stopping distance

equations. These coefficients aré (in general terms):

n Thrust Factor (anegative for reversed thrust)
Folling Coefficient : >

C Lift Coefficient
CD Drag Coefficient

%lso, the weights section permits an evaluation of each aircraft
component contributing to the coefficients. Each section is
self-contained, i.e., reference to other sections is not required

to obtain an answer.

The general procedure for each item considered is

1. Obtain a good physical description.
2. Determine the initial conditions

3. Enter the appropriate section

A detailed sample problem follows.

SAMPLE CALCULATION
The sample calculation will use the Northrop F-5A aircraft as ‘the

example. The lift and drag characteristics at the touchdown velocity
are calculated using the methods of Section III. The braking and
rolling coefficients are calculated in Seotion IV. Due to lack of
data, representative, generalized values oi the Seétion V data are
given. Weight increments of the various devices considered are
calculated by Section VI methods. ' ’

11



Some of the physical characteristics of the F-5 have been modified
in this calculation in order to facilitate the purpose of tha

* sample calculation, namely, to illustrate the use of the handbook.

The physical characteristics are listed below. In addition,
various assumptions are made as noted at appropriate places vlth—

in the calculations. . -

it

A. COMPUTATION OF THE LIFT, DRAG, AND TOUCHDOV'N VE1.OCITY FO“ AN
AIRCRAFT IN THE LANDING CONFIGURATION.

1. gt_cp 1 - Mrcnft Data
The 1ist of the required data is given by forms provided in
Section 1II-5A. These have been filled out with the chosen
data and are listed below.

2, Step 2 - Alrfoil Section Characteristics

8. From TalLlelIIl-1, for NACA Section 65-006 (assume section
characteristics of 65A-004.8 are equivalent to Section 65-106)

1. ag .= 0,0 degrees
2. c,a = ,105 per degree (6.02 per radian)

3. C.-u LI
b. Tor NACA-Type sections calculate:

1. °° - ‘(ﬂ‘ - ’.lz)clt

where Cy, = 0.00 (airfoil section designation)

ag = 0.0 degrees (Table III-2, NACA 6-Serfes,

Cey = 0.0)
K = 0.74 for RACA 6-digit series
a.. = 0.0 degrees
2. €y = 20447 (D) (1+.00375g)
vhere % = ,048 (airfoil section data-iaput)
bog * 35.65 degrees (Figure 3-4h)

c.- = 6.76 per radian (= .114 per degree)




O DATA ACQUISITION LIST )
I. Basic Wing Data _
L Airfoil Data -~ | . ]
0. Type Section _65A-004.8 Modifsed
, b. t/c R SERSURC. 55
. ey . &0 . degs
d. (Xeuax)/C 80 , !
) e
2. Planform Data - e g %
a. Stor Ane o at
b. Sgxe BN —— ‘:hﬂﬂ

AR
¢ ApeiAera 220, N8 - dage

AR . T
¢. ARgyp Qa2 A5
t. TR Y S

g TRexe =2

hE - L1 "

L. Fuselage Daia




s 230
R t Lo 45.0 1,
L. High 'Lift Device :
L Trailing Edge Flap ; e
N 0. Type Stople Stotted
. ‘b, 24/¢ 2260,
¢. c,/¢' 260
d ¢'/¢ 1.000
. d; 43,0 degs.
t b,/b a0
¢ by/b . Lam
) h. byg/b 50
LS 34,0 1.2
2. Leading Edge Device
e Type ~Tlap
b. Cg/ or ¢ gA" 25 .
¢. ¢/c 1:00 - _
d 3 - S degs.
e. b,/b .38 . .
84.0 $22

£ S,

4

'y
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TZ. Miscellaneous Data

' ¢ G ) : degs.
' b. W S ’ 12000 M
c. W, . 't 7900 — Ibs.
d Fy 0 — b

* NOTE: FOR DOUSLE - SLOTTED FLAPS THE FOLLOWING
DATA I8 REQUIRED ' :

Cqe/C's c%/c‘ i

Coar 2 /¢’
.‘t Orws - =
3!1.»
\
15
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Ma=4
LY Gt (c‘ux)bnso + " f 1 8 Ctypax
= .80 (Figure 3-7, for Ay = .93 from
Figure 3-6)

vhere (Cr ot base

8y Co_._ * 0.00 (Figure 3-8b, Ay = .93, % camber 0.5,

'tm -, ‘0)

4 c,.“ - ;0.125 (Figure 3-10, Ay = .93, RN, =
1.2 x 108 (v = 250 fe/emc.) -
extrapolated from available curves
in Figure 3-10)

84 Crppy = O (Pigure 3-11, assume no NACA standard
roughness) '

hence, C,‘“ = .86 (Summing (c,.“)b“. and Ac,.n.‘ values)

3. Step 3 - Ving Alone Characteristics

. 8, = 0.0 degrees (use value from Step 2, part a.)

27AR
b, CL s
e 2,02 2 1/2
w 4" “AR 2 1-TR
z+{c_T-[1+(T‘MLE--AE (ﬁ)) ]M}
ta
wbere Cp, = 6.02 per radian (use value from Step 2, part a.)
AR =13.73
m =.2

lu = 32.0 degrees

Bence, Gy, '* 3.63 per radian (= .063 per degree)
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c. Determination of High or Low Aspect Ratio:

&
T v casn, - 18
wvhere C; = .48 (Figure 3-12, ™ = .2)
COsAu - .850

Use High-Aspect Ratio methods:

R

vhere C, = .92 (use value from Step 2, part a.) _

?
-CL& = 1,0 (Figure 3-13 = 32°, oy = .99)
c"-" . 1‘“ ] Au [ ] ’ L4

- Cuax
- + +
gy G ° =
where CLyax = ,96

ch = ,063 per degree
ag ' = 0.0 degrees

AGCIH;‘X
GC'MAX

4., Step &4 - Fuselage Effects on Lift

= 5.45°(Figure 3-14, Ag ® 32°, &y = .9))

Hence, =.20.7 degrees

a. a, = 0.0 degrees

Sexe
. C s| Ky + + C —_—
Lous [ B ﬁ'm] “pxe  Swer
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vhere l“ = 2.0 per radian (based on body frontal area) ,

™ 13
= 2,0 (—i—fo-) = ,141 (based on reference area)

: ‘H(B) - 1.19. (Figure 3-20, -g- - .2_30)

g ' , d
'"I(H) = 0,345 (Figut‘-e 3-20, = .230)

Cy - Use exposed area aspect ratic and taper

.' ratio and calculate cl‘a as in Step 3b.

AR = AR, - 3.12
™= T, = 206
Nence, Cp = 3.31 per radian (= .058 per degree)

Spgp ® Spor = 170 £t
Rence, q‘lll = 3,96 per radian (= .069 per degree)

- 120.9 fe2

The final value for the aircraft {s then:
() - (q'v +C,_ )/ 2.
® 3,79 per radian (= ,066 per degree)

“hax,,

vhere OI““H = .96 (from Step 3c.)

MBI . .93 (rigure 3-21, & = .23,
[’MT 3

18




(Cz + 1)AR Tanh, ;= 3.02,
’ ' €z = .90, Pigure 3-16, TR=.246)

- 089

- Henc.e, CLaax - .
. . ‘ » l v . ;-

o [

' vhere ag
= ' x."“w

= 20.7 degrees

[

ag; - ' . TR
—-‘—“—““—- » .87 (Figure 3-22, {-- .230. '_ _ *

oc;
: (C3 + L)AR Tand o = 3.72)

= 18,0 degrees

Hence, | ac '

5. Step S - High Lift Devices - Trailing Edge Flaps

Single Slotted Flap

Flap chord to wing chord ratio Cp /c-.ZGO

Deflection angle, & = 43°

Mlap Span, bf/b = ,270

Inboard flap edge location by, , = .231

mtt;oard flap edge location -"lo n" 501

Wing ares affected by flap deflection, Sp = 54 fe2,

Por s single slotted part-span flap, Section 3 of Step 5 applies:

19




b

d.

(ag)cy,
(“G)Cl

Cla
C 2'a

aCy, = AC, (

where AC, = .96 (part Sa ab.ove)'

C

- -
(OG)CL
z“GSCl

Ky

1),

a. Acl = .96 (Figure 3-34, 6p = 45°, Cl.-/c'- -260)

“TL:‘)" .63 (cl‘d = 3.79 (part 4b), .Cza.ug.oz (part 2a))

= 1.36 (Figure 3-32, AR = 3,12,

©ede, =~ T,
b

‘b = 385 (Figure 3-33,

Hence, ACp, = .317

Cr, = 3.79 per radian (= C;,u“)

[

ba, = c_l: (Y

vhere AC, = .317 (Step 5-3b.)

cl., = 3.79 per radian

cl s 1.2 for AR < 4

Bence, 8a, = -3.75°

L ..k'l k2 k3 { Crpuxdpasi

AC
LY/ 2
(g -

¥ .
— = ,27, mEXP = ,246)

b

vhere (Ac.-“)u“ ® 1,003 (Figure 3-27, % - .Q“.. Curve C)

kl ® 1,015 (rigure 3-28, c’lc = ,260)




. ky = 1.000 (Figure 3-29, &; = 45')

k,.1ooo(mm3-ao c, u’) : BT

w..‘ch“.loz " ‘~"' .I.l.

e L]

. 2,y e M
. AC = AC (1' '“ Cos A 00‘ N
Lax taax Tm . . ‘cl& v
vhere &C, = 1.02 as above
'8y = 54 £22 (given dats)
R , S
Hence, ACL, = 2 : LR L
.ql ' -

®ef —— for AR < 4§,

i e atont"u

vhere ACFHAX - ,283 (S.u’ st.)

! Cp, * 3.79 per radtian (Step 4b.)

L]

Hence, 8ac, - -2.1°

and GCLHAX = 15.9°

6. Step 6 - High Lift Devices - lLeading Bdge

Leading Edge Plain Flap

Leading Bdge flap chord to wing chord, Cq Jo = 15

Deflection sngle, & = 30°
Leading Edge flap span ratio, b‘lb = .58

Wing area influenced by deflected leading edge flap, 8‘-“.0 !t’.




Aa
8 AC‘ = Cla T 6

where Cy = 6.02 per radian (Step 2.a)

8a v

§ - = 30 degrees

* Hence, AC

" ..85

b. 4, = 4C, (&:—) l:(::)zx. ] K

)

x.

. A C .

vhere AC, = .85

3

. - (;.'::) - .63 ‘80. Step 5c)

(°6)°i. o '
?;;-rc: = 1,27 (Pigm:o 3-32, AR = 3,12, (oc)c‘ - -,284,

(Ceg)y (‘cz 2n
©r)s 13 )(ﬁ;)) |
K, = .73 (Figure 3-33, bg,, = .58, 3 = .246)

llonccl. ACL = .50
e O = q‘“ = 3.79 per radian

4. bay -;.:"— (.2)

' - g vhere AC, - .30
oAl . © Oy ® 3.79 per radian

22
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: 8Ct ax )
AC a . . )
where ( ::ax) = ,0253 (Figure 3-41; Cy /c = ,1%)
6d = 15° .
Hence, ACy . = ;38
g e

where ACy - ,38

8 = 84.0 £e2 (given data)
8. =170 re?
REF e

"c/b = 24,0 degreas

Hence, 4Cp,,x = JA64

8CLyax
o

-+

buax

vhere Ach = ,164

bac

c;,n- 3.79 per radian

Hence, = 2,5 degrees

MCLA“




7.

Step 7 - Landing Lift Characteristics

For a wing with a single slotted trailing edge flap (5p~45°)
and a plain leading edge flap (64 = 30°), the following 11ft

characteristics were calculated:

4, ag + AQOF + Auad

aoclean

vhere @o - wing with deflected flaps/devices angla of
zero lifte "

- °°c1ean = 0,0° - angle-of-zeroilift for wing without
deflected flaps or devices = 0°

AaoP » -5.75% - lncrement of zero-lift- aiigle~of-attack
for wing with deflected T.E. flap

A°°d ® + 1.5° - increment of zero-1ift angle-of-~
attack for wing with deflected leading edge flap

'm.. ao - "st. ) L B

b C =
' ta . Lu“.'

vhere GLW' = 3.79 per radtan (Step 5¢.)
. By o

€. C]w . 01«“‘-0 + Aclm' + Acwd

vhere Cp. .. " .89 (c._,m“ = Step 4c) - maximum 1if¢
8

coefficient for wing-body combination
vith undeflected flaps/devices.

Aq‘“' = ,283 (Step 5S¢ - T.E. Flaps) = increment of

maximum 11ft coefficient for trail-
ing edge single slotted flap.
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Ac,‘mxd = .164 (Step Sf - L.F. Flaps) ~ increment

of maximum 11ft coefficient for
leading edge plain fipp.

Hence, CLMAX = 1,34

4 .
i

-
| T
d.

ac = ag " +beg, +.Aac 5 B ¥
,. “ax hMAK - bax axg

- where °Cl
Aag

LHAXP

Aag = 2,5° (Step Sg -~ L.E. Flaps)
mxd ) . .

= 18,0° (Step 4c.)

= -2,1° (Step 5g - T.E Flaps)

= 18.4°

C) _ | | | Hencé,.ac;.““

. G =Gy (@ e

Therefore for a -'9’, C, = .878, paing'previously_eal-
culated values of CI“ and a,, and assuming a linear 1ift

cur-e from a, to a = 9°,

and for a = 0°, (;, = .281

8. Step 8 - Touchdown Speed

The touchdown velocity is:

W - Fy Sta (a - Y) 1/2

™" 200119 Cp Sppy

vhere W = 12,000 1b.

0\ N n = 0 1b.
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.

7 = 9°
. % ?
Y - -2¢
cl.m - ,878 (step Ye)
- 2 ¢
L - 170 £e2,
Thexrefore V., = 260 ft/sec. = .154.6 knots

i)

3

9. Step 9 - Aircraft Minimum Drag (No High Lift Devices)

5

a. Landing gear drag - The assumed wing reference area is 170 ft2.

The empirical method b. therefore applies:

[ Wp 1
aCpyp = | 275 (-——) -6 (———
. Sger/ | \Srer
vhere W, -.7.'900 lb.
! o 2
, “, 170 f¢

therefore “% - 0377 _ . e

b, The hynold'n numter of the wing and fuselage (standard
eea level conditions) are:

- 3
llu“. .00636 "m MAC x 10

vhere V.. = 260 ft/sec.

™
.m L ’o” fe.

- S
-huh. +00636 V "!uuluc x 10

whove V. = 260 ft/sec,

W = 43.0 ‘lt.




- 6
Therefore RNWing 1.28 x 1?

- 6
RNfuselago 7.43 x 10 o .

- ¢+ The minimum wing and tail drag is:

g -;-‘1.4 (26 (1+2¢/c+100 (/)Y &

wher: 1.4 - factor accounts for the tail surfaces
Ce = .0044 (Figure 3-43 for RNWi - 1 28 x 106
(t/k = 3.7 x 105, 1 = 93.0 inches (MAC), k = :25 x 10"3 .

smooth paint sutfuco))

t
'c- -0048

Hence, Acnuin - ,0135
ving

d. Minimum fuselage drag is:

' 1.5 1 Svet
acp, - 1.02¢ [1 + g+
in t ()2 7 (2y,,)°
unslast b/d “b/a’” | Suxr
vhere Cg = .0032 (Figure 3-43, RN, ., = 7.43 x 106,

tp,g 21.5 x 103, 1 = 540 fnches,
k= .25 x 10°3 gmooth paint surface)
Lyg =777 (tp = 45.0 fe., d = 5.8 fe.)

2
qu.t = 750 ft

Sogr = 170 te?

Therefore, ACn.i. - ,0156
fuselage

e SRR




The total minimum drag coefficient is therefore

cDmln - :Cnmin + [CDmin i mDLG ’
~ wing fuselage

where ,cDmin = ,0135 ' 3
wing i

tc-nmin = .0156

fuselage

&p o = +0377 -

and -cDmin = ,0668

10. Step 10 - Drag Due To Lift - Clean Wing

CLD 2

: i
AcDi e Y (1+4 42) +Kp 3

‘ vhere CLD‘ = CLpp - C.LDES + 778 (CLTD - ,878, CLDES = ,10)

AR = 3,75
4 = .014 (Figure 3-44, TR = .20, AR = 3,75)

a2 = 1.19 (Figure 3-45, AC“ = 24°, AR.= 3,75)

Kp = 1.00 (Pigure 3-47, 4 , = 32°)

Tana

84 = 0.010 (Figure 3-46a, —T.—M!c—— - .49 (:;9’.%-13.0').

J = .3(C) + 1)AR Cosp, . 4(C) +1)(Ca +1) -

(C2 + 1)AR Tanp, | 2
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vhere C) = .48, Cy = .52, AR = 3,75, -

ALy = 32°, resulting in J = 2.81)

Hence, ACp, = 062

11. Step 11 - Drag Of High Lift Devices

a. Trailing Edge Flaps -

. 1. Minimum drag coefficient of a single slotted flap is:

ACDpgn = Acdflap % Ir

K - .385 (Figure 3-33, b',. e .27, 2 = ,246)
k) lr - (1. + .00667 "’ -1.3 (" - ".) ".' “ < ‘oo

llence, Acu-m = ,041
" flap

2. The drag due to 1ift of a f.ap is:

wvhere ..' = 1,32 (Figure 3-49a- %49 AR = ".78,
ne * bpolwz-.so. ng = .231; extrapolate

from the thrce point curve obtained to
AR = 3,75)
ACp = ,317 (Step 6b.)

AR = 3,75
~ ) flap
29
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b, lazding edge devices (
For a leading edg: flap

by Cq Sq

b C S

ACD = (1 - Cos?t))
min d
. R.F

device
wvhere 64 = 30°
bd/b = %8
" cd/c - .15
Sq = 84 f£t2
: 2
sRE! 170 f¢e 5

and Acnnin = ,00577

Assume ACp « 0

) _ Ldevice

12, Step 12 - Drag Of Additional Drag Devices

For this sample caiculation it is assumed that the aircraft

utilizes a speed brake and a drag chute as deceleration devices
during the landing ground roll, The minimum drag increments

of these devices are calculate& below:

a. Spoilers - Assuming no spoilers are used on the aircraft,

8Cpgp = 0.0 | ;

b. - Speed Brake - The Speed Brake has a éanel area of 6.42 ft2,
and a maximum deflection of 45°, By equation (III-50):

ACp.. = 1.13 Siné.. ~SB
Dgp =~ °° SB Spep
vhere 81n63B - 707
e - 2
B A” 6.42 fc
( > . . ) 2
A B sREP 170 £t
30
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Therefore ‘,CDS‘3 = .0302

Drag Chute - Th~ aivcraft uiilizes a 15-foot diameter
ring-slot type parachute as a deceleration device during
the landiag ground roll. The calculation method for

drag chute minimum drag coefficient is:

”~

S
chute
ACp, = AC =
D3 D°c S REF
- 2 (.2p2 =
where Schute 176.5 fté ( 7 0 where Dc 15 feet)

and assumins a value of
ACp, = 0.55 (Reference 11 - design)
c

(based on the parachute canopy area), the drag chute
drag coefficient can be calculated based on airplane

reference-area, sRE?,“:

6Cpp = 0.572

Thrust Reverser Door Deployment: For the aircraft equipped
wvith thrust reversers, the base drag coefficient of the

thrust reverser doors when fully deployed is:

ACDTR = 0.5 '-S'ligl;

where the average base pressure coefficient is -0.5

sTR = 6 ft2 total base area of the fully deployed

thrust reverser dnors

3 . )

Therefore, 4Cpy, = 0.0175

31
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13. 3tep 13 - Tota! Mraa Coofflicieat

Summing the drag terms calc:lated in Steps 9 through 12,

the total afrcraft drag coefficient at touchdown is calculated:

+ Acnmin + AcDmin +(ACnn1n)
flap device DD

' Step Step Step 11 | Step
9 10 12

écnnin = ,0058

device

(AcDmin) = 0,00 (at touchdown)
DD

-

- [ ]
Thierefore;, Cop =-1863 8¢ % I No spoilers, speecd brakes,

- - 0° drag chutes or thrust
Similarly, CD .1378 at a‘ 0 Py

B. WHEEL BRAKING
1. Given dats

Same aircraft as in Section II, Subsection A.

CW = 13,500 1b,

No anti-skid system

V = 100 knots

Tire: Type VIII 22 x 8.5-11
Assums .8 GV on main gear

O - & Dry, Wet and icy runways

Y
————
s KM

e




iy

ﬂi
"t

2. Selution
3

a. Dry Runway

1. To find the tire footprint area (Subs;ction 6) the values

of Do' W, and Df are found in Table IV-4:

D = 22.00 o R
o

W = 8.50 Type VIII, 22 x 8.5-11 i

’ Df = 12,75

2. U;ing equatio& (VI-19) for type VIIl tires, the net foot-

print area, An' is calculated:

A - .604(00 ;‘Df) /f?DOU) - ._16(D° - Df)I(D°+ﬁ) -.16(00-6;71

= 44.1 1n2/¢ire :"

' 3. Por a non-anti-skid :ysfin, the "lvg is calculated using
( <:) equatfon (IV-12) in Subsection 3:

F
bavg = £(V)(.837 - 0.00099 ;=K )
-}

ol

vhere, Y - .8(CW) = 10,800 1p, .

An = 88.2 {n2 (Two tires) - %
£(V) = Cp + CaV + C3v2 + ¢,v3 + cqvh

where, C; = 1.0

Cp = -.24492 x 101
€y = .3368.x 1073 .-
Cy = -.20098 x 107>
Cs = .42539 x 10-8
For V = 100 knots, £(V) = ,334
Hence, ulVS = ,238 for dry runways

(:) - N Assume up = .025 for dry rﬁnwayl'
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b. .

Co,

Wet -Runway
~ For the wei runway, the procedure outlined in Subsection 4,

paragraph B and Equation (VI-15) is used:

u f(tread,v)

¥Biet ~ avg

vhere uav; = .238 (from dry ruawvay calculation - no anti-

skid system)

’ f(tread,.v) =C +CV+ civz + cl.v3 + csv"
d whére. c, = 1.0
C, = -.11943 x 107!
Cy = 175657 x 107 Tread design - rihs
c, = 14953 x 107°
Cy = -.590157 x 10710

for V = 100 knots, f(tread,V) = .407

Hence, YByet ” .097

Ice and Snow-Covered Runways
The procedure for analyzing the braking coefficient for ice

and snow-covered runways is outlin.d in Subsection 4,

paragraph A,
1. An appropriate value of Voax iz obtained from Table IV-2:

Moax * 0.18

2. For a non-anti-skid brake oy;tem:

Vgkid
max

.. = 0.9 Comax) anti-skid

avg

Yekid
vhere —— « £(V) from Eq.IV- 11 = ,334 (V=100 kts)
Ynax

e anti-skid = - 18 from above part 1.

Hence, u‘v' = ,054

34
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For the Sample Calculation, it is assumed that the air-

craft is equipped with a dbarrel mounted target-type ~.
thrust reverser. From this section, the following

generalized statements can oe made, since sufficient
information on the installation and performance of the

reverser is unavailable:

Reverser Effectiveness: n = - .60 (For aft fuselage y .
’ mounted engines
vith {ulets far forward)

CutoSf Velocity: vco = 20 Knots

Plume Shape: This is dependent upon aircraft speed and
engine nozzle pressure ratio. PFor a.
general example of how to use the chart
provided, see Subsection 7.

L]

D. WEIGHT PENALTY-EVALUATION

1. Trailing Edge Flaps (Single-Slotted)
.94

W= 5.17 (S) (V1-1)
where S = .Flap planforn area = 19.0 ftz
W =285 1b, '
2. Leading Edge Flgpe
V= 465 ()03 (V1-3)
2

vhere S = Device planform area = 12,30 f¢
We=651b.

3. Boundary Layer Control: No BLC Incorporsted; W = 0.0 1b

. &, Spoilers: No Spoilers Incorporated; W = 0.0 1b.

S. Drag Chute (Ring Slot)

M. = 1.15(06)1"3 (VI-6)

RING

vhere = 15 feet (canopy diameter)

D¢

YRING = 55 1b.
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Wheel Bro’o:s ~nd Systeops

1/2

3/4]

Ve = (2, 008 (E
kBS 1 (2.2 (.000380 (KE)

3/6.

+[.000350 (KE)'™") (vVi-7}

vhere N = Number of Tires <ith Brakes ( = 2 tires)

KE = Kinetic Energy Dusign Factor
(Assume = 107 fe/1L)

Mg = 161 1bs.

Thrust Reversers (Deflecting Engine Primary Cases)

W o= .11 ( D__ in inches =
¢ ll'nhF (L. and LE n inches) (VI-9)

where L = Overall Turust Reverser Door Length,
(Assume = 24 inches)
D.. = Overall Diamcter At Engine Flange,

EF
(Assume D, = 18 inches)

EF

Therefore,W = 47.5 1b per door, 95 1h, per rcverser and
, 190 15, per aircraft.

- Speed Brakes

W = ,0185S (KIAS) (Vi-10)
vhere § = 6.24 ft2 .
KIAS = -Knots Indicated Airspeed,
(Assume KIAS = 200 Knots Maximum Linit
For Deployment of Speed Brakes)
Therefore, W = 23 lbs,

36
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0 E. DEC. 'RATION_F)2CI'S DURING L.ANDING GROUND ROLL

1.

General

Using equations (II-1) through (II-4), the following
expression for total deccleration force may be derived:

Deceleration Force = _‘G! V=

: ‘p-rY
T-D- u‘ (GW - 1) - ‘x 4 ero + z‘c‘(cw - L)

ng

2
T
o = = K
n:r ) + 0t )]/ L +(u = ) g
oLt cg x-'

For this sample problem, the frllowing calculations of

total deceleration force wvere made:

Case 1. At touchdown (V = Vs a, = 9°), no thrust

reversal; speed brakes, drag chute .ot deployed.

Case 2. During landing ground roll (V = 100 kts,
ag = 0°), with speed brakes, drag chute

deployed; no thrust reverser installation.
Case 3. During landing ground roll (V = 100 kts,
ag = 0°), with thrust reverser installation -

fully deployed; no speed brake or drag chute
installation. ’ :

The following aircraft geometric constants are used in

each case:

37 ‘




-, . - -

(-) Basc Groes Veisht, GW = 12000 1b, (includes leading edge Y

- and trajling e'ce flaps, wheel brakes and systems)

L = 20.0 feet

kmg .

£ = 17.7 feet

X
cg

[} = 4.2 feet

z
cg

L = 4.5 feet .
TL ‘

2. Case 1 (V= 154.6 knots, a_ = 9°)
A -]

For Case 1, the following values are used:
Z GW = 12000 1b. (Base leight)
T = 0 (Net Thrust)
C. = .187 (Section III)

D
I CL = ,878 (Section 11I) f
Vrn = 154.6 Kts. (Section III)
A ' Miaro = 0 (No data available)
C | | a=30 V2= 80.5 1/ttt
Sper = 170 £t

REF
D = 2560 1b. (Drag = Cpa Srer!

L = 12000 1b (L = CLq SREF)
= ,025 (Section IV)

u, = ,238 (Section IV = Dry Runway)

Inserting these values in the equation above results in:

-;’—“-\'r = 2560 1b.

38
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Gw

Inserting these values in the total deceleratioa force

equation results in:

ase 2. (V=100 knots,_gg = 0°) :

= +238 (Section IV - Dry Runway)

" For Case 2, the following values are used:

T = 0 (Net Thrust)

.740 (Section III - Basic sircraft ¢
speed brake + drag chute)

.281 (Sectiom III, a = 0°)

100 Xnots &
0 (No data available)

33.6 1b/£e2
170 f£e2
6230 1b (D = Cyq 8,0)

1605 1b (L = € q Sg00)

.025 (Section 1V)

12078 1b. (2ase weight + drag chute and spced
brake)

GG . 6322 1.
4
Case 3. (V_= 100 knots, ag = 0°)
For Case 3, the following values are used:
1= nrc - Ran Drag
vhere Fc = 4770 1b (at V = 100 kaots)
Ram Drag = 410 Jb (at V = 100 knots, @, = 78 1b/sec)
n = -,60 (Sectioa V). ’
T = -=3270 1b
Cp = 1553 (Sectfon III, o =N® Basic
sirplane + thrust reverser door)
c, = .28 (Section III, o= 0°*)
GW = 12167 1b. (Base wefight + thrust reverser

less speed brakes)
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3.

100 kts.
M = 0 (No data available)

<
]

33.6 1b/ftl
170 f£e?

n
o
" n

D = 885 1b.
L = 1605 1b.

uR = ,025 (Section 1IV)

g = .238 (Section IV - Dry Runway)

Inserting these values in the total deceleration force

equation results in:

%5 V = 6368 1b. \

Summary

Frém the calculations in cases 2 and 3 above, it is cvident
that the subject aircraft equipped with thrust reversers

(n = -.60) has a deceleration force slighqiy greater than
the deceleration force of the subject aircraft equipped with
a 15 foot diameter ring;slot drag chute, at a ground speed g
of 100 knots. Solving for 6, the aircraft deceleration can
be determined; the deceleration integrated with respect tn
time results in the aircraft velocity, which in turm can be
integrated with respect to time to determine the landing
ground roll distance from touchdown to runway exit. This
evaluation is ovtside the scope of this handbook, but digital
computer programs can be written to facilitate a landing

ground roll calculation of the nature described above.
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SECTION III : ' |

COMPUTATION OF THE LIFT, DRAG, AND TOUCHDOWN VELOCITY
FOR AN ATRCRAFT IN THE LANDING CONFIGURATION.

GENERAL :
Based on the sensitivity study discussed in Section II, the most

important factor that determines the landing stopping distance (LSD)
i; tne touchdown velocity (VTD), see Figure 3-1. The touchdown
velocity is the speed at which the airplane first comes into contact
with the runway during a landing mancuver. For example, 1p the

Fxtreme case of vertical landing (VTD = 0), LSD is sero.
Fron classical aerodynamics the equation for lift is:

L= cl';m q° Syup N . au-n
and at the instant before tohéhdovn,

W=LCos y + T 3in (a + 11. -y) + D Siny ' "(III-z)
for v < 4° this can be approximated by

U-L+TSin.(a+iT-y)
and so}ving for the touchdown speed in knots.fo;-a ff' level standard

: W= TSin(a+1;-7) VAR
vTD - ( SREF . / (.0034 CLTD) (111-3}

day.

If a description of the ajrplane is given then the weight (W), wing
area (S), and thrust level (T) are ea;ily determined. The an;lc-ot;

attack (a) and (y) flight path angle are normally given. However

5 QEEPITR—
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'TD is not easily cbtained if only geometrical information is known.

A method of determining Cp., from geometrical information is pre-
sented by Subsection 5-G.

Once CtTD is known, (and therefore Vip 18 known) one must be able
to compute the aerodynamic drag of the airplane in otder to:
1. Be able to determine the effect of drag on the LSD, '
f 2. Dectermine the rate of sink at runway contact, Many current
aircraft use neither a flare technique nor a.power off
approach.

~R/STD = 1,689 Vv * Sin y

(FP$) A"(xnors)

D-T [Cos (a + 1 )]
vhere Sin y = &= {Sin (@ + Lr )i

Again thrust (T) and weight (W) are known for a glven airplane. The
- drag is given by:
D=Cy-q-$

REF (I11-4)

and for a sca level standard day

)2+ Sppp * C

.0034 (Vv RFF D

APP
The procedure for obtaining CD will be given in Subsections 5-I
through 5-M.

it is the intent of this report to show how CLTD and Cn.can be
obtained for any conventional aircraf: in the landing configuration.
This handbook and the computer program (Reference 1) were developed
for this purpose, This handbook provides the necessary data and
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-;rééédures with which to perform hand calculations. Comparisons <::

- with actual aircraft data are included.

(4

SCOPE _
Studies of aircraft landing performance have shown that there are
7 parameters to be considered when compht}ng the landing stopping

distaﬁcé. These are: ' i

1. Weigﬁt

2. Thrust (Idle or Reverse)

3. Wheel Braking'

4. Aerodynamic Pitching Moment
S. ;Aetodynamic Life

6. Aerodynamic Drag

7. Toychdown Velocity

It is the purpose of this section to provide an engineer with a tooll
with which he can readily determine: '

1. Aerodynamic Lift
2. Aerodynamic Drag
3. Touchdown Velocity

~ The only required knowledge of the airplane is:

1. Detailed Geometry
2. Weight

3. Thrust
METHODS 'VALIDATION

"A. PREFACE

To determine if the methodology and procedures used were valid,
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comparisons were made with several manufacturer's low speed
+ ©  aerodynamic data. The ameunt of data available was limited.
Comparisons were completed for the following aircraft in the

landing configuratiorn (gear down, flaps extended):

‘é; 1. Boeing B-52H . C

i 2. Douglas A-4C : ' a
3. McDonnell F-4
4, Northrop F-5

5. Republic F-105

The comparison plots (Figures 3-2a through 3-2u) show the cal-
culated points (by computer program) and the manufacturer's
| data. The following information was compared:

1. a, angle~of-attack at zero lift
2. CLu 1ift curve slope
3. Cryax maximum lift coefficient
4, GCLMAX angle-of-attack for maximum 1lift
5. Cp ninimum drag coefficient
6. CDTD total drag coefficient corresponding to the

_lift coefficient at touchdown

B. DISCUSSION .
A discussion of the differences will be made in two parts. The

first part (1) gives general reasons that are common to all

aircraft. The second part (2) discusses each aircraft.

1. General Reasons

One particular problem for evaluation was that the aircraft
manufacturer's data usually show:d both the L.E. and T.E.
devices deflected simultancously. This prevented determining

their independent and interdependent effects.

a. Lift Characteristics (og, )

“Luax e L cLa

In highly-swept-wings, the angles-of-attack required to

obtain the maximum lift cocfficient are only of acadenic
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1étere§£. These high angles (> 20°) are normaliy larger
tﬁan the airplane ground clearance angle, For this reason
most manufacturer's arbitrarily cut off the data above
some given angle-of-attack (a = 20°)., Therefore, actual

comparisons of GCL) and CLMAX were not always available.
1AX a

Drag Characteristics (CDo CDTD)
gt 4

There were several unknown factors that contri“.tod to some

differences in the drag comparisons. They wece

J .

1. lLanding Gear Drag - Since no accurate wethods for com-

puting landing gear drag were uncovered during the
'literature search, an empirical method was developed.
This was based on several aircraft manufacturer's data. -
The results are shown in Figure'3—42 and Step 9 of the
Computation Methods Subsection 5. Some manufacturer's

data show ACDLG to be' a function of Cy, some do not.

2, Afrfoil Information - Most aircraft use some type of NACA

section-modified. Accurate descriptions of these mod-
ifications were unavailable, - A principal unknown was the
design 1ift coefficlent which could effect the drag-due-
to-11ft characteristics.

3, Trim Drag - Some aircraft manufacturer's data did not
provide sufficient detail to determine the effects of
trim drag. The methods used did not compute trim drag.
Comparison at lift may therefore be questionable if in

the actual case trim drag is significant.

¢, Touchdown Characteristics (CLTD VTD)
’

There are two significant factors (and one minor factor)

influencing the touchdown characteristics:

1. ag - Angle-of-Attack at Touchdown -~ This is a function of

pilot's visibility, aircraft geometry, and glideslope.

Only an estimate of the aircraft ground clearance angle

was available and therefore was used as the only criteria.




2, Fy - Power Used During a Landing - No power infomtton

.  was available and so zero power was used.

-3, v_- The Flight Path Angle at Touchdown - The Flight Path
- Angle at touchdown is of some significance. Curremntly,

b - military fighter-type aircraft do ,_no't use a flare tech-
nique for touchdown and so there is some effect of power
and available ground clearance angle. ~ {

2. Discussion of the Particular Airplane

o

a, B-52H = Comparison of the B-52H estimated data vith manufact-
‘ urer's data is prasented by Figures 3-2a, b and ¢c. The B-52H .
1ift characteristics are significantly affected by the air~
/ craft fuel load and wing flexibility characteristics. The
methods described in this handbook do not attampt to
account for wing flexibility. ‘

3('- ' . The flaps on the B-52H are divided into four sections on the
' ving. These effects cannot he calculated since the handbook
deternines flap effects for two-section flaps.

The landing gear drag, as obtained from Boeing, shows a
decrease in ACp . with increasing ¢

The design 1ift coefficient for the wing was unknown and
80 a cl-pgs = ,1 vas assumed.

b. A-4 - Comparison of the A-4 estimated data with unufié‘t?iur'.
data is presented by Figures 3-2d, ¢ and £. Landing ;ur drag
data for the A-4 vas unavailable. Trim drag data was also
unknown. Detailed slat geometry was unavailable and so approx-
imations to the smount of extension of the chord were msde.
The term "slats automatic” means that as the angle-of-attack
is increased the slat extension increases: C]ou sssuned = 0,

4
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F-4 - Comparison of the F-4 estimated data with manufacturer's
data is presentcd by Figures 3-2g, h and 1. The F-4 man-

ufacturer's data was arbitrarily cut-off at a = 20°,

The data presented for §p = €0% also included BLC cffects.
The remaining data had no BLC effects. The nomenclature

for the L.E. flap (30°/60°/)0°) indicates the Flap Qas
constructed in 3 sections with the fotoard seci ' deflected

only 30°. . assumed = 0,

CLpes

-

The F-4 AC decrecased with increasing C, .
DLe L

P-5 - Comparison of the F-5 estimated data with manufacturer's
data is presented in Figures 3-2j :hrodgh 3-2r, Accurate
landing gear drag data was unavailable. The term (23°/18°)
for the leading edge flap indicates-the flap is constructed
and deflected in two parts. T.E. flap translation was

unknown (if it éxisté). CLpgg @ssumed = 0,

F-105 - Comparison'of the F-105 estimated data with manufact-
urer's data is presented in Figures 3-2s, t and u. Very
limited aerodynamic data was avsilable. Trim and scparate

T.E. and L.E. device effects were unknown.

The ACDLG showed an increase with increasing CL. The waximuwa

1lift data was arbitrarily cut-off at a = 20°.

Accurate geometry data was unknown.

3. Closing Comments - If an accurate evaluation of an aircraft's

landing characteristics is to be made by use of this method

it is imperative that accurate detziled geometry is available,

For evaluation of tlic touchdown conditions, angle-of-attack and

rate-of-sink (flight path angle) linmitations must be known.
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